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There is a trend toward the miniaturization of devices for a multitude of industries 

(microelectronic, energy harvesting/collecting, sensing, etc.) to decrease production costs, 

increase yields and to optimize efficiencies. As these device dimensions decrease, the interfaces 

formed in these multicomponent systems are becoming increasingly important, to the point of 

dominating overall performance. This dissertation addresses the interfacial evolution and 

mechanisms of film formation for a variety of systems relevant to the microelectronics and 

energy harvesting industries. In the first example, the pretreatment of a silicon surface with an 

aluminum-containing precursor is evaluated for low temperature growth of silicon nitride; a film 

necessary for many steps in transistor fabrication. In the second example, the passivation of 

quantum dots by various metal oxides is explored for applications in photovoltaic energy 

harvesting. In the final example, the interface between silicon and a novel tin-oxo based 

photoresist is controlled to yield desirable film removal properties, while the mechanism for 

patterning of this resist is also explored.
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

The microelectronics and energy harvesting industries rely heavily on the characterization and 

control of interfaces, as the general trend to decrease device dimensions causes interfaces to 

dominate device performance.1-4 Complex devices such as transistors  and solar cells are 

multicomponent systems, requiring that several active materials (e.g. for electrical transport, 

charge storage, light absorption, etc.) and/or non-active materials (e.g. barrier and passivation 

layers) must be in contact with one another, resulting in the formation of several interfaces. These 

interfaces can affect electrical properties5-9, mechanical/adhesion forces10-12, and materials 

growth7, 13-15, all of which are important to the fabrication and implementation of the 

aforementioned devices. The properties originate from the types of bonds that can occur at the 

material boundaries. 

Bonding at interfaces can vary, giving rise to strong chemical bonding through covalent and/or 

ionic bonds, or weak bonding through van der Waals forces (London Dispersion, induced dipole 

and hydrogen bonding). Each of these bonding motifs are different in nature (i.e., in distribution 

of electron density) and can affect the interactions between adjoined materials, therefore 

determining the properties at the interface. Covalent bonding involves the sharing of electron 

density between two atoms, forming a chemical bond between them.16 Covalent bonding is of 

particular importance to the microelectronics industry in terms of creating Schottky contacts 

between metals and semiconductor materials. Electric dipoles at the metal/semiconductor interface 

contribute to the barrier height for charge transfer across that interface.17 Although the bonding is 
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covalent, differences in electronegativity between the metal and semiconductor cause an unequal 

distribution of electron density, and therefore interfacial dipoles are formed. The contribution these 

dipoles can have on the barrier will vary as a function of the differences in electronegativity.     

In contrast, ionic bonding is characterized not by the sharing of electrons, but by the donating of 

electron density from one atom to another, forming two charged species that are then bonded 

through electrostatic attraction.18 Interfacial ionic bonding between two materials can have 

dramatic effects on atomic and electronic structure. One example of this phenomenon is described 

by Lou et. al. when epitaxially growing prototypical NaCl on clean Ge(100) surfaces.19 In this 

report, half-reactions depositing monolayers of chlorine (first) and sodium (second) are used to 

sequentially grow NaCl. XPS core level spectra taken after each half-reaction show that the 

bonding at the Ge(100)/NaCl interface changes from ionic bonding to van der Waals bonding 

based on the surface termination (Cl vs. Na). Interestingly, this change in interfacial bonding 

character continues to oscillate even after several monolayers of NaCl have been grown. Lou et. 

al. attribute this bonding periodicity to changes in both the interfacial Ge-Cl and “bulk” NaCl 

structure as a function of surface termination. When the surface is terminated in Na, the Ge/NaCl 

interface consists of van der Waals bonding due to the charge balanced nature of the NaCl film. 

When terminated in Cl, the NaCl film will reconstruct in a manner to give a neutral film, while the 

additional negative charge of Cl is compensated by ionically bonding to positively charged Ge at 

the interface. This type of interfacial control in terms of electronic and atomic structure could 

potentially have applications in materials and device engineering.19  

Weaker forms of bonding that are physical, and not chemical in nature, are termed as van der 

Waals (vdW) bonds.20 The bonds can be separated into three categories: London dispersion forces, 
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induced dipole bonds, and hydrogen bonds (H-bonds). London dispersion forces are weak 

attractive forces that occur between polar and nonpolar molecules due to shifting of electron 

densities. A stronger, but related force arises from induced dipole bonds. In this scenario, a 

molecule containing a permanent dipole (e.g. H2O) can induce a dipole moment in a nearby 

nonpolar molecule. The induced dipole moment then allows for an attractive force between the 

molecules. The last and strongest of the van der Waals forces is the hydrogen bond. In molecules 

containing X-H bonds (where X = O, N, or a halogen), there is a permanent dipole across the X-

H bond, where the X is partially negative and the H is partially positive. The partially positive H 

can then interact with the partially negative X of another (or within the same) molecule, forming 

the hydrogen bond. Although vdW forces are the weakest in terms of bonding interactions, 

interfacial vdW bonding can affect charge transport across interfaces. This is demonstrated by 

Farmanbar and Brocks during their first-principles investigation into the Schottky barriers 

associated with various metal/MoS2 interfaces.21 In the case where MoS2 is chemically bound to 

the metal, the barrier for charge transport is increased if the electronegativity of the metal is lower 

than that of MoS2. However, if the interface consists only of vdW bonds, Pauli repulsion lowers 

the metal’s work function, and therefore the charge transfer barrier.21 

The work presented in this dissertation addresses all the bonding types discussed above in specific 

ways. First, the incorporation of an Al atom within a silicon nitride film illustrates the effect of a 

Lewis-acidic atom on subsequent chemical reactions in its vicinity. Al is brought via gas phase 

trimethyl aluminum (TMA), which strongly reacts with surface OH groups and promotes 

coordinate covalent bonding with the nitriding agent hydrazine (N2H4). We then evaluate the 

necessity of this coordinate covalent bond for the growth of ultra-thin silicon nitride films by 
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experimental and theoretical methods.  Second, the deposition of Al2O3 on semiconductor quantum 

dots (QD) provides an illustration of both weak and strong bonding and the impact on the optical 

properties of the QDs. When TMA is allowed to react with the ligands covering the QDs, the 

photoluminescence lifetime (PLL) is dramatically reduced. If, however, TMA is first reacted with 

H2O in the gas phase, the gentle deposition of alumina particles without chemically reacting with 

these ligands allows for PL retention. The third example focusing on spun cast non-aqueous-based 

oxide films involves both weak bonding between the substrate and the film (in some cases) and 

full-fledged chemical reactions induced by EUV radiation (or electron beams as a model for such 

processes). Through these examples, this dissertation illustrates how several characterization 

techniques enables an understanding and ultimately the controlling of various surfaces and 

interfaces.  

1.2 Low Temperature Growth of Silicon Nitride (Si3N4) Thin Films 

The first part of this dissertation aims to understand the role of a surface pre-treatment during the 

low-temperature atomic layer deposition of Si3N4. This will serve as an example of how the 

formation of a coordinate covalent bond between a Lewis-acid/base pair at the film-substrate 

interface can enable the growth of a material that would have been impossible to grow otherwise. 

Silicon nitride (Si3N4) is a widely used silicon-based thin film material for waveguides22, thin film 

insulators23, as well as  liners and spacers in semiconductor wafer processing.24, 25 Due to its ability 

to efficiently block oxygen diffusion and its stability in dilute hydrofluoric acid, it is an excellent 

material for encapsulating transistor gate structures during their fabrication (see Figure 1.1).26, 27  
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Figure 1.1. Cross-sectional TEM image of a transistor with 400 oC PEALD SiN spacer. Reprinted 

with permission from ECS J. Solid State Sci. Technol., 2(11), N222-N227 (2013). Copyright 2013, 

The Electrochemical Society. 

 

For microelectronic applications, Si3N4 is typically grown by low pressure chemical vapor 

deposition (LP-CVD)28-31, plasma-enhanced chemical vapor deposition (PE-CVD)32-34, thermal 

atomic layer deposition (T-ALD)35-43 and plasma-enhanced atomic layer deposition (PE-ALD)44-

48. Chemical vapor deposition (CVD) is a technique that uses gaseous precursors capable of both 

vapor-phase and (near) surface chemical reactions to grow thin film materials.49 CVD is typically 

characterized by high growth rates and is not restricted to line-of-sight deposition, making it a 

great deposition technique for some applications.50 A disadvantage of CVD, however, is that it 

typically requires very high temperatures (>600 oC), although this problem can be mitigated to 

some extent by the use of PE-CVD, lowering deposition temperatures to a range between 300-500 

oC.49 Although CVD techniques are capable of growing high quality Si3N4 thin films, the 

conformality and thickness constraints put on the manufacturing of smaller microelectronic 

devices calls for the development of Si3N4 growth processes using atomic layer deposition (ALD). 
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ALD is a deposition technique that uses sequential, self-limiting reactions of vapor-phase 

precursors on surfaces to grow thin film materials (see section 2.3.1). The self-limiting nature of 

ALD allows for thickness and composition control at the (sub)monolayer level, as well as 

conformal deposition on both planar and high aspect-ratio structures. These properties give ALD 

an inherent advantage over CVD for the manufacturing of smaller devices. In terms of Si3N4 

growth, there has been extensive work on both thermal and plasma-enhanced ALD processes. 

Thermal processes typically involve the use of chlorosilanes (SixCly) as the silicon precursor, and 

ammonia as the nitriding agent. Depending on the chlorosilane precursor, growth temperatures can 

vary between 300-650 oC for these processes.35-43 These processes are unfavored, however, due to 

the high temperature needed for growth and because the use of chlorosilanes can result in chlorine 

contamination as well as the formation of corrosive hydrochloric acid (HCl) as a byproduct. The 

use of PE-ALD Si3N4 processes have successfully dealt with these issues by using various 

aminosilanes as the silicon source with either nitrogen (N2) or ammonia (NH3) plasmas.44-48 These 

efforts have enabled the deposition of Si3N4 at temperatures as low as 85 oC, without the formation 

of corrosive byproducts or the incorporation of chloride impurities.45 However, the use of plasma-

based processes have several disadvantages, including the redeposition of by-products51, plasma-

induced surface damage52, and issues with conformally coating high aspect-ratio structures due to 

sidewall radical recombination.53 Therefore, it will be beneficial to develop thermal Si3N4 ALD 

processes using non-halogenated silicon sources (i.e., aminosilanes). Typically, aminosilanes are 

more reactive than chlorosilanes, so their use as silicon precursors could enable a decrease in 

deposition temperature to < 300 oC. These processes may also benefit from the use of a more 

reactive nitriding agent, i.e., hydrazine (N2H4), instead of ammonia, as this also has the potential 
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of decreasing the thermal budget needed for deposition. However, as will be discussed in Chapter 

3, the growth of Si3N4 with the aminosilane (Di-sec-butylaminosilane, (C4H9)2NSiH3) and N2H4 

is impossible below 300 oC, as hydrazine will not react with the surface-bound silicon hydride (-

SiH3) group. First principles calculations show that this is due to the low sticking probability of 

N2H4 on the -SiH3 terminated surface, favoring hydrazine desorption. The incorporation of an 

aluminum-containing species is then evaluated for increasing the N2H4 surface residence time and 

fostering reactivity.  

1.3 Passivation of CdSe/CdS/ZnS Quantum Dot Thin Films 

The second part of this dissertation aims to address the passivation of quantum dot (QD) layers by 

ALD grown metal oxides (Al2O3, HfO2, ZnO), focusing on the growth mechanisms and changes 

in QD surface composition, and correlating them to changes in QD optical properties. Quantum 

dots are small semiconductor nanocrystals whose dimensions typically range between 1-100 nm.54 

Due to their small size, they exhibit discrete electronic transitions, and therefore, size-dependent 

optical and electronic properties.54 For example, the band gap of cadmium selenide (CdSe) 

quantum dots can be tuned by changing their size, as depicted in Figure 1.2. 
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Figure 1.2. Size dependent absorption and fluorescence spectra of CdSe nanocrystals. Reprinted 

(adapted) with permission from Acc. Chem. Res., 2010, 43 (2), pp 190–200.  Copyright (2010) 

American Chemical Society. 

 

The high absorption coefficients and photoluminescence quantum yields (PL QY) of these QDs 

make them excellent materials for light harvesting applications, such as solar cells (SCs).  

 In 1961, William Shockley and Hans J. Queisser calculated the maximum theoretical efficiency 

(known as the Shockley-Queisser limit [SQL]) of single junction solar cells, which is shown below 

in Figure 1.1. Silicon is the most widely used material for the fabrication of p-n junction solar 

cells, and with a band gap (Vg in Figure 1.3) of 1.1 eV, the maximum theoretical efficiency is 

determined to be ~30%.55 Due to this inherent efficiency limit, there is a push for hybrid systems 

that can increase absorption of the solar spectrum and maximize charge collection, thereby 

maximizing efficiency.  
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Figure 1.3. Shockley-Queisser limit for efficiency of single junction solar cells. η (y-axis) 

represents the efficiency (in percent), while Vg (x-axis) is the band gap of the junction material. 

Reprinted from Journal of Applied Physics 32, 510 (1961), with the permission of AIP Publishing 

 

A novel approach to improving solar cells involves the use of colloidal quantum dot layers with 

high photoluminescence quantum yields that can absorb multiple parts of the solar spectrum, and 

then funnel that energy into the underlying silicon. Using energy transfer instead of charge transfer 

between the QD layers revokes the need for high charge carrier transport QDs. QD charge transport 

is typically enhanced through surface modifications, which can greatly reduce the PL QY.56 In this 

particular device geometry (see Figure 1.4), QDs of various sizes are used to absorb different parts 

of the solar spectrum. Energy is then funneled through the QD layers by radiative (i.e., photon 

absorption and emission) and non-radiative (i.e., point dipole to point dipole interactions) means, 

where it will be transferred to the underlying silicon substrate that is responsible for charge 

separation and transfer.57, 58  
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Figure 1.4. Size gradient QD multilayer showing energy transfer towards Si substrate. 

 

 However, a bottleneck to realizing such a device is the passivation of the QD layers, which must 

be protected from dissolution during wet chemical processing and degradation during long-term 

use.59  

Ligand Shell and Surface Composition Preservation: During QD synthesis, surfactant molecules 

such as long-chain carboxylic/phosphonic acids, alkylamines, alkanethiols, alkylphosphine oxides, 

and alkylphosphines are used to control shape and size, while also providing surface passivation 

and allowing for dissolution in organic solvents.54, 60 Atoms on the QD surfaces are typically 

incompletely bonded to the underlying crystal lattice, forming surface dangling bonds. These 

dangling bonds can potentially form trap states within the QD band gap, trapping charge carriers 

and allowing for non-radiative carrier recombination.54 For the SC geometry proposed above, non-

radiative carrier recombination will be detrimental to its efficiency. Although the ligand shell 

provides surface dangling bond passivation, the QDs are still susceptible to oxidative and 

photothermal degradation due to their large surface-to-volume ratios.61-64 Ambient oxygen can 

diffuse through the ligand shell and attack the QD surface. For example, quantum dots made of 
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cadmium sulfide (CdS) or cadmium selenide (CdSe) can undergo photooxidation reactions upon 

exposure to visible light.65 Surface bound sulfur or selenium can react with atmospheric oxygen to 

form sulfates and selenates which can evaporate from the surface, leaving behind reduced 

cadmium and an unreacted layer of S/Se.66 These redox reactions can destroy an monolayer of 

CdSe QDs in a matter of a few days.65 With this in mind, the passivating layer would ideally 

prevent atmospheric oxygen from diffusing to the QD layer, and itself would not oxidize the QD 

surface. 

Stability during Application of Multiple QD layers: The formation of size-gradient QD multilayers 

will require several wet-chemical processes to deposit the multiple layers. However, to 

successfully realize this configuration, the underlying QD layer must not dissolve during the 

deposition of the subsequent layer. There are several methods to prevent dissolution, including the 

deposition of sequential layers with orthogonal solvents or immobilization of the dots by anchoring 

them to the surface.57, 67, 68 Unfortunately, however, these processes can decrease the PL QY, which 

is not ideal for PV cell operation. Therefore, the ideal passivation layer would either coat or 

encapsulate the QD layer in a material that would both prevent the QDs from dissolving and 

preserve the PL QY.  

The factors that have been discussed above pose rather rigorous constraints on an ideal passivation 

layer, and therefore it must be chosen carefully. QD passivation by the growth of ALD metal oxide 

films is an attractive technique due to its inherently low growth temperatures and ability to 

conformally coat non-planar features. There are several reports of QD encapsulation by ALD 

aluminum oxide (Al2O3), which can effectively passivated QD surface defects as well as afford 

optoelectronic devices that are air stable for several months.69-71  
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Although the passivation of QDs by ALD oxides has been examined with varying success, up to 

this point there have been no reports on the mechanisms for either the degradation or preservation 

of QD optical properties after ALD growth. Understanding these pathways is necessary for the 

fabrication and implementation of hybrid SCs with maximum efficiencies and long-term stability. 

Based on our findings, we then propose a pulsed-CVD-like method for Al2O3 deposition that 

overcoats the QDs and increases their photoluminescence and PLL.  

1.4 Novel Tin-Oxo Photoresist 

The third and fourth chapters of this dissertation aim to address the interfacial interactions between 

a novel tin-oxo EUV resist and various silicon surfaces relevant to the microelectronics industry, 

as well as to characterize the photo-induced chemistries occurring during patterning. 

The overall miniaturization of microelectronic devices necessitates the ability to create patterns 

small enough to accommodate decreased feature sizes. Currently, 193 nm immersion lithography 

dominates the industry, however it is quickly reaching its limits and will need to be replaced for 

the microelectronics industry to continue following Moore’s Law.72, 73 Extreme ultraviolet 

lithography (EUVL, 13.5 nm) is being extensively studied as the next generation patterning 

technology because of its increased resolution and long-term sustainability.74 State of the art resists 

consist of a class of materials called Chemically Amplified Resists (CARs). These resists consist 

of photoacid generators (PAGs) embedded in a polymer matrix. Upon photon exposure, these 

PAGs react to form acid species, which then diffuse through the polymeric matrix and catalyze 

chemical reactions (i.e., deprotection reactions) as depicted in Figure 1.5.75, 76 
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Figure 1.5. EUV reaction mechanism in a CAR. Reprinted with permission from Thackeray, J. W. 

In Materials challenges for sub-20-nm lithography, 2011; SPIE: 2011; p 9. 

  

These deprotection reactions change the solubility characteristics of the exposed area, and after a 

soak in an appropriate solvent, a pattern is revealed. However, there are several disadvantages to 

the use of CAR systems: 

1. Due to their polymeric nature, factors such as the radius of gyration (~1-5nm)75, 77 and 

rigidity75 can affect the roughness of patterned lines.  

2. The control of acid diffusion in CARs is become one of the biggest challenges, as acid 

diffusion into unexposed areas can cause a loss in pattern contrast and resolution.77, 78 

3. The low etch-resistance of organic thin film resists my not be capable of substrate 

protection during etch steps as the resist film thickness decreases to form smaller 

patterns.77  

4. The low EUV absorbance cross-section for polymeric materials leads to low sensitivity 

and will increase the dosage necessary for pattern writing.77, 79 
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The disadvantages listed above have motivated a search for new resist platforms that can 

outperform CARs in terms of dosage requirement, etch resistance and resolution. The synthesis of 

inorganic photosensitive clusters such as HafSOx [Hf(OH)4-2x-2y(O2)x(SO4)y·qH2O] enables the 

formation of high resolution patterns (~10 nm in width) with good sensitivity (see Figure 1.6).80  

 

Figure 1.6. TEM cross-section of e-beam patterned HafSOx film. Reprinted with permission from 

ACS Appl. Mater. Interfaces, 2014, 6 (4), pp 2917–2921. Copyright (2014) American Chemical 

Society. 

 

These systems are advantageous compared to CARs in terms of sensitivity because of the larger 

EUV absorption cross section of higher Z elements, and in resolution because of suppressed lateral 

energy deposition coupled with a small, discreet cluster sizes of ~1 nm. Unfortunately, however, 

the HafSOx and similar aqueous-based clusters suffer from background cluster condensation, 

affecting writing speeds and decreasing resist solution shelf life.81 These background condensation 

reactions also result in material remaining at the resist-substrate interface after pattern 

development, as can be seen by the presence of HafSOx nanoclusters between the patterned lines 

in Figure 1.6.  There has therefore been a push for a new system that can decrease background 

cluster condensation while maintaining high resolution and sensitivity.   
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 For this application, thin films consisting of hybrid organic-inorganic clusters show much 

promise. In these systems, a metal-oxide core (HfOx, ZrOx, SnOx, etc.) is surrounded by 

photosensitive organic ligands (aromatic and aliphatic carboxylic acids, alkyl chains, etc.), forming 

the resist material. Upon EUV exposure, these clusters undergo reactions (i.e., crosslinking, 

condensation, etc.) that cause a solubility contrast between exposed and unexposed areas. The 

presence of these organic ligands suppresses background condensation, allowing for radiation-

induced reactions to dominate patterning.81 Of this set of resist materials, tin-oxide based resists 

are of particular interest, as the EUV absorption cross-section of tin is higher than hafnium (higher 

sensitivity), the resist solutions are stable for several months, and these resists are capable of 

producing high resolution patterns with low roughness.82 

 As these are still relatively new materials, mainly their patterning properties have been studied.83, 

84 However, to effectively optimize and improve these materials, there is a need for a fundamental 

understanding of the interfacial interactions that occur between the resist/substrate, as well as the 

chemistry during the patterning of these materials. By elucidating reactions and interactions 

occurring at the resist/substrate interface, we can understand the mechanisms behind, and 

hopefully eliminate, the issue of resist clusters remaining in the unexposed areas during pattern 

development. This information will also enable us to understand how the pattern quality can 

change depending on the chemical nature of the surface upon which the resist is deposited. 

Intimately coupled with the patterning performance are the underlying chemical reactions that 

allow for patterning to occur. Until now, there have been few efforts to understand the 

photochemical reactions occurring during the patterning of tin-oxide based resists.83, 84 A thorough 

and fundamental understanding of the patterning mechanisms is necessary for the integration of 
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these novel EUV resists in future microelectronics processing. Therefore, we also investigate the 

patterning mechanisms of a tin-oxide based resist, using electron beam irradiation as a proxy for 

EUV exposures. 

1.5 Objectives 

The objective of this dissertation is to characterize and control a variety of interfaces to obtain 

and/or understand the pathways towards desirable materials properties. Within that objective are 

the following: 

1. Determining the role of an aluminum-containing surface pre-treatment that allows for the 

low temperature ALD growth of Si3N4 (Chapter 3). In this chapter, the application of a sub-

monolayer of trimethylaluminum to an SiO2 surface enables the growth of Si3N4 films by 

low temperature thermal ALD. The short-range (interfacial) effects of this sub-monolayer 

are investigated with experimental and theoretical methods to provide insight into the 

mechanism(s) involved in the initial stages film growth. The long-range effects are 

experimentally measured, and the feasibility of continual Si3N4 growth is evaluated.  

2. Understanding the role of ALD metal oxide chemistries in changing the optical properties 

of colloidal quantum dot films during passivation (Chapter 4). Compositional changes at 

the quantum dot/ligand interface during the growth of ALD oxides can detrimentally affect 

optical properties that are integral to photovoltaic device performance. It is therefore 

important to understand the degradation mechanisms at play during ALD growth. Using a 

combination of vibrational and electron spectroscopies, the interface between ALD oxides 

and the quantum dot surfaces are probed, and potential degradation mechanisms are 
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proposed. Insight into these mechanisms then allows us to propose an encapsulation 

method using a CVD-like growth procedure. 

3. Controlling the interface between a tin-oxo based negative tone resist and silicon surfaces 

to optimize patterning performance and unexposed resist removal (Chapter 5). The 

successful implementation of tin-based EUV resists will depend on their ability to be 

patterned into thin, high resolution features as well as the complete removal resist from 

unexposed areas. In this chapter, the interface between the resist and Si surfaces is 

controlled in a manner that allows for complete resist removal while maintaining patterning 

performance. The impact of varying degrees of interfacial bonding will be discussed. 

4. Characterizing the patterning chemistry of a tin-oxo based resist using an electron beam as 

a model for EUV exposure (Chapter 6). Another step towards the implementation of tin-

based resists lies in the fundamental understanding of the chemical reactions that govern 

solubility switching. This chapter will highlight how vibrational spectroscopy and residual 

gas analysis enables the detection of both reactants and products present during a chemical 

reaction. The information gained from these two techniques allows us to propose a 

complete reaction scheme, representative of the chemistries occurring during resist 

exposure. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

Intuitively, before surfaces can be controlled and analyzed, they must first be cleaned. After 

cleaning, various methods (e.g. wet chemical and/or vapor phase) may be used to vary surface 

properties. For example, a surface can be made hydrophobic or hydrophilic by the attachment of 

molecules bearing different functionalities (e.g. -OH vs. -CH3). In another example, material 

growth can be hindered on one surface while initiated on another through the addition of a simple 

surface pre-treatment, allowing for selective deposition. While these are only two examples of 

many, they illustrate how interfaces can be controlled through surface chemistry. The tuneability 

of surfaces enables us to not only control interfacial properties, but to also study interfacial 

interactions (i.e., chemical/electrostatic bonding, wettability, etc.) by appropriately varying 

functionalities. We can then optimize interfacial properties for specific applications by controlling 

the interactions between those interfaces. 

2.1 Surface Preparation and Synthesis 

This section serves to demonstrate the various surface preparations necessary for the work that 

will be presented herein. In all cases, silicon coupons were cut from double-side polished, float-

zone grown Si (111) wafers with resistivities of ~ 20-60 Ω cm. A sample size of 3.8 x 1.5 cm2 was 

used to accommodate sample holders designed for in-situ measurements. All surfaces begin with 

the native SiO2, which is then chemically processed to give the desired surface termination. 
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Surface Preparation Chemical List:  

Concentrated sulfuric acid (H2SO4, 18M), dichloromethane (DCM, ACS reagent, ≥99.5%), 

acetone (ACS reagent, ≥99.5%), methanol (anhydrous, 99.8%), toluene (anhydrous, 99.8%), 

hexane (anhydrous, 95%) and 2-heptanone (99%) were purchased from Sigma Aldrich. 

Concentrated hydrogen peroxide (H2O2, CMOS grade, 30%), Hydrofluoric acid (HF, CMOS 

grade, 49%) and ammonium fluoride (NH4F, CMOS grade, 40%) were obtained from J.T. Baker. 

Keggin (β-Keggin and γ-Keggin isomers, Chapters 5 and 6) resist clusters are synthesized by 

Danielle Hutchinson and Dr. May Nyman at Oregon State University. Briefly, stock solutions of 

0.1M n-BuSnCl3 (97%) in methanol and 0.1M NaOH in methanol were combined in a 1:4 ratio at 

room temperature. Colorless needle-like crystals began to form in the closed vial in 2-4 hours and 

crystallization was complete in 24 hours. Single crystal and powder X-ray diffraction revealed 

these crystals to be a mixture of β-Keggin and γ-Keggin isomers, both having the same formula 

and charge: [(BuSn)12(NaO4)(OCH3)12(O)4(OH)8]
+ [OH-]. 

 Oleic acid capped CdSe/CdS/ZnS quantum dots (QDs) were synthesized by Dr. Sara Rupich-

Patrie, who at the time was Post-Doctoral Fellow in Dr. Yves Chabal’s group here at UT Dallas. 

QDs were synthesized by the successive ion layer adsorption and reaction method.85, 86 

OH-terminated SiO2 (Si-OH): Si samples are first cut to the desired size, followed by N2 gas 

blowing to remove dust and particles from the surface. The sample is then sonicated sequentially 

in dichloromethane, acetone, and methanol to further aid in particle removal as well as to degrease 

the sample surface. Following the degreasing step, the sample is rinsed with deionized water before 

being placed in piranha solution (3:1 ratio concentrated H2SO4/H2O2) for 30 min. at 80 oC, 

resulting in an OH-terminated SiO2 surface.87 This surface will serve as the start for all other 
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surface terminations, as well as the starting surface for the ALD of SiNx (Chapter 3) and the ALD 

passivation of quantum dots (Chapter 4).  

H-terminated Si (111) Surface (Si-H): There are several instances where an oxide-free surface 

is used as a comparative tool (Chapter 4) or as surface for grafting a self-assembled monolayer 

(SAM, Chapter 4, 5). After preparing an Si-OH surface, the sample is then dipped in 49% HF for 

30s to etch the cleaned SiO2, followed by a dip in NH4F for 2.5 min. The sample is then rinsed 

with copious amounts of DI H2O. This results in an atomically flat, hydrogen terminated surface.88  

Ethyl Undecylenate/Undecylenic Acid SAM (COOR/COOH/C12): The use of self-assembled 

monolayers (SAMs) in this work provides surfaces that can be chemically tuned for probing 

interfacial chemistries (Chapters 4 and 5). Ethyl Undecylenate (COOR) monolayers were prepared 

by a hydrosilylation reaction using standard Schlenk line techniques. After forming an Si-H 

surface, the sample was immediately placed into neat, dried ethyl undecylenate at 200 oC and left 

for 4 hours under N2 flow. Following the hydrosilylation reaction, the sample is removed from the 

solution, rinsed three times with ethyl acetate, then heated in boiling dichloromethane for 1-2 min. 

before drying in a N2 gas stream. This ester terminated SAM is then converted to its respective 

carboxylic acid (COOH) by a 2 min. immersion in 0.25M potassium tert-butoxide in dimethyl 

sulfoxide (DMSO), followed by a dip in neat DSMO for 30s, 2 M HCl for 1 min, and finally DI 

H2O.89 In one special case (see Chapter 3), the COOH SAM is converted to an amide through the 

grafting of ethylene-diamine to COOH head group. Amide conversion was done using EDC 

coupling techniques in a solution of 1-ethyl-3-(3-dimethylaminopropyl)carboiimide (EDC) 

buffered in 2-(N-morpholino)ethanesulfonic acid (MES), according to previously reported 

literature.90 
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Dodecene (C12) grafting to Si-H was done in a similar manner to the COOR SAM, with the 

exception being the Si-H sample was immersed in dry, neat dodecene at 200 oC for 4 hours. After 

C12 grafting, the sample was rinsed with ethyl acetate and then cleaned in boiling dichloromethane 

for 1-2 min. Following DCM cleaning, the sample was dried in an N2 stream. 

2.2 Characterization Techniques 

2.2.1 Fourier-Transform Infrared Spectroscopy 

Fourier-Transform Infrared Spectroscopy (FTIR) falls under the umbrella of techniques labeled 

“Vibrational Spectroscopies”, as it uses the interaction of infrared light with matter to analyze 

molecular structure through the excitation of vibrational modes.91 Molecular vibrations can be 

categorized as one of the following: stretching vibration (ν), in-plane bending vibration (δ), out-

of-plane bending vibration (γ) or a torsion vibration (τ).91 For a vibration to be detectable by FTIR 

spectroscopy, it must in “infrared active”. Infrared activity requires that a vibrational mode causes 

a change in the molecular dipole moment. However, it is not necessary that a molecule possesses 

a permanent dipole, as an induced dipole moment is sufficient.91 The ability to detect molecular 

vibrations and the sensitivity of molecular vibrations to local chemical environments makes FTIR 

an excellent technique for the direct monitoring of chemical bond formation and breaking. 

Transmission FTIR, although not intrinsically surface sensitive, is capable of detecting surface 

and interfacial species if particular care is taken during spectrum acquisition. As the signal arising 

from surface and interfacial species is low due to their inherently low concentration, we are 

essentially pushing the limits of the IR detector. Therefore, methods to maximize signal are 

extremely important and are listed below: 



 

22 

i) Optimizing the measurement set up: When IR radiation leaves the source, it must 

travel through the spectrometer (beam splitter and mirrors), to your sample, and finally 

to the detector. In the case of specially designed systems that can be housed within the 

spectrometer itself, the IR radiation is designed to follow the shortest optical path to 

ensure maximum signal reaches the detector. However, in the case of our home-built 

configurations, we must route the IR light outside of the spectrometer to specially 

placed mirrors aimed at guiding the radiation to the detector. It is extremely important 

here to utilize the minimum number of optical elements to simplify the beam path. 

Proper IR beam alignment must take place as well to ensure the maximum signal 

reaches the detector at all times. Once beam alignment is done, the detector must be 

properly calibrated to a standard to ensure accurate results and to minimize detector-

related spectral artifacts. 

ii) Sample selection and manipulation:  Regardless of the sample to be analyzed, it must 

be measured in an appropriate manner to ensure optimal signal and to gain the 

maximum amount of information possible. For example, if a surface is highly reflective 

to IR, transmission IR would not be appropriate, and vice versa. Here, the focus will be 

on silicon, as it is the base substrate for all of the work that is to be presented. For 

transmission IR measurements, the following factors can greatly influence signal 

intensity and one’s ability to detect certain vibrational features: 

a. Bulk wafer absorption: Impurities in the silicon wafer itself can affect FTIR 

measurements by providing additional vibrational modes and/or decreasing the 

overall signal. In the former case, an example resides in the impurity differences 
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between float-zone (FZ) and Czochralski (CZ) grown silicon. FZ grown silicon 

ingots typically have lower oxygen impurities than CZ wafers, due to differences 

in the growth processes.92 The increased oxygen content in CZ grown wafers result 

in additional (compared to FZ) substrate-related absorptions that can potentially 

effect spectral interpretation.93 The latter case involves impurities in the form of 

wafer dopants. At high dopant concentrations, free carriers in the wafer can absorb 

IR radiation, effectively decreasing the signal reaching the detector. 

b. Proper sample alignment and surface finish: This sub-section aims to highlight 

the practical differences one must take when measuring single side polished (SSP) 

vs. double side polished (DSP) silicon surfaces. For the SSP silicon substrates, 

roughness on the non-polished side decreases the signal due to beam scattering.94 

For DSP silicon, scattering losses are minimized, however the potential for 

interference increases as measurements are taken closer to normal incidence. 

Taking measurements at Brewster incidence (~74o to normal) minimizes 

interference and increases signal/sensitivity to vibrational components polarized 

both parallel and perpendicular to the surface. Although interference can occur, 

DSP silicon can be measured at a variety of incidence angles, giving it the added 

benefit of being able to supply information about bonding configuration. By 

varying the IR incidence angle between normal and Brewster incidence, the 

intensity of vibrational modes can change based on their polarization, allowing for 

structural information to be obtained. In the case of both surface finishes, it is 
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important that the sample position remains constant to ensure that any intensity-

related spectral changes are not due to differences in sample placement. 

c. Constant and appropriate sample temperature: While taking transmission IR 

measurements through silicon, the sample temperature must be kept constant. This 

will ensure that the signal from the temperature-dependent substrate phonon modes 

will remain constant as well. Failure to do so will result in additional vibrations that 

span between 600 – 1500 cm-1, making spectral interpretation in that region 

virtually impossible. This is increasingly important while looking at differential IR 

spectra (discussed in later section), where total substrate phonon subtraction is 

necessary for nice baselines. In practice, it is also best to take IR spectra at the 

lowest possible convenient temperature. In a similar fashion to the effects of high 

dopant concentrations, heating the silicon substrate too high (>350 oC) increases 

the number of free carriers capable of absorbing the IR beam, and will serve to 

decrease the detector signal.  

d. Removal and stabilization of atmospheric spectral artifacts: When taking FTIR 

measurements in air, strong signals from gaseous water vapor (H2O) and carbon 

dioxide (CO2) can interfere with spectral interpretation. In most cases, the software 

included with the spectrometer can attempt to subtract these features, but in many 

cases that subtraction is insufficient. To minimize this issue, it is important that 

both the IR spectrometer and any exterior optics housings are sufficiently purged 

with either nitrogen or dry air. This will ensure that signals from strong IR absorbers 

such as CO2 and H2O will be at a minimum throughout the measurements. Even 
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with a strong purge, signals of CO2 may remain persistent, as it is created by the 

SiC IR source. If this is the case, stabilization of the CO2 signal is optimal, as its 

contribution will be equal in all spectra and will no longer need to be subtracted. 

As a last resort, it is possible to manually subtract H2O/CO2 signals using the 

appropriate spectra. 

FT-IR measurements for all work presented herein are done with a Thermo Nicolet 6700   infrared 

spectrometer, equipped with a liquid-nitrogen cooled broadband mercury cadmium telluride 

(MCT-B) detector. A single-pass transmission at Brewster incidence (~74o to normal) is used to 

minimize absorption <1000 cm-1 and increase sensitivity of all surface components polarized 

parallel and perpendicular to the surface. FT-IR spectra are taken at 100 oC for SiNx ALD/ALD 

on quantum dot surfaces and at room temperature for photoresist films. Spectra consisted of 

averaging 3 loops of 500 scans each to maximize the signal to noise. 

2.2.2 X-ray Photoelectron Spectroscopy 

XPS is a surface sensitive characterization technique for the chemical analysis of materials. This 

technique relies on the photoelectric effect, whereby electrons can be ejected from a material by 

the exposure of photons of appropriate energy.95 When a photon is incident on a surface, there are 

three possible occurrences: the photon can pass through the material with no interaction and no 

energy loss, partial interaction with atomic orbitals can cause scattering with a partial loss of 

energy, or the photon energy can be transferred totally to the atomic orbital, followed by the 

emission of an electron from the atom.95 X-ray photon absorption followed by electron emission 

is the basis for the XPS technique. In basic terms, the physics behind electron emission can be 

explained with the following equation96: 
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𝐸𝐵 = ℎ𝜈 − 𝐾𝐸 − 𝜙 

In this equation, EB is the binding energy of the electron, hν is the x-ray photon energy, KE is the 

kinetic energy of the ejected electron, and ϕ is the work function (material and spectrometer 

specific). The binding energies have characteristic values that vary with atom and with the 

chemical environment around that atom. In other words, surrounding atoms/bonds can alter the 

electron density around an atom, resulting in a change of the binding energy compared to the lone 

atom. This change in binding energy, also known as a chemical shift, can be used to determine 

oxidation state and chemical bonding. 

The surface sensitivity that XPS provides makes it an obvious choice for the analysis of surfaces 

and interfaces. Peaks in XPS are also sensitive to local chemical environment/bonding, and 

therefore can be used to complement FTIR measurements. For example, if an initially oxide free 

surface is partially oxidized during some process, it may be difficult to detect in FTIR, either due 

to low signal or to overlapping peaks. XPS is more adept at detecting minority species and can aid 

in confirming or disproving the presence of features seen in the IR spectra. 

XPS measurements are performed in UHV (P = 3 x 10-10 Torr base pressure) at a collection angle 

of 45º with respect to the sample surface using a monochromatic Al Kα source (hν = 1486.6 eV). 

The XPS spectra are performed using a 7-channel hemispherical analyzer operated at a pass energy 

of 5.85 eV. For depth profiling, sputtering is performed using 1kV Ar+ ions supplied by an Ar 

sputter gun positioned at a 45° angle with respect to the substrate normal. 

2.2.3 Residual Gas Analysis 

Residual gas analysis (RGA) is a type of mass spectrometry that allows for the detection of residual 

gaseous species once a system has been placed under vacuum. Its ability to detect gas phase 
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impurities during growth processes (e.g. CVD, etching and sputtering) has made RGA an 

important part of semiconductor manufacturing processes.97 The RGA system consists for 4 main 

parts: the ionizer, electrostatic lenses, mass analyzer/filter and the ion detector. In the ionizer, an 

energized filament ejects electrons, which are then accelerated towards a wire mesh because of an 

applied potential difference between the mesh and filaments. These accelerated electrons then can 

collide with neutral gas species, causing them to become ionized. The electrostatic “lenses” then 

guide these ionized species towards the mass analyzer by applying an appropriate bias (with 

respect to the ionizer). In the mass filter, a quadrupole analyzer, consisting of four electrically 

biased rods is used to guide certain masses towards the ion detector, while deflecting others. This 

is accomplished by applying both DC and RF voltages to the rods, which produce hyperbolic 

electric fields, allowing for very specific mass selection. As the masses are filtered, the ionized gas 

molecules move to the detector, where ion current determines the mass-to-charge ratio of the 

species.  

2.3 Processing Techniques 

2.3.1 Atomic Layer Deposition (ALD) and Home-Built ALD System 

Atomic layer deposition (ALD) has become an important thin film deposition technique for the 

semiconductor industry due to its ability to grow conformal, dense, pin-hole free films with 

angstrom-level control.98 ALD operates on the principle of sequential, self-limiting surface 

reactions.99 In a binary process, where A (precursor 1) + B (precursor 2)  AB (desired film), a 

substrate is first exposed to A in the gas phase, where it reacts with the surface, leaving it 

terminated in a monolayer of A once all available reactive sites are depleted. Once those surface 

reactive sites are depleted, reactions will stop, according to the self-saturative nature of ALD. The 
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exposure of A is followed by an inert gas purge (typically N2) to remove excess A, the byproducts 

of the A reacting with the surface, as well as to prevent gas-phase reactions (i.e., CVD) with the 

following precursor exposure. After purging the system of A, precursor B is introduced into the 

reactor in the gas phase to react with the A coated surface, yielding 1 layer of AB. Another inert 

gas purge step is included to remove gaseous by-products and excess B. The sequence of A, purge, 

B, purge is termed an “ALD cycle”. The ALD cycle is then repeated until a film of appropriate 

thickness is obtained. Another important aspect to ALD growth is the deposition temperature. 

Although not necessary for ALD, film deposition is typically performed in a range of temperatures, 

known as the “ALD window”. In this range of temperatures, the growth rate (Å/cycle) is 

constant.100 Below this temperature window, growth can be hindered by precursor condensation 

and/or incomplete surface reactions, while above the window, precursor decomposition and/or 

desorption can affect the growth.101 Due to extensive research on ALD precursors and processes, 

ALD is capable of growing a large variety of materials. These materials include metal and 

metalloid oxides102-111, metal and metalloid nitrides112-117, noble and transition metals118-125, and a 

myriad of others.   

 

Figure 2.1. Schematic of home-built ALD tool equipped with in-situ FT-IR capabilities. 
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The cyclic nature of ALD growth presents many opportunities for characterization between pulses. 

After each precursor pulse, FTIR measurements can be taken to characterize the surface functional 

groups, and ultimately derive a reaction mechanism for an ALD process. Overall film quality can 

also be measured, as FTIR can detect impurities (i.e., CHx, OH, NHx, etc.) within the film bulk. 

Figure 2.1 shows a schematic of the home-built ALD tool used in Chapters 3 and 4. This is a cross-

flow type reactor, with 2 precursor bays for room-temperature precursors (trimethylaluminum, 

hydrazine, deuterated water, diethylzinc) and one heated bay for precursors with low vapor 

pressures (e.g. di-sec-butylaminosilane, tetrakis(dimethylamido) hafnium). Precursors are 

delivered through ¼’’ stainless steel tubing with VCR fittings and delivery is controlled by MKS 

mass flow controllers and Swagelok pneumatic valves. Ultrapure N2 gas is flown through the 

chamber after each precursor exposure to prevent gas phase reactions (i.e., CVD) and interference 

with in-situ FT-IR measurements. FT-IR measurements are made possible by two KBr windows 

that allow for IR beam transmission through the chamber. These KBr windows are protected 

during precursor exposure by two manual gate valves positioned on the chamber side of the 

windows. Samples are heated resistively using a HP 6010A DC power supply controlled by a 

Eurotherm 2404 PID controller, while a K-type (chromel-alumel) thermocouple welded to a 

tantalum clip that is placed along the sample edge serves to measure the temperature. 

2.3.2 Spin Coating 

Spin coating is a technique that allows for the deposition of uniform thin films by utilizing 

centrifugal force.126 In short, a substrate is first coated with a solution containing the desired 

precursor, after which the substrate will then be accelerated to a chosen speed for a pre-determined 

amount of time, until a film of appropriate thickness is realized. Several factors can affect the final 
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film thickness and composition including the solution concentration, the 

acceleration/deacceleration rate, the spin speed and time and the surface tension of the solvent.126 

Film deposition can be followed by annealing or photon-induced curing, dependent on the material 

system. For the work presented herein, spin coating was used to deposit quantum dot (Chapter 4) 

and photoresist films (Chapters 5 and 6).  

Quantum Dot Deposition: A 20x dilution of QDs suspended in toluene is used as the spin coating 

solution. 125 μL of QD solution is dispensed on OH-terminated SiO2, after which spin coating 

occurs at a spin speed of 1500 rpm for 60s. No further processing is done to QD films before 

spectroscopic analysis. 

Keggin Resist Films: Keggin resist films are spun cast out of toluene at a spin speed of 3000 rpm 

for 30s. Keggin concentrations of 3.33 mg/mL and 20 mg/mL yields films of ~7 and 20 nm, 

respectively as determined by ellipsometry. 7 nm films were used in Chapter 5 for interfacial 

studies, while 20 nm thick films on SiOH were used for the resist patterning study outlined in 

Chapter 6. No further processing is done to Keggin films before spectroscopic analysis. He-ion 

patterning of the Keggin resist films were performed by Mengjun Li at Rutgers University of the 

guidance of Dr. Eric Garfunkel. A Carl Zeiss ORION PLUS HIM system was used for patterning 

and imaging. The Orion produces a 30KeV He+ beam with beam spot sizes as small as 0.5 nm. 

The lithography current was kept below 1 pA.  Pixel spacing was 1 nm. The nominal line width 

was set by the software ranging from 1 nm to 20 nm in order to determine the best critical 

dimensions under given lithography conditions. Following the helium ion exposure, a post 

exposure bake was applied at 175 °C for 5 mins. Then the films were developed in 2-heptanone 

for 1 min and blow dried with compressed nitrogen. 
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The line edge roughness (LER) and critical dimension (CD) were calculated from high-resolution, 

top-down secondary electron images of sets of three patterned lines acquired using the Scanning 

Helium Ion Microscope (SHIM). Images were processed using the image processing software 

ImageJ. The images were smoothed and adjusted to better contrast for convenient determination 

of the line edges. Each line was extracted with boxes that include its edges completely. ImageJ 

plugin Analyze_Stripes was used to analyze LER and CD. 

2.3.2 Electron beam irradiation chamber 

Electron beam irradiation is conducted in a home-built UHV system equipped with a variable 

energy electron gun (Kimbell Physics, EGA-1012) system at an energy of 90 eV.  The sample is 

positioned at Brewster incidence for the IR radiation, which places the incoming electron beam at 

~16o off the sample normal. A picoammeter is connected to leads that are in electrical contact with 

the sample to measure the incoming electron beam current. Dosage amounts are calculated using 

a reference cobalt metal film irradiated with the same parameters. Samples can also be resistively 

heated (T ≤ 1000oC) or cooled by liquid nitrogen (T ≥ -165 oC). 
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3.1 Introduction 

Thin silicon nitride (Si3N4) films are widely used for gate spacers and diffusion barriers in the 

microelectronics industry.127-129 Typically, Si3N4 films are grown by low-pressure chemical vapor 

deposition (LPCVD) at high temperatures (750 oC) or by plasma-enhanced chemical vapor 

deposition (PECVD) at lower temperatures.130-135 However, as devices continue to scale down, the 

requirements for conformality and step-coverage are becoming more stringent, making CVD-

based processes inadequate.136 In contrast, atomic layer deposition (ALD) is a technique based on 

self-limiting surface reactions,136 which allows for the growth of high quality, highly conformal 

thin films on both planar and 3-D (e.g. trenches, nanorods, nanoparticles, etc.) geometries. Typical 

thermal ALD processes for Si3N4 growth utilize chlorosilanes and ammonia at temperatures above 

400oC.137 Such temperatures are too high for the allowed thermal budget of several devices and 

the halogenated by-products are corrosive and therefore undesirable. Although there have been 

several reports of Plasma-Enhanced ALD (PE-ALD) of Si3N4, using less corrosive Si-containing 

precursors and lower processing temperatures,138-141 the high reactivity of plasmas typically causes 

substrate damage, surface side reactions, and/or create defects in materials through ion 

bombardment.142 Furthermore, PE-ALD is less favorable for highly structured 3-D systems (poorer 

conformality). There is therefore a need to develop novel precursors and/or use catalysts to 

enhance reactivity at lower thermal budgets for standard thermal ALD.  

A series of aminosilanes have been developed, typically with better reactivity than chlorosilanes, 

such as di-sec-butylaminosilane (DSBAS).143 However, while these precursors are excellent for 

SiO2 deposition, the temperature required for Si3N4 is still too high (~350°C) even with hydrazine 

as a co-reactant. We therefore focus our attention on a potential catalyst for low temperature Si3N4 
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deposition, namely Al. It had previously been reported that the incorporation of trimethylaluminum 

(TMA) exposures into a SiO2 ALD process significantly increases the SiO2 growth rate,144 which 

has been shown to be due to the catalytic effect of Al for siloxane polymerization.145  Based on 

this observation, we postulated that the incorporation of a TMA pulse into the silicon nitride ALD 

process with DSBAS and hydrazine might lower the temperature requirement, i.e., that Al could 

also act as a catalysis for Si3N4 deposition.  

In this work, we monitor the growth of Si3N4 using di-sec-butylaminosilane (DSBAS), hydrazine 

(N2H4) and TMA (catalyst) at 250 oC on OH-terminated oxidized Si (111) surfaces using in-situ 

Fourier-Transform Infrared Spectroscopy (FT-IR) and ex-situ X-ray photoelectron spectroscopy 

(XPS), which makes it possible to derive the surface chemical reactions occurring during this ALD 

process. Furthermore, density functional theory (DFT) calculations of model surfaces conducted 

by our collaborators at LAAS-CNRS reveal that the most critical element is the initial adsorption 

energy of the hydrazine molecule, which is greatly enhanced by Al.  

3.2 Atomic Layer Deposition of Si3N4 on OH-terminated SiO2 using DSBAS and N2H4 

The ALD process of DSBAS and N2H4 without using TMA as a catalyst was investigated first as 

a benchmark for the study. A cleaned (see Chapter 2) OH-terminated SiO2 sample obtained from 

on a Si(111) wafer was loaded into the reactor. The substrate was first annealed to 400 °C to ensure 

chemical stabilization of the SiO2 film (i.e., to remove any potential thermally driven alterations 

in subsequent differential IR absorption spectra) and to isolate surface -OH groups through 

condensation reactions of very closely H-bonded OH groups. Isolated OH groups are characterized 

by a well-defined peak ~3740 cm-1
, which makes it easy to follow their reaction upon precursor 

exposure. After the pre-annealing step, the substrate is sequentially exposed to DSBAS and N2H4, 
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i.e.,  without any TMA exposure. Figure 3.1 shows differential FT-IR spectra during the precursor 

and co-reactant exposures. The spectrum labeled “1st DSBAS” is referenced to the pre-annealed 

substrate, and every other spectrum is referenced to the spectrum recorded after the previous step 

(e.g. the N2H4 spectrum is referenced to the surface after DSBAS exposure). These differential 

spectra allow us to see the changes that occur on the surface due to each precursor pulse, and 

ultimately gain insight into the surface reaction mechanisms, including the completeness of surface 

reactions. In these differential spectra, positive features are associated with the formation of 

chemical bonds and negative features with the reaction of chemical bonds. For instance, after 

DSBAS exposure, the surface -OH groups are seen to react (loss at 3740 cm-1, inset) and Si-H3 

species (gain at 2190 cm-1) are formed at the surface, as shown in Figure 3.1, consistent with 

DSBAS reaction with the OH group with loss of the di-sec-butylamino ligand.143 Indeed, there is 

no evidence for vibrational modes associated with the di-sec-butylamino ligand in the spectrum, 

so DSBAS is believed to have completely reacted with proton transfer and been removed as a 

volatile molecule, leaving SiH3 as the sole adsorbed product.143 After the subsequent N2H4 

exposure (“1st Hz”), there is only a slight perturbation of the Si-H3 frequency, likely due to N2H4 

physisorption on top of Si-H3 (blue shift that partly reverses upon DSBAS re-exposure). 

Thereafter, there is no spectral change, indicating that there is no chemical reaction with Si-H3, 

suggesting that there is no actual film growth at 250 °C. 
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Figure 3.1. Differential FT-IR spectra after the 1st, 2nd, 3rd and 20th DSBAS and N2H4exposures at 

250 oC.  

 

To confirm this hypothesis, ex-situ XPS measurements were conducted on this sample after twenty 

complete cycles of DSBAS and N2H4. Figure 3.2 shows that there is no detectable signal at ~400 

eV binding energy, the energy region of the N1s core level in Si3N4. To quantify this statement, we 

have calibrated the sensitivity of the XPS measurements by terminating a well-defined organic 

layer with amine groups, as detailed below. Using the noise level shown in Figure 3.2, we estimate 

the sensitivity to N to be ~1% monolayer. Within this uncertainty, the XPS studies indicate that 

DSBAS and N2H4 do not react with one another at 250 °C and also that no di-sec-butylamino 

ligand remains on the surface (i.e., complete ligand exchange). 
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Figure 3.2. N1s core level XPS spectrum of the OH terminated SiO2 on Si(111) substrate after 20 

cycles of DSBAS and N2H4 at 250 oC.  

  

 

Figure 3.3. N1s XPS spectra of an amine-terminated SAM and OH-terminated silicon following 1 

pulse of DSBAS. 

To calibrate the nitrogen (N) coverage in XPS measurements, we prepared a surface with a well-

defined N coverage. To do so, we start with a carboxylic-acid terminated (COOH) SAM, 

synthesized by the method described in Chapter 2. Nitrogen was then introduced by grafting 
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ethylene-diamine to the carboxylic acid group in a solution of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) buffered in 2-(N-morpholino)ethanesulfonic acid 

(MES) using well known EDC coupling techniques at room temperature resulting in amine 

termination.90 This process attaches two N per molecule to the surface. We estimate that with a 

maximum SAM coverage is ~66%90, which corresponds to 1.3 monolayers worth of nitrogen due 

to the two N attached with the EDA molecule. 

 XPS spectra of the N1s core level were measured for both the amine terminated SAM (with 1.37 

N coverage), as well as a silicon substrate after 1 pulse of di-sec-butylaminosilane (DSBAS) 

(Figure 3.3).  For the amine-terminated SAM, the integrated area of the peak centered at ~400 eV 

in the SAM spectrum (within the 396 to 404 eV spectral range) is 1356 counts. To estimate our 

sensitivity in the bottom spectrum obtained after DSBAS exposure, we require that a detectable 

feature must have an integrated area at least 2x larger than that of the noise to emerge from the 

baseline. We estimate the error in measuring a peak area by varying the baseline in the region 

between 396 - 404 eV in the DSBAS spectrum; this error is ~4.0 counts. Therefore, we require ≥ 

8 counts for N detection. Since 1356 counts corresponds to 1.37 monolayers, then our lower limit 

of detection is ~0.8% of a monolayer of nitrogen, which we round up to 1% of a monolayer. 

3.3 Atomic Layer Deposition of Si3N4 on OH-terminated SiO2 using DSBAS and N2H4 with 

the addition of a TMA pulse 

The lack of reactivity of N2H4 with Si-O-SiH3 suggests that oxygen in the -SiH3 backbond may 

stabilize the Si-H bonds. Since Al had been shown to enhance the deposition of SiO2 with silanol 

precursors at lower temperature,144, 145
 we postulated that the incorporation of a TMA pulse prior 

to DSBAS/ N2H4 cycles may foster the reaction of N2H4 with -SiH3. Consequently, in-situ FT-IR 
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measurements were performed after an initial pulse of TMA and during ALD using sequential 

DSBAS and N2H4 exposures. As can be seen in Figure 3.4, TMA (black spectrum) readily 

chemisorbs on the OH-terminated surface, as evidenced by the loss at 980 cm-1 (bending mode of 

Si-OH; the loss at 3740 cm-1 is not shown by present) and by losses at 1240 and 1063 cm-1 

corresponding a perturbation of the LO (1240 cm-1) and TO (1063 cm-1) phonon modes of SiO2; 

Such SiO2 phonon loss is typically observed when the surface –OH termination of SiO2 reacts.146 

The appearance of positive bands at 1206 cm-1 (Al-CH3), 1275 cm-1 (Si-CH3) and in the 2800-

3000 cm-1 region (CH3 stretch modes) indicates that the reaction products after TMA reaction are 

O-Al(CH3)x, with some methyl groups transferred to Si atoms. This latter phenomenon has been 

observed previously on oxide-free Si surfaces147 and can be the cause for a low-level carbon 

contamination at the interface.  

The next differential spectrum (green), obtained upon DSBAS exposure, is characterized by a loss 

in the 1206 cm-1 band (Al-CH3 deformation mode) and at ~2900 cm-1 (CH3 stretch modes of Al-

CH3), and gains at 2162 and 2223 cm-1, pointing to the formation of two types of SiHx upon 

reaction with -Al(CH3)x: Al-SiH3 and Al-O-SiH2, respectively. 

The top differential spectrum (blue) is very important as it reveals that N2H4 clearly reacts with 

Al-SiH3 (loss of the 2162 cm-1 component), leaving a NH2 product characterized by its scissor 

(1602 cm-1) and stretch (3300 cm-1) modes.148 This ligand exchange reaction continues to occur 

between DSBAS and N2H4 for ~40 cycles, even though no additional TMA pulse is introduced, as 

can be seen in Figure 3.5. However, the intensity of the SiHx stretch at 2183 cm-1 weakens with 

the number of cycles and is barely ~1/4 of its initial value after ~ 40 cycles, suggesting that the 

influence of Al weakens as the film thickness increases.  



 

40 

 

Figure 3.4. Differential FTIR spectra after 1st TMA, 1st DSBAS and 1st N2H4 exposure on OH 

terminated SiO2 on Si(111) at 250 oC. 

 

 

Figure 3.5. Differential FTIR spectra after 15th and 40th cycles of DSBAS and N2H4 at 250 oC. 
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Ex situ XPS spectra of the N1s core level (Figure 3.6) indicate that there is now Si3N4 deposited 

on the surface, keeping in mind that oxidation occurs (i.e., formation of SiOxNy) during transport 

in air from the ALD reactor to the XPS chamber: this ultra-thin oxynitride layer is removed after 

very mild sputtering (5s at 1kV Ar+), and only the nitride feature at 399 eV remains. The XPS 

measurements can also be used to estimate the film thickness using the attenuation of the bulk Si 

2p signal (see below), yielding a thickness of ~1 nm. Since the deposition is non-linear, a lower 

limit for the deposition rate is 10/40 = 0.25 Å/cycle, although the initial deposition rate is clearly 

larger. In summary, the insertion of an initial TMA pulse (Al deposition) can activate the surface 

for ~40 cycles. 

 

 

Figure 3.6. XPS spectra of N1s core level of the film deposited using initial TMA layer and 40 

cycles of DSBAS and N2H4 at 250 oC on OH terminated SiO2 on Si(111). 

 

The Si3N4 thickness was determined by measuring the attenuation of the substrate Si 2p core level 

intensity (overlayer attenuation model): 

  𝐼𝑠 =  𝐼0𝑒
−

𝑑

(𝜆𝑠𝑖𝑛𝜃) (Eqn. 3.1) 
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where Is is the photoelectron yield with overlayer, Io is the photoelectron yield w/o overlayer, d 

is the overlayer thickness, λ is the electron inelastic mean-free path, and θ is the XPS take-off 

angle (45o in our case). 

 High resolution XPS spectra of the Si2p region (Figure 3.7) were taken of the as-deposited film, 

as well as the bare Si substrate obtained after sputtering with 3 kV Ar+ ions to remove the film. 

From these spectra, the intensity of the bulk Si 2p core level at ~99eV was determined with and 

without the film. To estimate the inelastic mean free path (IMFP, λ) for electrons in the film (that 

unfortunately gets partly oxidized during transport to the XPS system), two limiting cases are 

considered, purely SiO2 and purely Si3N4 films. The respective inelastic mean free paths, λSiO2 = 

3.772 nm and λSiN = 3.673 nm, are obtained from NIST Electron Inelastic-Mean-Free-Path 

Database: Version 1.2149 for an electron kinetic energy of 1387 eV for electron from bulk Si (x-

ray source energy - binding energy of bulk Si). Using λSiO2 would describe a system where the 

Si3N4 film is completely oxidized, while using λSiN would describe a system with proper 

stoichiometry. For the two limiting cases, Eqn. 3.1 yields film thicknesses of 0.95 and 1.03 nm 

for SiO2 and Si3N4, respectively.  

Table 3.1. Parameters inserted into overlayer model for film thickness calculations 

λ Is Io DSi3N4 

λSiO2 4818 14361 0.95 nm 

λSiN 4818 14361 1.03 nm 
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Figure 3.7. High resolution Si2p XPS spectra of the film as deposited and after being fully removed 

by 3 kV Ar+ ion sputtering. 

 

3.4 Effect of a 2nd TMA Layer 

Given this saturation behavior yielding a maximum of ~1 nm of Si3N4, the question arises whether 

a second TMA pulse could re-ignite the reactivity, i.e., whether TMA could react on the ALD 

nitride film (as opposed to the original OH-terminated SiO2 surface). The bottom spectrum (blue) 

in Figure 3.8 shows the IR spectra after 40 cycles of DSBAS + N2H4 (40th Hz), referenced to the 

SiO2 surface initially reacted with TMA, i.e., the Al-(CH3)x surface. The LO and TO phonon modes 

of Si3N4, observed at 1025 and 865 cm-1, confirm the growth of ~1 nm Si3N4 film. The spectrum 

also reveals the incorporation of an appreciable amount of hydrogen into the film in the form of 

N-SiHx (2152 cm-1) and Si-NHx (1610, 3300 cm-1). Presumably, some of these species are on the 

surface, but most species reside in the films as their intensities increase with the number of cycles. 
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Figure 3.8. FT-IR spectra of as deposited Si3N4 film after 40 cycles of DSBAS + N2H4 (40th Hz) 

at 250 oC and the effect of exposing the Si3N4 to TMA before continuing the Si3N4 growth. 

 

Upon TMA exposure (2nd TMA), there is in fact some loss in surface SiHx and NHx bands with 

gains in modes associated with Si-CH3 and Al-CH3, confirming TMA chemisorption on the nitride 

surface. Exposing this resulting surface to DSBAS (41st DSBAS) shows however little sign of 

reaction, in contrast to the 1st DSBAS in Figure 3.4. This difference points to a lower reactivity of 

DSBAS with Al-CH3 when there is a N atom in the backbond (N-Al(CH3)x than when there is an 

O atom in the backbond (O-Al(CH3)x).  Upon N2H4 exposure (41st Hz), there is a perturbation of 

the SiHx modes (small loss at 2223 cm-1 and gain at 2152 cm-1) and possibly some loss at 1213 

cm-1 (Al-CH3) as well as gains in the NH2 scissor and stretch modes (1609 and ~3300 cm-1). This 

suggests an adsorption of N2H4, albeit weak (physisorption). However, if the DSBAS and N2H4 

cycles are continued, there is ultimately the complete reaction of all CH3 groups associated with 

the second TMA pulse, as shown in Figure 3.7 (61st cycle; note the reference spectrum is taken 

right after the 2nd TMA pulse). Therefore, it appears that the ability of N2H4 to adsorb, fostered by 

Al, is important to allow the reaction of DSBAS and N2H4, removing in the process the methyl 
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groups associated with TMA.  The removal of these methyl ligands allows for the continued 

growth of SiNx, as can be seen in Figure 3.9 over the next 20 cycles. 

 

Figure 3.9. FT-IR spectra of the 41st and 61st cycles of DSBAS and N2H4 at 250 oC, referenced to 

the 2nd pulse of TMA. 

 

The main results of introducing a second TMA pulse after 40 cycles are summarized in Figure 3.10 

in comparison with the first TMA pulse (first 40 cycles). The bottom spectrum shows the total 

absorption after one (1 TMA + 40 [DSBAS + N2H4]) super-cycle (40th Hz, blue curve) and the top 

spectrum the total absorption after two (1 TMA + 40 [DSBAS + N2H4]) super-cycles (80th Hz, red 

curve), both referenced to the surface after the first TMA pulse.  Prominent in these spectra are the 

LO and TO phonon modes of Si3N4 at 1025 and 865 cm-1 that provide a measure of the silicon 

nitride thickness, as well the as vibrational absorption bands associated with hydrogen 

incorporation such as SiHx (2150 cm-1) and NHx (1609 cm-1, 3178 cm-1 and 3305 cm-1). There is 

also the presence of Si-CH3 after the second TMA pulse, consistent with the lack of reactivity with 

DSBAS noted in the differential spectra in Figure 3.6. Using the integrated area under the Si3N4 
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phonon region (800 – 1200 cm-1), we estimate that the film is 1.6× thicker after the second super-

cycle.  

The film thickness can also be estimated from XPS by examining the attenuation of the pure Si 2p 

core level intensity after the Si3N4 film deposition, i.e., the Si 2p peak associated with the substrate 

(at 99 eV) below the thin SiO2 and Si3N4 films. Using the electron mean free path for 1388 eV 

electrons (from 98 eV binding energy) in SiO2 and Si3N4 from the NIST data base (3.772 nm and 

3.673 nm, respectively), we estimate the Si3N4 thicknesses to be 1.0 nm for the first 40 cycles and 

1.4 nm for the 80 cycles, showing that a film of 1.4x thicker was grown after the second super-

cycle. We note that adding a second TMA pulse does not double the film thickness, which we 

attribute to the different growth mechanism after the two TMA pulses: while DSBAS clearly reacts 

on the TMA-exposed SiO2 surface, it does not on the TMA-exposed Si3N4 surface. Despite this 

difference, it is clear that Si3N4 growth can be (re)initiated by the incorporation of a TMA exposure 

step into the process, due to the effect of Al on hydrazine adsorption and reaction, as detailed 

below. 

 

Figure 3.10. Spectral comparison of the effect of 1 and 2 TMA pulses. Bottom (blue) spectrum: 

FT-IR spectrum after the 40th full DSBAS and N2H4 cycles after the first TMA pulse, i.e., before 

the second TMA pulse; and top (red spectrum): FT-IR spectrum after the 80th. 
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3.5 Density Functional Theory Calculations 

DFT calculations were performed with the Turbomole 6.1 package150 using the PBE exchange 

correlation functional151 and the def2-TZVP basis set,152 taking advantage of the Resolution of the 

Identity (RI-J) method to speed up the calculations.153-155 To mimic the surface, a Si4N6 cluster 

(Figure 3.11a) was constructed as a piece of a perfect Si3N4 surface, bearing a N-SiH3 or N-

Al(SiH3)2 termination as shown in Figure 3.11b and Figure 3.11c, respectively, to represent the 

growing Si3N4 layer after DSBAS pulse and the growing Si3N4 layer after TMA and DSBAS 

pulses. Thereafter, these models are referred to as N-model, Si-model and Al-model respectively. 

The geometries of the models were fully optimized (no constraints were applied) and the nature of 

the stationary points was checked by vibrational frequencies calculations. 

 

 

 

Figure 3.11. (a) H-terminated Si3N4 model-cluster bearing: (b) N-SiH3 termination (Si-model), (c) 

N-Al(Si-H3)2 termination (Al-model). H: white balls, N: blue balls, Al: pink balls, Si: yellow balls. 

 

To study the reaction mechanisms, and in particular the role of Al, we first model the reaction of 

DSBAS with the Si3N4surface using a Si4N6H9 cluster, i.e., with H termination (N-H terminated 

cluster as shown at the bottom left of Figure 3.12). The reaction starts with the very weak 
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adsorption of DSBAS (-0.09 eV); indeed the bulky sec-Bu groups force the DSBAS to remain far 

from the surface. From this position, a ligand exchange reaction is possible, whereby the H of the 

surface NH is exchanged with the SiH3 of the DSBAS. The reaction activation barrier is moderate 

(1.03 eV) and the reaction enthalpy is favorable (-0.21 eV), which makes it possible for the reaction 

to occur within the millisecond range at 250°C. However, unreacted DSBAS can easily desorb 

(0.09 eV barrier), so that the main limitation for this reaction is the adsorption of DSBAS (i.e., 

pressure). At 250oC, only ~ 1 out of 108 molecule can react at 250°C. At this point, the surface is 

terminated by SiH3. 

 

Figure 3.12. Reaction pathway of DSBAS on the Si3N4 surface (N-model). H: white balls, C: cyan 

balls, N: blue balls, Si: yellow balls. 

 

The second step to enable the ALD process is the reaction of hydrazine with the silyl groups (-

SiH3) of the surface, by substitution of the hydrogen atoms from silyl groups by amino groups (-

NH2) and release of either ammonia or dihydrogen. Accordingly, we consider the two reactions 

-SiH3 + N2H4 → -SiH2(NH2) + NH3        (1) 

-SiH3 + N2H4 → -SiH(NH2)2 + H2   (2) 
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for both Si3N4 substrates terminated by N-SiH3 and N-Al-(SiH3)2, i.e., using the Si-model and Al-

model surfaces described in the computational detail subsection (Figure 3.11b and 3.111c, 

respectively). The two subsections below show that the reaction barriers are too high for 

observable reactions at 250oC on the nitride surface; however, addition of Al strongly enhances 

the adsorption of N2H4, thus facilitating subsequent reactions. 

Si-model surface (no Al): 

Without Al, both reaction paths start by the weak adsorption (-0.31 eV) of hydrazine onto the 

silylated nitride surface. From this initial stage, mono amination through NH3 release, i.e., reaction 

(1), proceeds in a single step: one hydrazine amino group bonds to the Si atom while the other 

takes a H atom from the silyl group. This reaction is exothermic (-2.24 eV) but it involves a 

prohibitively high activation barrier (3.13 eV, Figure 3.13). 

After the initial N2H4 adsorption, reaction (2) can follow two different paths depending on how H2 

is formed. In the most probable scenario shown in Figure 3.14, H2 can be formed from one H atom 

of the silyl group and one of hydrazine, with the formation of a Si-N bond, leading to a silyl 

hydrazine. This reaction has a moderate barrier (1.43 eV) and is slightly exothermic (-0.20 eV), 

making it likely at moderate temperatures. However, at this point (see right configuration in 

Scheme 2) the transfer a H atom from the silylene group to the neighboring N atom is required for 

completing the hydrazine precursor dissociation by breaking the N-N bond. This reaction requires 

a high activation energy (2.47 eV) and is endothermic (1.12 eV). If it occurred, it would lead to 

the same silylene species as in reaction (1). From this point, the N-N bond of hydrazine can break 

to form the final diamino silyl product. This last reaction is highly exothermic (-3.54 eV) but 

involves a high barrier (1.73 eV). Consequently, these last two steps are energetically improbable 
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but are detailed in the supporting information (Figure 3.14) for completeness. Instead, another 

scenario is considered whereby H2 can be directly released from the silyl group; however, this 

reaction, which leads to the formation of the silylene species interacting with hydrazine, is 

endothermal (0.92 eV) and exhibits a high barrier (2.41 eV). For these energetic reasons, this 

pathway is therefore also unlikely (Figure 3.14). In summary, we expect a low to non-existent 

reactivity of Si3N4 toward hydrazine in the absence of an activator. Indeed, the low sticking energy 

of hydrazine to the surface and the high activation barriers required for the reactions make 

hydrazine desorption far more likely than reaction. Despite this fact, if hydrazine reaction were to 

take place, N-N hydrazine dissociation for di-amination of silyl would be energetically unlikely. 

Therefore, if DSBAS could react after hydrazine exposure, the main surface configuration would 

be silyl-hydrazine (Figure 3.15, right configuration) and the resulting film would probably exhibit 

a high nitrogen content and defective layering. These reactions clearly do not occur, i.e., are not 

observed experimentally, due mainly to the low adsorption energy of hydrazine on the surface. 

 

Figure 3.13. Monoamination reaction pathway of hydrazine onto the silylated nitride surface. 
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Figure 3.14. Diamination reaction pathway of hydrazine onto the silylated nitride surface. 

 

Figure 3.15. Preferential reaction pathway on Al-free surfaces (Si-model). 

 

 

Al-activated surface: 

When Al is incorporated into the surface after TMA dissociation resulting in a N-Al(Si-H3)2 

surface termination as shown in Figure 3.16 (top left), the adsorption of molecular hydrazine is 

now possible (-1.47 eV) as it can interact directly with the Al atom (Figure 3.16, top configuration 

on the left side). Such a high adsorption energy greatly increases the hydrazine residence time at 
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the surface, effectively enhancing the reaction probabilities thereafter so that further hydrazine 

decomposition becomes possible. 

 Considering reaction (1) first, all pathways to break hydrazine N-N bond and create a Si-

N bond also require breaking the Al-Si bond and forming aminosilane that would remain adsorbed 

on the Al atom. This pivotal reaction, involving full dissociation of hydrazine and nitrogen 

insertion into one Al-Si bond, is characterized by a relatively high activation barrier (1.81 eV) and 

is strongly exothermic (-2.38 eV). While this activation barrier is high, two factors should be 

considered: 

1. The initial adsorption energy of hydrazine is high (1.47eV). The net overall barrier, if the 

full reaction occurs quickly, could therefore be as low as 1.81 – 1.47 = 0.34 eV; 

2. As mentioned above, the attempt frequency for the reaction should be greatly enhanced 

due to the strong adsorption energy of hydrazine (i.e., vibrationally hot), which would 

increase the reaction probability, i.e., reaction kinetics. 

The importance of each factor cannot be determined, but the observations clearly show that the 

reaction takes place. At this point, three distinct reaction pathways can occur:  

(i) aminosilane desorption that requires a moderate energy (0.92 eV) (Figure 3.16, right side top 

configuration);  

(ii) transfer of one H atom from the silyl group to the amino group on the Al atom, characterized 

by a moderate barrier (0.92 eV; similar to that of the previous pathway), but is endothermic (+0.85 

eV). However, it can be followed by a reaction to form the product expected in reaction (1) by 

exchanging Al-N with Al-Si bonds with almost no barrier (0.05 eV) and reasonable enthalpy 

change (-0.55 eV) (Figure 3.16, middle reaction line); 
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(iii) transfer of one H atom from the silyl group to the amino group bonded to the Al atom, 

characterized by a low activation energy (0.49 eV) and weak enthalpy change (-0.18 eV) (see 

Figure 3.16, right side bottom configuration).  

 

Figure 3.16. Adsorption and reaction pathways for N2H4 on the N-Al(SiH3)2 terminated Si3N4 

surface (Al-model). 

 

The schemes shown in Figure 3.16 show that there can be a variety of pathways that will impact 

the kinetics of the ALD process. From this scheme, we can see that the variety of identified 

pathways will mostly impact the kinetics of the ALD process. Overcoming the initial 1.81 eV 

barrier, we see that the most probable pathways lead to insertion of a nitrogen atom into the Al-Si 

bond (see scenarios ii and iii discussed above). In the scenario i, the NH2 termination is directly 

bonded to an Al atom. All three scenarios should lead to the same surface termination after DSBAS 

exposure, i.e., N-(SiH3)2 after all NH bonds exchange by SiH3 groups. Only the length of the 

termination will vary, direct N-(SiH3)2 termination bonded to Al (scenarios i and iii) or longer 

termination with SiH2 intercalated between Al and N-(SiH3)2 termination (scenario ii). Note that 

for all scenarios, which are energetically and kinetically quite possible, the release of molecular 
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NH3 bonded to Al at the end of reaction requires 1 to 1.44 eV (see Figure 3.17), which suggests 

that ammonia can still remain in the system during the ALD process and thereby participate in 

other chemical reactions.  

 

Figure 3.17. Monoamination reaction pathway of hydrazine onto the aluminum-activated surface. 

 

For completeness, we also consider reaction (2), as in the case of the Al-free nitride surface. This 

reaction can proceed along two different pathways depending on how H2 is formed. The first 

pathway, given in Figure 3.18, is the direct release of H2 from the silyl group. The activation barrier 

is 1.92 eV and the reaction is endothermic (1.92 eV). However, whenever H2 desorbs, the backward 

reaction becomes impossible, and the product configuration is stabilized, despite the endothermic 

nature of the reaction. Under these conditions (i.e., the backward reaction is impossible in the 

absence of the H2 species), the barrier for breaking the N-N bond is only 0.60 eV and the energy 
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gain large (-2.52 eV, see Scheme 4). From this point, the barrier to form the expected product of 

reaction (2) is very low (0.03 eV) and the reaction still exothermic (-0.48 eV). 

 

Figure 3.18. Diamination pathway on the N-Al(SiH3)2 terminated Si3N4 (Al-model). 

 

The second pathway exhibits prohibitively high activation barriers as detailed in Figure 3.19. It 

consists in forming H2 with one H atom from the silyl group and another from hydrazine, with the 

formation of a Si-N bond, leading to a silyl hydrazine molecule. This reaction is endothermic 

(+0.51 eV) with a prohibitively high activation barrier (2.35 eV). This product then needs to 

undergo another endothermic reaction (+1.41 eV) with an even higher barrier (2.64 eV) to arrive 

at the final product described above for the first pathway (Figure 3.18), this time by transferring 

an H atom from the silylene group to the neighboring N atom. 

In conclusion, the pathways given in Figure 3.16 are the most likely mechanisms leading to the 

observed reaction. Again, the ability to overcome the 1.81 eV barrier is facilitated by the initial 

adsorption energy of N2H4 (1.47 eV). This mechanism is distinct from the catalytic polymerization 

invoked in the case of SiO2 deposition.145  
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Figure 3.19. Monoamination reaction pathway of hydrazine onto the aluminum-activated surface. 

 

3.6 Conclusion 

This study shows the important role of TMA for low temperature Si3N4 deposition using DSBAS 

and hydrazine (N2H4). While there is no film growth at 250oC using DSBAS and N2H4 on OH-

terminated SiO2, the addition of a TMA pulse prior to ALD leads to observable ligand exchange 

and measurable Si3N4 film deposition (~ 1nm), although the growth is limited to ~ 1 nm. The 

addition of a second TMA pulse after 40 cycles of DSBAS and N2H4 allows the ALD process to 

continue, leading to an increased film growth. DFT calculations show that the initial strong 

adsorption of N2H4 to aluminum facilitates reactivity between DSBAS and N2H4. While several 

pathways are considered, the most likely involves the insertion of N atoms into the Al-Si bonds. 
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CHAPTER 4 

ALD ENCAPSULATION OF CDSE/CDS/ZNS QUANTUM DOTS BY VARIOUS 

METAL OXIDES 

 

4.1 Introduction 

With conventional single p-n junction solar cells (SC) reaching the Shockley-Queisser limit55, 

there is currently a push for new materials and device design to increase SC efficiencies. Of the 

many ideas proposed, the use of quantum dots (QDs) as the active material has become an 

attractive method because of their size-tunable properties and inexpensive synthetic methods.156 

Briefly, QDs are nanocrystals with sizes less than their respective Bohr excitonic radii, which leads 

to the formation of atom like discreet electronic states and strong confinement of electrons and 

holes.  In this quantum confinement regime, the bandgaps of the QDs can be tuned by varying 

their sizes to achieve optoelectronic properties desirable for their applications. In terms of SC 

technology, a novel approach to improve efficiencies is through the use graded QD layers of 

various sizes aimed at absorbing a broader range of the solar spectrum, and then transferring that 

energy to the charge-separating substrate through radiative and non-radiative means.57  

 

Figure 4.1. Proposed graded QD multilayer structure with energy transfer into Si substrate. 
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Figure 4.1 shows the proposed SC device structure, where energy is funneled downward through 

the QD layers until reaching the Si substrate, where charge separation and collection will occur. 

QD solar cells relying on direct QD-to-substrate charge transfer suffer from poor interfacial 

quality, limiting charge transport and hindering the increase in efficiency.58 This serves as a 

motivation for the use energy transfer instead of charge transfer for the next generation of QD SCs. 

However, the bottleneck for fabrication of multilayer QD films remains the use of solution phase 

deposition methods, where the solvent in the subsequent step of deposition dissolves the initial 

layer, ruining the discreet QD layers required for efficient absorption and energy transfer, until 

each QD layer is rendered insoluble by means of any surface passivation technique. Again, surface 

passivation techniques also play a critical role to protect the deposited QD layers from oxidation 

and deterioration during long-term use.  An attractive method to passivate the QD films during the 

deposition as well as from environmental exposure is to coat them with various metal oxides grown 

using atomic layer deposition (ALD). ALD is an excellent technique for coating QDs because the 

precursors are introduced in the gas phase, allowing for conformal growth around non-planar 

surfaces without shadowing effects. There are several examples of ALD grown films successfully 

encapsulating QDs,59, 157-160 however these studies have mostly been limited to devices where 

charge transfer occurs in the QD layer. However, for the energy transfer-based structure, the work 

must focus on the photoluminescent quantum yield (PL QY) of the QDs, and how it is affected 

during ALD encapsulation. Again, while ALD encapsulation has been successful, the growth 

mechanisms of metal oxides and how they affect they affect QD optical properties are yet to be 

addressed. In this work, we aim to correlate the chemical changes on the surface of the nanocrystals 

upon Al2O3 growth by ALD with the changes in optical properties, using oleic acid-capped 



 

59 

CdSe/CdS/ZnS QDs (see section 2.1 for synthesis). The metal oxide growth was monitored with 

in situ FTIR during the ALD process, and by ex situ XPS after deposition. For Al2O3 ALD, 

trimethylaluminum (TMA) is used as the metal precursor and deuterated water (D2O) is used as 

the oxidizer. Each precursor bubbler was held at room temperature throughout the deposition and 

were dosed for 2s during their respective half-cycles. After each precursor exposure, the chamber 

is purged with nitrogen gas for 10 mins to avoid CVD-type deposition. The optical properties of 

the QDs prior to and after surface passivation by ALD were measured by our collaborator Dr. 

Anton Malko’s (UTD) group.  PL intensity and lifetime imaging was performed with an Olympus 

IX 71 microscope equipped with nanopositioning x−y stages with a step size resolution of 50 nm. 

QDs were excited at 405 nm with 50 ps laser pulses through a 40×, 0.6 NA objective that is also 

used to collect PL. The interpulse duration was varied from 200 to 600 ns (depending on PL 

lifetime) in order to ensure complete relaxation of excitons between sequential laser pulses. The 

collected PL signal was sent to a PerkinElmer avalanche photodiode (SPCM AQR-13). Time-

tagged time-correlated single photon counting (TCSPC) is performed using PicoQuant TimeHarp 

200 electronics, allowing us to extract PL lifetimes of the photons recorded at any given time 

window.161 The QDs used in this study show a maximum absorption peak at 565 nm and an 

emission maximum at ~580 nm as seen in Figure 4.2. A typical Photoluminescence Lifetime (PLL) 

spectrum is shown in Figure 4.3, where the wavelengths are chosen based on the maximum 

emission and two points at the full-width at half maximum. These curves are then fit with the 

appropriate exponential functions to extract the lifetime values at the given wavelength. 
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Figure 4.2. Absorbance (Blue) and Emission (Red) spectra for the oleic acid capped 

CdSe/CdS/ZnS QDs. 

 

Figure 4.3. Representative Photoluminescence lifetime spectra for the QD film. 
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4.2 Atomic Layer Deposition of Al2O3 on model Self-Assembled Monolayer surfaces 

Since the QDs surfaces are capped with oleic acid, the ALD precursors are supposed to react with 

them first before they reach the surface of the QDs. So, before attempting to examine the complex 

QD/ligand shell combination, we first decided to look at ALD growth of the well characterized 

metal oxide system, Al2O3 (using trimethylaluminum (TMA) and D2O), on well-ordered SAM 

surfaces that could mimic the functional groups of the oleic acid. Oleic acid contains a carboxylic 

acid (COOH) head group that is coordinated to the QD, and a tail that is terminated by -CH3. These 

differing head groups present a polar and non-polar moiety upon which our ALD precursors can 

adsorb or react. To mimic these chemistries, two SAM molecules were chosen, ethyl undecylenate 

(an ester that is converted to a carboxylic acid before ALD growth) and dodecene (-CH3 

terminated). Both of these SAM molecules were grafted to hydrogen-terminated Si(111) surfaces 

by the methods outlined in Chapter 2. It is important to note that the hydrosilylation reaction used 

to graft the COOH and alkyl terminated SAMs could be used to attach oleic acid, as it has an 

unsaturated C-C bond, however its structure would likely lead to a poorly ordered surface, and 

reactions of ALD precursors could potentially happen at the -COOH and -CH3 terminated ends 

simultaneously, making it difficult to distinguish the two. 

4.2.1 Al2O3 growth on dodecene (-CH3) grafted surface 

First, we investigated the ALD growth of Al2O3
 on the alkyl-terminated surface to probe 

chemistries that could occur on the outer surface of the QDs. As described in Chapter 2, the 

dodecene grafted surface was prepared by placing a freshly made Si-H terminated sample into 

neat, dried dodecene at 200 oC for 4 hours under N2 flow. Following the hydrosilylation reaction, 

the sample is removed from the solution, rinsed three times with ethyl acetate, then heated in 
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boiling dichloromethane for 1-2 min. before drying in a N2 gas stream. ALD and FTIR 

measurements were conducted at 100 oC in the in-situ setup described in Chapter 2 using sequential 

pulses of TMA (2s exposure) and D2O (2s) with 10-minute N2 gas purges in between each 

precursor pulse. Both TMA and D2O were kept at room temperature, as they have sufficiently high 

vapor pressures, while the chamber walls were heated to 80 oC to prevent precursor condensation. 

A deposition temperature of 100 oC was chosen as to ensure QD stability during later depositions 

and pulse times were determined to be saturative based on FTIR measurements taken after multiple 

exposures of each precursor (not shown). In these depositions, deuterated (or “heavy”) water is 

used as to not receive interference from atmospheric H2O signals that can potentially enter the 

spectrometer and/or optics housing.  

  

Figure 4.4. FTIR absorbance spectra for the SiH and -CH3 terminated surfaces. 
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Figure 4.4 shows FTIR spectra of the hydrogen-terminated Si(111) surface (ref. to SiO2, blue) and 

the dodecene SAM grafted surface (ref to SiH, black). As can be seen in the spectrum labeled 

“SiH”, dipping an SiOH surface in HF and NH4F has successfully removed the native SiO2 

(negative peaks labeled LO and TO-SiO2) and gives rise to two positive features at 630 and 2084 

cm-1, belonging to the bending (δ) and stretching (ν) vibrations of the Si-H moiety.162 After the 

hydrosilylation reaction with dodecene, the black spectrum labeled “Dodecene SAM” is obtained. 

There is a clear loss of the vibrations associated with SiH (~60% loss) and positive peaks 

associated with the CH3/2 vibrations of the dodecene chain: δ(CH3/2) ~1470 cm-1, νsym/asym(CH2)  

2852 and 2921 cm-1
, and  νsym/asym(CH3) 2879 and 2969 cm-1

.  To look at the relative packing density 

(and therefore the amount of order) of this SAM, we can use the frequency position of the 

asymmetric CH2 stretch [νasym(CH2)]. The position of this vibration is particularly sensitive to 

change in packing density, as interactions between neighboring chains will lower the stretching 

frequency.163 A νasym(CH2) position of 2921 cm-1 is indicative of excellent packing , comparable 

to other densely packed alkyl-terminated SAMs.89 Before discussing ALD chemistries, it is 

important to note that there is no sign of interfacial SiOx (1100-1200 cm-1) or SiOH (~3740 cm-1) 

formation after the grafting of dodecene, resulting in an interface that consists only of Si-H and 

Si-C bonds, which should not serve as reactive sites for Al2O3 ALD. 

With the SAM characterized, we will now describe the growth mechanism of ALD Al2O3. Before 

Al2O3 growth, a preannealing step was performed at 150 oC for 5 mins in purified N2 gas 

atmosphere to remove any physisorbed contamination from the surface (not shown). Figure 4.5 

shows differential IR spectra for the 1st, 5th and 10th cycles of TMA and D2O on the dodecene 

grafted surface. Differential spectra are obtained by subtracting the spectrum measured prior to a 
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precursor exposure from the spectrum measured post-exposure, allowing the changes due to the 

precursor exposure to be seen.  

After the first exposure of TMA (“1 TMA”), there is no evidence for chemical reaction with the 

SiH (2084 cm-1) or with the alkyl chains of the grafted dodecene. This is expected, as unlike typical 

ALD of Al2O3, there are no hydroxyl (-OH) groups present to facilitate the chemisorption of TMA. 

There is a small signal in the CHx stretch region (~2900 cm-1), which can possible be ascribed to 

small amount of physisorbed TMA (see Figure 4.5 inset). After the first exposure of D2O (“1 

D2O”), there is no evidence for reaction, as expected due to the lack of chemisorbed TMA 

molecules. However, by the time the ALD growth has reached ~5 cycles, there is evidence of 

ligand exchange between TMA and D2O.  

Figure 4.5. Differential FTIR spectra during the 1st, 5th and 10th TMA and D2O exposures on -

CH3 terminated SAM. 

 

 After the 5th TMA exposure (“5 TMA”) there are positive vibrations associated with chemisorbed 

TMA at ~1210 cm-1 and 2800-2950 cm-1 associated with the umbrella (δ) and stretching (ν) of Al-
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CH3 groups.164 The 5th D2O exposure reacts with these groups (negative features at 1210 and 2800-

2950 cm-1) leaving the surface terminated with -OD groups. Ligand exchange becomes even 

clearer in the 10th cycle, where stronger vibrations associated with Al-CH3 and Al-OD groups can 

be seen. This increase in peak intensity with increasing cycles is indicative of an “incubation 

period” for Al2O3 on the alkyl terminated SAM. TMA cannot readily chemisorb to -CH3 groups, 

therefore initially, growth is likely dominated by the physisorption of TMA. Subsequent pulses of 

D2O can then react with physisorbed TMA molecules form patches of Al2O3. These patches then 

serve as reactive sites for subsequent precursor pulses and typical ALD will follow. Due to the 

nonpolar nature of the surface and the high polarity of D2O, ALD growth is likely initiated by 

physisorbed TMA and not physisorbed D2O. 

4.2.2 Al2O3 growth on undecylenic acid (-COOH) grafted surface 

As a second control experiment, ALD Al2O3 was also grown on an undecylenic acid (-COOH) 

terminated surface, analogous to the head group of the oleic acid ligands bound to the QDs. ALD 

and FTIR measurements were conducted with the same parameters as outlined in Chapter 4.2.1. 

Undecylenic acid was grafted to the flat, H-terminated Si(111) surface by the method described in 

Chapter 2. After forming an Si-H surface, the sample was immediately placed into neat, dried ethyl 

undecylenate at 200 oC and left for 4 hours under N2 flow. Following the hydrosilylation reaction, 

the sample is removed from the solution, rinsed three times with ethyl acetate, then heated in 

boiling dichloromethane for 1-2 min. before drying in a N2 gas stream. This ester terminated SAM 

is then converted to its respective carboxylic acid (COOH) by a 2 min. immersion in 0.25M 

potassium tert-butoxide in dimethyl sulfoxide (DMSO), followed by a dip in neat DSMO for 30s, 

2 M HCl for 1 min, and finally DI H2O. 
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Figure 4.6. FTIR spectra of the SiH, COOEt, and COOH terminated surfaces. 

 

Figure 4.6 shows FTIR absorbance spectra for the SiH surface (blue, ref. to SiO2) the ethyl 

undecylenate grafted surface (red, ref. to SiH) and the undecylenic acid grafted surface (black, ref. 

to SiH). After hydrosilylation of ethyl undecylate onto the SiH surface (COOEt SAM in Figure 

4.6), the following vibrations show evidence of successful grafting: 2984 cm-1 [νasym(CH3)], 2921 

cm-1 [νasym(CH2)], 2851 cm-1 [νsym(CH2)], 1743 cm-1 [ν(C=O)], 1469 cm-1 [δ(CH2)], 1379 [νOEt(C-

O)], 1186 cm-1 [νOEt(O-Et)], 1041 cm-1 [δOEt(O-Et)].89 Upon conversion to the carboxylic acid, the 

spectrum labeled “COOH SAM” is obtained. Two new vibrations appear at 1718 and 1417 cm-1, 

corresponding to ν(C=O) and ν(C-O) of the COOH head group.89 Based on the decrease in 

[νOEt(C=O)] at 1743 cm-1, we estimate that only about 40% of surface ester groups converted to 

COOH. Although this wasn’t a perfect conversion, this surface will still prove valuable as a 

measure for ALD chemistry on the oleic acid head groups. Prior to ALD, the COOH/COOEt 

surface was pre-annealed to 150 oC for 5 mins, similar to the dodecene SAM surface. 
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Figure 4.7. Differential FTIR spectrum after the 1st TMA and D2O exposures on the 

COOEt/COOH terminated surface. 

 

Figure 4.7 shows that the reactivity of TMA with the COOH terminated surface is much higher 

than with the dodecene SAM surface. The spectrum obtained after the initial TMA exposure (“1 

TMA”) shows several vibrations associated with the immediate chemisorption of TMA. Positive 

vibrations at 2900, 1210 and ~700 cm-1 are assigned to the stretching (ν), umbrella (δ) and rocking 

(ρ) modes of Al-CH3 groups.165 It is also clear that surface COOH/COOEt groups were affected 

by the TMA exposure as well. Losses seen ~1700 cm-1 are associated with the isolated ν(C=O) 

stretching modes of the COOH/COOEt head groups. The more intense loss at 1718 cm-1 is 

indicative of increased reactivity between TMA and the COOH head groups, likely due to the 

presence of the -OH group on the acid moieties. The loss of the ν(C=O) mode is the result of the 

COO head groups coordinating to Al, redshifting and splitting the modes associated with the COO 

groups into asymmetric [νasym(COO), 1555 cm-1] and symmetric [νsym(COO), 1483 cm-1] stretches. 
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The frequency difference between νasym(COO) and νsym(COO) is 72 cm-1, indicating that the COO 

groups are in a bidentate coordination with Al (see Figure 4.7 inset).164, 166 

Upon D2O exposure (“1 D2O”), there are losses at 2900, 1210 and 700 cm-1, indicating ligand 

exchange can occur with the chemisorbed TMA molecules, as expected. There are perturbations 

in the COO modes, due to the exchange of Al-CH3 bonds for Al-OD bonds.164 Although not shown, 

ligand exchange between TMA and D2O occurs, highlighting the difference reactivity towards 

ALD precursors for the -COOH vs. the -CH3 terminated surfaces. In the case of dodecene, film 

nucleation must begin with a physisorption step, whereas on undecylenic acid, ALD growth begins 

immediately. 

4.3 Growth chemistry of Al2O3 ALD on Quantum Dots and the resulting Photoluminescence 

Excited State Decay Lifetimes 

With the ALD Al2O3 growth chemistry now described on two systems that are chemically 

equivalent to the oleic acid ligand shell of our QDs, we can now explore growth of Al2O3 on the 

QDs themselves. However, before ALD growth, we must first identify the vibrational modes 

associated with the QDs. A 20x dilution of the QDs in toluene was spin-coated on OH-terminated 

SiO2. It is important to note that a 30nm thermal SiO2 is grown on these wafers prior to substrate 

cleaning and QD film deposition to prevent energy transfer between the photoexcited QDs and the 

underlying Si substrate during PLL measurement. Figure 4.8 shows the FTIR spectrum of a QD 

film that has been spin coated on an SiOH surface. 
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Figure 4.8. FTIR spectrum of oleic acid capped, CdSe-CdS-ZnS QD film on SiOH. 

 

Several vibrational signatures can be seen in this spectrum, some associated with the ligand shell 

and others with interfacial chemical bonding that occurs between the QDs and the SiOH surface. 

Interfacial modes include the following: negative peaks (perturbation) for the LO/TO phonon 

modes of SiO2 (1240 and 1050 cm-1, respectively) and for Si-OH (3740 cm-1) as well as a positive 

feature spanning between 1000-1200 cm-1 which likely comes from Si-O-Zn bonds. Si-O-M bonds 

typically appear as broad features in FTIR spectra, however in this case, there is overlap with the 

loss in the TO phonon of SiO2 which splits the peak into two features. The perturbation of the 

surface SiO2 as well as the loss of Si-OH groups implies that the quantum dots can chemically 

bind to the surface through the formation of Si-O-Zn bonds. This has the potential to free up a 

small amount of oleic acid ligands closer to the interface, which can be protonated by the surface 

Si-OH groups and give rise to the small vibrational band ~1700 cm-1 [ν(C=O)]. This will be 

explained in further detail after describing the modes associated with the QDs. The QDs are 

Oleic Acid 
(OA)
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characterized by vibrations dominated by the oleic acid ligand shell: 3005 cm-1 [ν(=C-H)], 2962 

cm-1 [νasym(CH3)], 2924 cm-1 [νasym(CH2)], 2853 cm-1 [νsym(CH2)], 1653 cm-1 [ν(C=C)], 1556 cm-1  

[νasym(OCO)], 1467 cm-1 [δ(CH3/2)], and 1420 cm-1 [νsym(OCO)]. The frequencies of the 

carboxylate head group located at 1556 and 1420 cm-1 (Δν = 136 cm-1) are indicative of bridging 

coordination to two surface Zn atoms.166 These vibrations are only possible when the oleic acids 

are deprotonated, delocalizing the resulting -1 charge through resonance across the O-C-O bonds. 

The low-intensity vibration at ~1700 cm-1 can be a result of the protonation of some oleate ligands 

(by SiOH) to oleic acid, forming the structure O=C-OH.166 Forming free oleic acid through 

protonation by surface SiOH groups would give a carbonyl C=O vibrational frequency of ~1700 

cm-1 and can explain the formation of interfacial Si-O-Zn bonds. Unfortunately, vibrational modes 

associated with the QDs themselves fall between 150-300 cm-1 and are outside of our detection 

range (>400 cm-1).167 

With the QD vibrations described, we will now investigate the growth of ALD Al2O3 and the 

precursor interactions with the QD film. Spectral interpretation must be done very carefully, as the 

QD film is only on one side of the Si substrate, but transmission FTIR will show features from 

both sides. Decoupling interactions on either side of the silicon substrate is most easily performed 

by analyzing a vibrational mode that is unique to the QD side (i.e, the carboxylate head groups). 

In a similar fashion to the SAM surfaces, the QD film was first annealed to 150 oC under pure N2 

gas to remove any physisorbed species on the surface, with the resulting spectrum presented in 

Figure 4.9. 
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Figure 4.9. Differential spectrum of QD film after a 150 oC anneal. 

 

Upon annealing, there are several changes that occur in the film. Firstly, there is a small 

perturbation of the SiO2, seen as a loss at 1050 (TO SiO2) and a shifting of the LO mode from 

1240 cm-1 to 1268 cm-1, likely due to slight condensation of SiOH groups on the backside of the 

Si substrate. There are also losses in CHx and COO vibrations, resulting from a loss of oleate 

ligands from the QDs. Based on the integrated area of the loss in CHx modes, this corresponds to 

~20% oleate ligand loss. The positive features above 3000 cm-1 are due to water condensing on 

the liquid nitrogen cooled detector and are not a consequence of the annealing process. This 150 

oC anneal is typically done for 1 hour to saturate the loss (~20%) of oleate ligands and annealing 

for longer (up to 20 hours) has no further effects. 
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Figure 4.10. Zoomed in view of CH-stretch region of the QD film before (black) and after (red) 

the 150 oC annealing step. 

 

Figure 4.10 shows a zoomed in view of the CH-stretching region of the QD film before and after 

annealing, where the spectrum after the annealing (red, QD Anneal x1.35) has been multiplied by 

a factor of 1.35 for clarity. In a similar fashion to the SAM grafted surfaces, the frequency of the 

asymmetric CH2 stretch [νasym(CH2)] can give a qualitative measure of the ligand packing. As can 

be seen in Figure 4.10, the asymmetric CH2 stretch has shifted from 2924 cm-1 to 2926 cm-1. This 

is due to the removal of oleate chains during the annealing, lowering the surface ligand density. It 

is well established that this ligand shell has many functions, including passivating dangling bonds, 

controlling particle size, as well as affecting electronic and optical properties.168 As such, we 

deemed it necessary to evaluate the effect of this annealing step on the photoluminescence lifetime 

(PLL) of these QD films, with the results being presented in Table 4.1. 
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Table 4.1. Photoluminescence lifetimes for the QD film before and after annealing. 

λ Unheated  150 oC Anneal  

575 nm 14.96 ± 0.80 ns 15.11 ± 3.97 ns 

590 nm 14.43 ± 0.20 ns 13.09 ± 0.15 ns 

610 nm 21.93 ± 3.52 ns 18.39 ± 1.04 ns 

 

As can be seen from table 4.1, there is as much as ~20% decrease in PLL due to the annealing step 

and resulting loss of ligands. Not only does the annealing step affect the optical response of the 

QD film, the loss of ligands can potentially expose the QD-ligand interface during ALD growth. 

Once the surface has been annealed, the substrate temperature is lowered to 100 oC for Al2O3 

growth. Figure 4.11 shows differential IR spectra during the 1st, 5th and 10th TMA and D2O 

exposures. The first exposure of TMA (“1 TMA”) shows evidence for reactivity on both sides of 

the Si substrate. On the SiOH side, there is a perturbation of the surface SiO2 phonon modes, a 

loss of SiOH modes (3740 cm-1) as well as a gain in modes associated with chemisorbed TMA. 

These modes include positive features ~1000 cm-1 assigned to ν(Si-O-Al) as well as positive 

features for the stretch (ν) and umbrella (δ) vibrations for Al-CH3 and Si-CH3 groups. The methyl 

(-CH3) vibrations cannot unambiguously be assigned to the SiOH side however, as there is 

evidence for reaction on the QD side as well. 



 

74 

 

Figure 4.11. Differential IR spectra after the 1st, 5th, and 10th exposures of TMA and D2O on the 

QD film. 

 

In the region between 1400-1600 cm-1 there is a loss in COO modes associated with the Zn-bridged 

oleate ligands and gains in oleate ligands coordinated to Al at 1634, 1579, 1509 and 1480 cm-1. 

An aluminum for zinc replacement (by way of dimethylzinc formation) has been reported in 

literature during ALD for the same type of QDs, however the state of the oleate ligand 

reconfiguration was never described.59 Based on the relative peak intensities, we believe that the 

features at 1634 and 1509 (Δν = 125 cm-1) are the asymmetric and symmetric COO stretches for 

oleate ligands bridged between two aluminum atoms, or between one aluminum and one zinc atom 

(see Figure 4.12 (b,c)). The features at 1579 and 1480 cm-1 (Δν = 99 cm-1) must then be the 

asymmetric and symmetric COO stretch modes for bidentate oleate coordinated to aluminum (see 

Figure 4.12 (a)). This replacement of zinc for aluminum will undoubtedly change the optical 

properties of the QD film and is shown to decrease the PLL with even one pulse of TMA (see 

below). 
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Figure 4.12. Oleate ligand configurations after the 1st pulse of TMA where (a) corresponds to 

bidentate coordination to Al, (b) corresponds to bridging coordination between zinc and aluminum, 

and (c) corresponds to bridging coordination between two surface aluminum atoms. 

 

The first exposure of D2O (“1 D2O”) shows similar features to the chemistry on the -COOH 

terminated surface. Losses in vibrations associated with Al-CH3 groups and a gain at ~2750 cm-1 

[ν(O-D)] confirms immediate ligand exchange between chemisorbed TMA and D2O. The slight 

perturbation of COO modes between 1400-1600 cm-1 is likely due to exchange of Al-CH3 bonds 

for Al-OD bonds. The 5th and 10th cycles of TMA + D2O show that ligand exchange is sustained 

through the 10 cycles of Al2O3 growth and the interface isn’t completely passivated until >5 ALD 

cycles. Based on the dodecene control experiment, if growth were to occur on the outside of the 

ligand shell, it would take several ALD cycles before nucleation began. The immediate reactivity 

of TMA with the oleate head groups is indicative of initial Al2O3 growth being characterized by 

interfacial Zn-Al replacement, the structural reconfiguration of some fraction of the ligands 

(similar to growth on COOH), and inter-ligand oxide nucleation. 
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Clear ligand exchange between TMA and D2O indicates Al2O3 growth, and therefore the growth 

was checked by FTIR and XPS. 

 

Figure 4.13. FTIR absorbance spectrum after 10 cycles of ALD Al2O3 referenced to the QD film 

before deposition. 

 

 

 

 

 

 

 

 

 

 

 Figure 4.14. (a) Al2p XPS spectrum after 10 cycles of ALD Al2O3 and (b) Zn2p XPS spectrum 

after 1 pulse of TMA at 100 oC. 
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Figure 4.13 shows the absorbance spectrum after 10 ALD Al2O3 cycles, with peaks associated 

with the formation of a thin Al2O3 layer: ~900 cm-1 and ~700 cm-1 consistent with the LO and TO 

phonon modes of Al2O3. The peaks >1000 cm-1 are assigned to vibrations belonging to the 

backside SiO2. Figures 4.14 (a) and (b) show XPS spectra of the Al2p and Zn2p regions, 

respectively. The presence of an Al2p signal confirms the growth of Al2O3 on the QD film. XPS 

also confirms the replacement of Zn by Al. As the majority of this replacement takes place after 

the first pulse of TMA, XPS measurements taken before and after 1 TMA pulse are used to 

determine the loss of zinc. Using the Multipak XPS software to calculate atomic percentages, the 

ratio of Zn:Cd decreases from 0.73 to 0.46 after Al2O3 deposition. By comparing the integrated 

areas for the LO and TO phonon mode of Al2O3 of ALD growth on the QD versus that on OH-

terminated SiO2, we estimate that the film is ~1.2x thicker for the QD film (see Figure 4.15). The 

growth rate of Al2O3 at 100 oC is ~1.3Å/cycle169, giving a film thickness of about ~1.6 nm. In these 

measurements, each spectrum of Al2O3 is referenced to the first TMA exposure, as to remove the 

contribution from the overlapping Si-O-Al bond. After confirming the presence of Al2O3 on the 

QDs and estimating the film thickness, the next step was to evaluate the effect of Al2O3 on the 

PLL. As can be seen from Table 4.2, there is ~78% decrease in the PLL compared to its initial 

value after 10 cycles of ALD Al2O3. Previous studies showed that the PLL may drop to ~80% of 

the initial value from the loss of ~20% oleate ligands from the QD film, therefore the remainder 

decrease in PLL must be a result of the Al2O3 film growth on the QDs. 
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 Figure 4.15. FTIR absorbance spectra after 10 cycles ALD Al2O3 on QDs (red) and on SiO2 

(black). 

 

Table 4.2. Photoluminescence lifetimes for the QD film before ALD, after 1 pulse TMA and 

after 10 ALD cycles of Al2O3. 

Spot Control 10 cycles Al2O3 1 pulse TMA 

575 nm 14.96 ± 0.80 ns 3.32 ± 0.08 ns 10.52 ± 0.05 ns 

590 nm 14.43 ± 0.20 ns 3.46 ± 0.12 ns 9.34 ± 0.05 ns 

610 nm 21.93 ± 3.52 ns 3.46 ± 0.10 ns 9.66 ± 0.04 ns 

 

As discussed in an earlier section, we observe clear evidence for Zn-Al replacement during the 

initial exposures of TMA, which based on our FTIR studies occurs for ~5 ALD cycles. For 

comparison, a QD film was exposed to one pulse of TMA before PLL measurements, to see the 

effects of the initial change in QD surface composition. After one pulse of TMA exposure (more 

accurately described as 1 cycle of Al2O3, as the chemisorbed TMA likely reacted with atmospheric 

H2O once the sample was removed from the ALD system), there is a decrease in PLL to ~50% of 
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its initial value. Again, based on the FTIR measurements, TMA can likely react with the QD/ligand 

interface for subsequent ~5 cycles, continuously changing the QD surface composition and 

decreasing the resulting PLL. The continual reaction of TMA with the QD/Ligand interface may 

indicate the following: 1) The ligand shell is not dense enough (especially after the pre-annealing 

step) to sterically hinder TMA from penetrating and reacting at the QD/Ligand interface and 2) 

The coordination of oleate to Al is favorable enough to replace Zn atoms with Al on the ZnS 

surface. These facts lead us to try other metal oxides (hafnium and zinc oxide) to look at both the 

effects of precursor size and the metal’s tendency to react at the QD/Ligand interface.        

4.4 Effects of varying the metal oxide 

Since Al2O3 deposition lead to a decrease in PLL, we tried to use different metal oxides- HfO2 

and ZnO. HfO2 ALD is typically performed using alkyl-amido Hafnium-based precursors170-172, 

and for these studies tetrakis(dimethylamido) hafnium (TDMA-Hf) is used as the hafnium source. 

The idea is that the bulkier dimethylamido ligands would hinder the diffusion through the ligand 

shell, causing ALD reactions to occur at the QD/Ligand interface. It is important to note that TMA 

is found in the dimer form at high pressures and room temperature.173 Therefore, in the gas-phase 

before TMA reaches our surface, it is likely that the majority species present is the dimeric form. 

However, based on the sample temperature and the precursor pressure during exposure (100 oC 

and ~700 mTorr, respectively), there should be ~ 50-50 ratio of dimers to monomers at our 

surface.173 TDMA-Hf on the other hand, exists in monomeric form in the gas phase, and its steric 

bulkiness should hinder QD/Ligand interfacial reactions relative to the smaller TMA molecule. 

The other approach to mitigate interfacial ALD reactions is to use a precursor that isn’t bulkier, 

but that has similar “composition” to the QD surface, e.g. diethylzinc (DEZ). The QD surface is 



 

80 

coated with ZnS with the oleate ligands coordinating to zinc and because of this fact, there should 

be no driving force for surface oleate ligands to reconfigure upon diethylzinc exposure. For these 

studies HfO2 and ZnO films are grown at 100 oC using TDMA-Hf (heated to 70 oC) and diethylzinc 

(RT) as the respective metal precursors and D2O as the co-reactant. 2s exposures of TDMA-Hf and 

DEZ were determined to be saturative and were used for growth.  

 

Figure 4.16. Differential absorbance spectra after the initial exposures of TMA (black) TDMA-

Hf(red) and DEZ(blue) referenced to the QD film before ALD. 

 

Figure 4.16 shows differential absorbance spectra after the initial exposure of TMA, TDMA-Hf 

and DEZ as a means of comparing the QD reactivity. The losses in Si-OH (3740 cm-1) and SiO2 

modes (1250 and 1050 cm-1) are due to precursor chemisorption on the backside SiO2. In the 

spectrum labeled (“1 TMA”) as previously discussed, there is a reaction between TMA and surface 

oleate ligands causing a shift of the COO vibrations, giving a mix of bridging and bidentate COO 

ligands. In the spectrum labeled (“1 TDMAHf”) there are positive vibrations in the CHx (2800-
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3000 cm-1) due to the dimethylamido ligands and COO (1400-1600 cm-1) regions, confirming 

chemisorption of TDMA-Hf on the QD side of the film. The asymmetric and symmetric COO 

stretching modes, in a similar fashion to with TMA, shift to 1606 and 1476 cm-1
, respectively. The 

frequency difference between these vibrations is 130 cm-1, which most closely resembles a 

bridging COO conformation.166 Based on the intensity of these vibrations compared to those after 

an exposure of TMA, there is less interaction between the Hf precursor and the QD/Ligand 

interface which may result from the following: 1) The bulkier TDMA-Hf precursor is more 

sterically hindered and therefore cannot readily diffuse through the oleate ligand shell like TMA 

and/or 2) there is less of a driving force for oleate ligands to bind to Hf compared to Zn. In contrast, 

however, upon diethylzinc exposure, there is no clear evidence for chemisorption on the QD film 

side. There are positive absorptions for DEZ reactions (Si-O-Zn, CHx), however they could come 

from the backside SiO2. If the DEZ were to somehow react at the QD/Ligand interface and bind 

to the oleate ligands, it is likely that it wouldn’t be detected as the oleate is still bound to zinc, as 

in the original QD. Still, the QD films were exposed to 10 ALD cycles of HfO2 and ZnO and the 

growth was confirmed by XPS. Figure 4.16 shows the XPS spectra in the Cd3d region before and 

after HfO2/ZnO ALD, as well as the Hf4f and Zn2p regions confirming growth of their respective 

oxides. The Cd3d signal has been attenuated due to the growth of HfO2, as expected from the 

evidence of growth on the QD side seen in Figure 4.17(a).  Although there is no direct evidence 

of ZnO growth on the QD film in FTIR, it is confirmed by XPS. Surprisingly, the attenuation of 

Cd is much less in the case of ZnO than for both Al2O3 and HfO2 even though there is an intense 

Zn2p signal. This may be evidence of nonconformal growth, which is feasible, as in previous 
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reports it has been difficult to nucleate ZnO on oleate capped particles.59 In our case, it is possible 

that there is island growth of ZnO that has not completely coated the QD surface. 

 

Figure 4.17. XPS spectra of (a) Cd3d before and after HfO2 ALD, (b) Hf4f after HfO2 ALD, (c) 

Cd3d before and after ZnO ALD and (d) Zn2p before and after ZnO ALD. 

 

After confirming growth of HfO2 and ZnO, PLL measurements were taken to see the effects of 

ALD growth on PLL, with the results being presented in Table 4.3. 

 

Table 4.3. PLL results after 10 cycles of HfO2 and ZnO. Results for 10 cycles Al2O3 are included 

for comparison. 

Spot Control 10 cycles Al2O3 10 cycles HfO2 10 cycles ZnO 

575 nm 14.96 ± 0.80 ns 3.32 ± 0.08 ns 8.66 ± 0.21 ns 19.01 ± 0.04 ns 

590 nm 14.43 ± 0.20 ns 3.46 ± 0.12 ns 8.33 ± 1.07 ns 19.96 ± 0.05 ns 

610 nm 21.93 ± 3.52 ns 3.46 ± 0.10 ns 8.63 ± 0.94 ns 21.49 ± 1.07 ns 
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  As discussed earlier, the PLL after the pre-anneal to 150 oC drops by ~20%, meaning that any 

further decrease in PLL is from the ALD process and not from thermally induced changes. After 

10 cycles of ALD Al2O3, the PLL is only ~18% of the initial value because of growth occurring at 

the QD ligands. On the other hand, while HfO2 growth is also characterized by interfacial reactions, 

it is much less, and therefore the PLL drops to ~50% of its initial value, showing much higher 

retention than Al2O3. While these results seem promising, further deposition of HfO2 (up to 40 

cycles) shows an almost complete quenching of PLL, demonstrating that HfO2 is not a suitable 

passivation layer for the QDs.  ZnO growth shows no decrease in but a slight increase the PLL. 

From an interfacial reactions standpoint, this is not surprising, as we saw no evidence of reactions 

between DEZ and the oleate ligands. However, there still should have been a PLL decrease due to 

the annealing step, so somehow although ZnO may not be growing at the QD/ligand interface, it 

is somehow preserving the PLL. Although these are positive results, the difficulty in nucleation 

and the nonconformal growth makes it impractical as a passivating layer. There have been attempts 

at initiating ZnO growth by an initial pulse of TMA, however there is still a decrease in PL intensity 

by ~50%.59 

Based on these results, it seems that PLL retention is based on the ability of the ALD metal 

precursor to react at the QD/Ligand interface. This points to a mechanism of PLL decrease 

involving the reconfiguration of QD ligands and changes in QD surface composition. This 

hypothesis is consistent with reports in literature.174, 175 The most convenient way of looking at 

ligand packing is to compare the asymmetric CH2 stretch as discussed earlier. Table 4.4 lists the 
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νasym(CH2) frequencies for QD films before/after annealing, as well as after the various metal oxide 

ALD processes. 

Table 4.4. Frequency of νasym(CH2) for QD films as a function of processing. 

Control Anneal 10 cycles Al2O3 10 cycles HfO2 10 cycles ZnO 

2924 cm-1 2925 cm-1 2927 cm-1 2925 cm-1 2925 cm-1 

 

Obviously, the most densely packed oleate layer is in the control sample, with a νasym(CH2) 

frequency of 2924 cm-1. After annealing (and ~20% oleate ligand loss), the maximum of 

νasym(CH2) shifts to 2925 cm-1, which agrees with the loss of oleate ligands. ZnO growth likely 

doesn’t occur at the QD/Ligand interface, therefore we don’t expect the ligand packing to 

drastically change, as can be seen by the position of νasym(CH2). In the case of Al2O3, however, the 

frequency blue-shifts to 2927 cm-1, which is likely indicative of growth occurring within, and not 

around, the ligand shell. This agrees with the in-situ FTIR measurements, showing reactivity at 

the QD/Ligand interface for several cycles of Al2O3 growth. After HfO2 deposition, νasym(CH2) 

remains at 2925 cm-1, even with interfacial reactions occurring during growth. The level of 

interfacial reactions leads us to believe that growth occurs within the ligand shell but does not alter 

the oleate ligand structure/QD surface composition as much as Al2O3.  

4.5 Room Temperature ALD and CVD of Al2O3 

Additionally, we investigated the effect of deposition temperature during metal oxide growth on 

the PLL of QDs. For this study, we, we have explored room temperature (RT) ALD of Al2O3. ZnO 

was not chosen because of the inherent nucleation issues, and HfO2 was excluded due to the 

necessity for plasma-enhanced processes at room temperature.176 QD samples were coated with 
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10, 20 and 40 cycles of RT ALD Al2O3 and PLL measurements (listed in Table 4.5) show that 

there is clear improvement over ALD performed at 100 oC. 

Table 4.5. Photoluminescence lifetimes for QD films coated with 10, 20 and 40 cycles of ALD 

Al2O3 deposited at room temperature. 

Spot Control 10 cycles Al2O3 20 cycles Al2O3 40 cycles Al2O3 

575 nm 7.15 ± 0.08 ns 7.53 ± 0.08 ns 4.68 ± 0.06 ns 4.70 ± 0.04 ns 

590 nm 11.68 ± 0.29 ns 12.15 ± 0.54 ns 7.56 ± 0.04 ns 6.52 ± 0.04 ns 

610 nm 17.58 ± 0.03 ns 16.27 ± 0.03 ns 10.63 ± 0.06 ns 9.61 ± 0.06 ns 

 

To probe the mechanisms involved in PLL retention for RT ALD coated samples, we again employ 

in situ FTIR and ex situ XPS measurements. Figure 4.18 shows differential FTIR spectra in the 

COO vibrational region after the first pulse of TMA at 100 oC (red trace) and at RT (blue trace). 

 

Figure 4.18. Differential FTIR spectra of COO vibrational region after one pulse of TMA at 100 
oC (red trace) and RT (blue trace). 
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Similar features are seen whether TMA is exposed to the QD film at RT or at 100 oC. These 

features include positive bands at 1634 cm-1, 1579 cm-1, 1509 cm-1 and 1480 cm-1, assigned to the 

asymmetric and symmetric stretching vibrations of the oleate head groups bonded in bidentate and 

bridging conformations, respectively. Surprisingly, the intensity of these positive bands is almost 

identical for RT and 100 oC exposures. Therefore, the increased PLL retention must be a result of 

an overall decrease in the Al:Zn replacement on the QD surface. XPS measurements show that at 

RT, the ratio of Zn:Cd decreases from 0.66 to 0.49 after the TMA exposure, while at 100 oC, the 

Zn:Cd ratio decreases from 0.67 to 0.40. While the difference between RT and 100 oC is not 

enormous (26% vs 41% decrease in Zn:Cd ratio), it may be substantial enough to retain some PLL 

in the RT coated samples. These results again point to a PLL degradation mechanism initiated by 

the interaction of the metal precursor with the QD surface. Therefore, a deposition method which 

lessens this interaction would be beneficial as it could coat the QD film with minimal changes to 

the QD surface composition. Recently, it has been shown that the deposition of TiO2 by ALD can 

have a significant contribution from gas-phase reactions occurring between the titanium precursor 

and residual water in the ALD chamber.177 When these gas phase reactions occur in the vicinity of 

the substrate, they can deposit TiO2 films on the substrate without undergoing the surface reactions 

that are typical of ALD processes. This has motivated us to attempt a similar growth mode using 

TMA and D2O, in a pulsed-CVD-like deposition process.  

The pulsed CVD of Al2O3 is accomplished by pumping out the ALD system to its base pressure 

(~30 mTorr), isolating the chamber from the pump and then exposing D2O (final pressure ~50 

mTorr). The chamber is then allowed to be pumped out until only residual amounts of D2O remain 

(~2 mTorr), followed by an immediate pulse of TMA. This exposure sequence occurs at room 



 

87 

temperature and allows for the deposition of Al2O3 films with thicknesses of ~5 ± 1.5nm after 20 

CVD cycles. This thickness variation is from sample-to-sample and is likely due to the nature of 

the deposition method. Within the same sample, however, the thickness variation is < ± 0.5 nm. 

Using this deposition procedure, we are able to produce Al2O3 coated QD films whose PLL values 

are actually increased when compared to an uncoated film (see Table 4.6).   

Table 4.6. Photoluminescence lifetimes for a QD film coated with 20 cycles of CVD grown 

Al2O3. 

Spot 

Control 

20 cycles CVD 

Al2O3 

575 nm 7.15 ± 0.08 ns 9.07 ± 0.10 ns 

590 nm 11.68 ± 0.29 ns 14.04 ± 0.63 ns 

610 nm 17.58 ± 0.03 ns 21.39 ± 0.05 ns 

 

Based on our observations during the ALD growth of Al2O3, an increase in PLL points to a process 

whereby we can passivate the QD films with minimal changes to the QD surface. In situ FTIR 

measurements (Figure 4.19) show minimal changes to the COO vibrations after 1 CVD Al2O3 

cycle. The small positive bands at 1580 and 1480 cm-1 show that although the film growth occurs 

in the gas phase, TMA is still capable of slightly perturbing the QD ligands. XPS measurements 

show that for samples coated in CVD Al2O3, the Zn:Cd ratio decreases from 0.60 to 0.59 (~2% 

decrease), which likely falls within the measurements uncertainty. These findings demonstrate that 

PLL degradation can be eliminated by facilitating gas-phase reactions near the QD surface, 

forming the metal oxide prior to deposition on the surface of QDs. These gas-phase reactions allow 
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for a gentler deposition process, which minimally affects the QD surface composition and is 

advantageous for retaining optical properties. 

 

Figure 4.19. Differential FTIR spectra of COO vibrational region after one pulse of TMA at room 

temperature oC (blue trace) and 1 cycle of CVD Al2O3 at room temperature (red trace). 

 

4.6 Conclusion 

In conclusion, we have used in-situ FTIR and ex-situ XPS measurements to study the growth 

chemistries of Al2O3, HfO2 and ZnO on oleate coated CdSe/CdS/ZnS quantum dot films and 

correlate the growth to changes in QD optical response. Based on our measurements, the 

photoluminescence lifetime retention of these QD films is affected by changes in QD surface 

composition and the interactions between ALD metal precursors and the passivating ligand shell. 

In cases where interfacial reactions happen readily (Al2O3), PLL is decreased by ~80% after 10 

ALD cycles. PLL is retained to ~50% of its initial value when ALD is performed with a precursor 

(TDMA-Hf) that is less likely to react at the QD/Ligand interface, likely due to steric hindrance. 

When ZnO is used as the passivation layer, PLL values are completely retained, however, the poor 
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nucleation behavior of ZnO on the QD film makes it an impractical coating material. Temperature 

dependence studies show that when Al2O3 is used as the passivation layer, about half of the PLL 

can be retained when growth occurs at room temperature. XPS analysis shows that this is likely 

due to lower levels of Al for Zn replacement. Further, when the Al2O3 precursors are allowed to 

react in the gas-phase near the QD surface by a pulsed CVD-like method, TMA cannot readily 

react to replace surface Zn atoms, which in turn results in PLL enhancement and serves as the most 

suitable surface passivation strategy. 
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CHAPTER 5 

INTERFACIAL EVOLUTION AND PATTERNING PERFORMANCE OF A NOVEL 

TIN-OXO EUV RESIST ON SILICON SURFACES 

 

5.1 Introduction 

As the microelectronics industry faces the continued need to decrease feature size, the lithographic 

technology must advance to improve its resolution. To that end, extreme ultraviolet (EUV, 13.5 

nm, 92 eV) lithography is currently under extensive investigation, as it is poised to replace 193 nm 

immersion patterning techniques thanks to its shorter wavelength (i.e., increased resolution) and 

long-term viability.77, 178, 179 To realize this new technology, new materials are required with high 

photon absorption cross sections (to decrease the film thickness) yet good patterning properties 

(upon development in solvents). These requirements have led to the development of many novel 

hybrid organic-inorganic systems, some of which have already been tested.77, 83, 180-185 These 

systems take advantage of the high absorption coefficients for EUV wavelengths (in some cases 

much higher than carbon77) associated with metals such as zirconium, hafnium and tin.80, 186 Tin 

is particularly attractive among the three metals because it has the highest EUV absorption 

coefficient, and thus should allow deposition of the thinnest photoresist films with good sensitivity. 

Recently, several reports have appeared for tin-based photoresists82-84, 180, 187, 188, focusing mostly 

on film patterning performance/chemistries.  

To date, however, there has not been any studies focusing on the interface between the EUV 

photoresist films and the substrates. Yet, in the case of these ultra-thin films, the ability to fully 

remove unexposed material (in the case of negative photoresists) from the substrate upon chemical 

development (solvent treatment) is critical, as even a monolayer of material represents a sizeable 
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component of the film. For instance, it has been demonstrated the nature of the interface can affect 

line edge/width roughness (LER,LWR), resist mechanical stability, as well as the chemical 

composition and stability of the substrate-resist pair.80, 189-192 Moreover, the response of the 

interface to EUV radiation is also critical, as it will affect the properties of the exposed EUV resist 

(e.g. subsequent removal; potential spatial spreading). 

It is therefore critical to examine the nature of the interface formed upon deposition of novel 

organic-inorganic hybrid EUV photoresists with the substrate, typically silicon, and to devise 

methods to optimize this interface. Ideally, the substrate surface should be such that ultra-thin 

(<10nm) photoresist material can be easily spun-cast, yet fully removable when not exposed. This 

latter requirement suggests that there should be no chemical bonding at the interface, which may 

be incompatible with good spin-casting properties.  

In this work, we explore methods to tailor and control the interfaces of Sn-based photoresists with 

Si substrates. Specifically, we combine in-situ Fourier Transform Infrared Spectroscopy (FTIR) 

and ex-situ X-ray photoelectron spectroscopy (XPS) to probe interfacial interactions between a 

novel BuSn12 cluster-based negative-tone resist and silicon surfaces of varying surface 

compositions during resist processing steps. Given shortcomings of both oxidized and H-

terminated Si surfaces, we explore the modification of oxide-free Si surfaces with a self-assembled 

monolayer (SAM). We have previously shown that direct grafting of an ethyl undecylenate layer 

(SAM) on H-terminated Si(111) surfaces by hydrosilylation produces surfaces with excellent 

electrical properties and protected interfaces.89 The main question in this case is the applicability 

of such SAM layer for deposition of a resist film by spin coating. Specific requirements are: i) 

adherence to the resist through common deposition methods (e.g. spin coating); ii) removal of 
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unexposed material during pattern development without the use of potentially damaging (to SAM 

or oxide-free interface) etching methods; and iii) protection of the Si/SAM and SAM/resist 

interfaces throughout lithographic processing. 

We find that, in comparison to photoresist films spin-coated on H-terminated and oxidized Si 

surfaces, there is no unwanted chemical bonding between the films and the SAM, which allows 

full removal of the resist in unexposed areas, without degrading the spin-coating process or the 

patterning performance. Finally, we find that patterning with helium ions (He+) yield line widths 

and quality better than for films on oxidized Si substrates. 

5.2 Vibrational Mode Assignment 

Given the complexity of the solvation, spin-coating and sol-gel processes needed to obtain a thin 

film, it is important to first characterize the film and compare it to the original resist powder. The 

synthesis of this resist gives rise to clusters of the following composition: 

[(BuSn)12(NaO4)(OCH3)12(O)4(OH)8]
+ [OH-]. For brevity, the resist film will be denoted as 

“Keggin”. Figure 5.2 shows normalized absorbance FT-IR spectra of both the powder (black) and 

a 20 nm film (blue). No annealing or post-processing was done to the film prior to FTIR 

measurements. Table 5.1 lists the vibrational modes associated with both the Keggin powder and 

the film. 
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Figure 5.1. Ball and Stick model of BuSn12 Keggin Cluster. 

 

Figure 5.2. Normalized absorbance spectra of the Keggin powder and a 20 nm Keggin Film. The 

inset shows a zoomed in view of the OH region for the powder sample. 
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Table 5.1. Vibrational mode assignments for the Keggin powder and thin film. 

Assignment νpowder (cm-1) νfilm (cm-1) 

ν(Sn-C) 551 579 

ν(Sn-O) 667 677 

ν(Sn-O) 699 707 

ν(C-O) 1039 1050 

δ(CH3)sym 1375 1378 

ν(COO-)sym - 1401 

δ(CH3)asym 1457 1459 

δ(CH2) 1463 1465 

ν(COO-)asym - 1576 

ν(CH3)sym, methoxy 2820 2824 

ν(CH2)sym, butyl 2854 2860 

ν(CH3)sym, butyl 2870 2874 

ν(CH2)asym, butyl 2925 2929 

ν(CH3)asym, butyl 2952 2955 

ν(OH)H-Bonded 3000-3560 3000-3600 

ν(OH-) 3578 - 

ν(OH) 3637 3637 
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There are two interesting findings to note when comparing the vibrational modes of the powder to 

those of the thin film. First, nearly all of the modes associated with the clusters are blue-shifted 

compared to those of the powder, and secondly, there is no peak associated with the hydroxide 

(OH-) ions present in the thin films. The latter may be explained by the appearance of a feature at 

~ 1400 and 1576 cm-1, consistent with carboxylate-type species.193 The cluster without the 

hydroxyl counterion has a +1 charge, and it is possible that upon spin coating and air exposure, 

the hydroxyl ions are exchanged for carboxylate groups, conserving charge neutrality. This may 

explain the lack of a peak at 3578 cm-1 associated with the hydroxyl counterion. Along with this 

finding, the relative amount of H-bonded OH increases in the film, which points to the film 

absorbing atmospheric water during and/or after the spin coating process. Identification of 

vibrational modes in the clusters as well as their impurities are important as they will allow us to 

distinguish changes occurring at the resist/substrate from those happening the resist bulk.  

5.3 Keggin on SiOH 

We first investigate the interfacial evolution using OH-terminated SiO2, as the oxide is stable and 

silanol groups are characterized by a sharp absorption peak at ~3740 cm-1, which will serve as the 

first probe for interfacial behavior. Upon film application, there is a clear loss at ~3740 cm-1 (see 

Figure 5.3), indicating that silanol groups can react with the Keggin clusters, likely through the 

condensation of -OH groups to form H2O and a Si-O-Sn bonds. This is further confirmed by the 

loss at 1242 cm-1 from the LO Phonon mode of SiO2. This loss is characteristic of chemical 

bonding to the substrate, as the condensation reaction between cluster and substrate OH groups 

has formed an interfacial Si-O-Sn bond that disrupts the SiO2 phonon vibration, seen as a loss in 

the absorption spectrum. It is worthy to note that the stretching mode of Si-O-Sn (~1000-1100 cm-
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1)87 overlaps with ν(C-O) from the methoxy ligands on the cluster, making it difficult to distinguish 

from the as deposited film. However, if the film is immediately placed in the developer solvent, it 

is possible to remove enough to uncover the Si-O-Sn interfacial modes.  

 

Figure 5.3. Absorbance spectra of the as deposited 7 nm Keggin film on SiOH (blue), the film after 

development in 2-Heptanone (black) and the chemisorption of tributylethoxy tin on SiOH 

(Reprinted with permission from Langmuir, 2017, 33 (24), pp 5998–6004. Copyright (2017) 

American Chemical Society). All spectra are referenced to the starting SiOH surface. 

 

As mentioned earlier, there are several processing steps involved in the patterning of photoresist 

materials, typically consisting of exposure (i.e., to photon source), annealing (e.g. PEB), and 

pattern development. In this study, we have conducted these steps independently of each other to 

understand the chemistry both in the photoresist film, and more importantly at the film-substrate 

interface. Figure 5.4 shows differential absorption spectra (i.e., the result of subtracting the 

spectrum of the sample pre-processing from that of post-processing) for a PEB done in air and N2, 

as well as after electron beam irradiation. In each of the three cases, we see very similar features. 

There are losses in both isolated and H-bonded OH groups at 3640 and 3600-3000 cm-1, 



 

97 

respectively.  Small losses are also seen for CH3/2 (2800-3000 cm-1) and Sn-C (580 cm-1) modes, 

with the latter associated with the loss of butyl chains and the former with butyl and/or methoxy 

moieties. The losses of -OH/Sn-C modes and the gain of Sn-O modes at 640 and 760 cm-1 point to 

a mechanism involving the formation of Sn-O bonds through condensation of -OH groups as well 

as the cleaving of the Sn-C bond. It is important to note that upon film deposition, all interfacial 

OH groups are consumed and that none reform during the above processing steps (see section 5.7). 

This implies that chemically, the interface may go unchanged (i.e., still consisting of Si-O-Sn 

bonding), although structurally there may be some differences (i.e., vibrational mode ~1000 cm-

1). 

 

Figure 5.4. Differential absorption spectra at each processing step, referenced to the as-deposited 

Keggin film. 

 

Ex-situ XPS studies (Figure 5.5) on these films show similar trends. In all cases, we see photo-

ionizations in the Si2p region consistent with the film-substrate interface being chemically inert, 

as we only see peaks associated with the native oxide at 103.3 eV and bulk silicon at ~99 eV. In 
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the Sn3d region, we see peaks at 486.5 (3d5/2) and 495 (3d3/2) eV, consistent with Sn being in the 

4+ oxidation state87, as expected for the as deposited material as well as post-processing. In the 

C1s region, there are contributions from C-C/C-H (285 eV), and C-O (286 eV) bonds, as expected 

from the cluster composition. In the case of the air and N2 anneals, there are slight changes in the 

C1s intensity, which is consistent with the small loss in CHx modes seen in the IR spectra, but can 

potentially be skewed slightly by the pickup of adventitious hydrocarbons. A more pronounced 

loss in C1s intensity is seen in the electron beam irradiated sample, consistent with the greater 

decrease in CHx modes seen in the IR spectrum. The O1s regions shows contributions from Sn-O 

(530 eV)87, C-O/OH (531.4 eV) and SiO2 (532.5 eV). Losses in the O1s region also track with the 

IR results, as the samples that were annealed/irradiated show decreases in contributions for C-

O/OH and an increase in Sn-O bonds. 

 

Figure 5.5. XPS core level spectra of Keggin thin films before and after processing on SiOH. 
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5.4 Keggin on SiH 

With an -OH terminated SiO2 surface, interfacial chemical bonding through hydrolysis is expected, 

however no such bonds exist on the flat, H-terminated surface, making it an interesting surface for 

comparison. Figure 5.6 shows absorption spectra (ref. to SiOH) for both the pristine Si-H surface 

(black) and post-Keggin film deposition (blue), focusing on the Si-H stretching mode. In the 

pristine Si-H surface, a sharp peak centered at 2083 cm-1 is consistent with the monohydride 

stretching [ν(Si-H)] of a flat, hydrogen terminated Si(111) surface.88 Upon Keggin deposition, 

there is a broadening and red-shifting of ν(Si-H) arising from dipole decoupling of the Si-H groups 

as well as changes in the local chemical environment due to the clusters. There is a loss of hydrogen 

(~23%, see section 5.8) at the interface which results in some interfacial oxidation, which is clearly 

seen once the film is developed. Figure 5.7 shows the differential IR spectrum taken after film 

development referenced to the initial SiH surface. There is a broad absorption between 1000-1200 

cm-1, indicative of SiOx and/or Si-O-Sn bond formation. This results in an inhomogeneous 

interface, consisting of Si-H, Si-O, and Si-O-Sn bonds. 

 

 

Figure 5.6. IR Absorption spectra in the Si-H stretching region before (black) and after (blue) 

Keggin film deposition. 
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Figure 5.7. Absorbance spectra of the developed film referenced to the SiH surface. 

 

Post-application processing shows variable interfacial stability. Figure 5.8 shows differential IR 

spectra after annealing in air (Air PEB) and N2 (N2 PEB) as well as after e-beam irradiation 

(EBeam). After annealing in air there is a loss in the broad Si-H peak, and the appearance of a 

strong peak between ~1100-1220 cm-1, attributed to interfacial oxide (SiOx) growth. Concomitant 

with the growth of interfacial oxide, is the formation of (additional) Si-O-Sn bonds, seen as 

positive features between ~1000-1100 cm-1. When the anneal is done in N2 ambient (N2 PEB), 

again, there is a loss in the broad Si-H peak and gains in the Si-O-Sn region, but no interfacial 

SiOx growth. Under electron beam irradiation, the changes seen in the spectrum can be attributed 

to chemistries happening within the Keggin film, with no obvious signs of reaction of the 

interfacial Si-H groups. 
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Figure 5.8. Differential absorbance spectra for the thermal and electron irradiation-based 

processing steps. All spectra are referenced to that of the as-deposited film. 

 

 

Figure 5.9. XPS core level spectra of Keggin thin films before and after processing on SiH. 
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Ex-situ XPS studies (Figure 5.9) show chemical changes within the film are consistent with the 

changes seen when the film is deposited on SiOH. Interfacial changes seen are consistent with FT-

IR results. In the Si2p region, there are signs of SiOx formation (peak ~103 eV), which are most 

heavily pronounced in the spectra for the air anneal (Air PEB) and the developed film (Dev). 

It is well documented that interface quality and homogeneity affect electrical properties.89, 194-196 

Due to the chemical bonding between the resist and the SiO2 surface, complete resist removal is 

impossible with a 1-step process using 2-heptanone. This will necessitate the use of a more 

aggressive etching method to remove residual resist material. For SiH surfaces, the interface is 

ruined by the presence of SiOx and Si-O-Sn bonds. This represents an interface that is both 

chemically and structurally inhomogeneous, likely degrading the electrical properties as well as 

making complete resist removal difficult. To mitigate these issues, it will be necessary to 

functionalize the surface with a molecule that is compatible with the spin coating process, is 

chemically robust enough to preserve the Si/molecule interface and that facilitates resist/molecule 

interactions strong enough for film adherence without chemical bonding for resist removal. Ethyl 

undecylenate was therefore chosen for its ability to passivate an oxide-free, hydrogen terminated 

Si surface while having a polarity compatible with the resist solution. 

5.5 Keggin on Ethyl Undecylenate 

Ethyl undecylenate is terminated by an ester of the form O=C-OEt (Et = ethyl). As described in 

Chapter 2, after forming an Si-H surface, the sample was immediately placed into neat, dried ethyl 

undecylenate at 200 oC and left for 4 hours under N2 flow. Following the hydrosilylation reaction, 

the sample is removed from the solution, rinsed three times with ethyl acetate, then heated in 

boiling dichloromethane for 1-2 min. before drying in a N2 gas stream. Figure 5.10 shows 
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absorption spectra of the ester-terminated surface before/after film application, as well post film 

development. The carbonyl C=O stretch [ν(C=O)] is the focus of this figure as it is a mode 

associated with the film/surface interface. Upon SAM attachment (COOR), there is a clear, 

singular peak at ~1740 cm-1 from the ester head group.89 Upon resist application (Keggin on 

COOR), there is a red shift in the main C=O peak, as well as a shoulder at ~1712 cm-1, consistent 

with hydrogen bonding between the head group of the SAM and an OH group on the cluster.197 

Analogous to the OH and H-terminated surfaces, the film was immediately developed to check for 

interfacial chemical bonding. As can be seen in the spectrum labeled “Dev” in Figure 5.10, the H-

bonded vibrational peak is removed and the C=O stretch shifts back to its original position. This 

is consistent with XPS data as well. C1s spectra (see Figure 5.13) shows that upon film deposition, 

the peak associated with the ester head group (~289 eV) is attenuated and reappears after 

immediate development. 

 

Figure 5.10. IR Absorption spectra in the C=O stretching region before film deposition, after film 

deposition and after film development. All spectra are referenced to an SiH surface. 
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While the SAM head group is chemically stable upon film application, its stability can vary based 

on post-application processing. Figure 5.11 shows differential IR spectra after annealing in air (Air 

PEB) and N2 (N2 PEB) as well as the effects of e-beam exposure. In the case of the heat treatment 

in air and N2, changes related to the resist film are analogous to those seen on OH and H-terminated 

surfaces (i.e., loss in CHx,OH,Sn-C and gains in Sn-O bonds). Interfacial changes are characterized 

by a loss in H-bonded C=O and a gain in isolated C=O bonding (see Figure 5.12). It is important 

to note that this loss/gain isn’t the formation of new C=O bonds, but the removal of H-bond donor 

OH groups from the clusters through condensation reactions happening near the interface. Once 

those OH groups condense to form Sn-O linkages, there are fewer available for hydrogen bonding 

with the SAM head group, causing the C=O stretch frequency to shift back to its original position.  

There is clearly a larger effect when annealing under N2 than air, meaning that condensation of 

cluster hydroxyl groups is more favorable under an inert atmosphere. Although the SAM 

headgroup is chemically stable under the thermal processing, e-beam exposures show that they are 

capable of reactivity. The IR spectrum resulting from e-beam irradiation (Ebeam) shows losses in 

both H-bonded and isolated C=O bonding. In this case there is no shift of the C=O stretch 

frequency, but an overall loss in C=O bonding. This points to a decarboxylation reaction under 

irradiation. This reaction and the potential implications during patterning will be discussed in 

Section 5.8. 
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Figure 5.11. Differential absorbance spectra for the thermal and electron irradiation-based 

processing steps. All spectra are referenced to that of the as-deposited film. 

 

 

Figure 5.12. Enlargement of C=O region from Figure 5.11. 
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Figure 5.13. XPS core level spectra of Keggin thin films before and after processing on COOR. 

 

5.6 He-ion Patterning 

 

Figure 5.14. Images of Patterned lines of Keggin on SiOH. 
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Figure 5.15. Images of Patterned lines of Keggin on SiH. 

 

 

Figure 5.16. Images of Patterned lines of Keggin on Ethyl Undecylenate. 

 

Pictured above are He-ion patterned lines using the Keggin resist on SiOH (Figure 5.14), SiH 

(Figure 5.15) and ethyl undecylenate (Figure 5.16) terminated surfaces. For patterns on the SiOH 

surface, average linewidths of 28.9 nm are achieved with a line edge roughness (LER) of 13.1 nm. 

The SiH surface yields the smallest average line width of 19.5 nm with an LER of 8.1 nm. Lines 
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patterned on the SAM terminated surface produce an average line width of 20.5 nm while 

achieving the lowest LER of 6.8 nm. 

5.7 Implications of chemical bonding on photoresist removal  

For the three surfaces presented herein, the ability to fully remove the unexposed resist varies 

based on the propensity for chemical bond formation during resist application. Based on our data, 

the best-case scenario occurs when there is a moderate attractive force (i.e., H-bonding) between 

the surface and the resist. This scenario is represented by the application of the resist to the ethyl 

undecylenate grafted surface.  However, it was important for us to first characterize systems where 

chemical bonding between the surface and the resist is either favorable (e.g. Si-OH) or unfavorable 

(e.g. Si-H). These two surfaces served as metrics for resist removal on two chemically different 

surfaces. 

On Si-OH, it is very clear that chemical bonding between the resist and surface occurs based on 

the loss of Si-OH modes and the perturbation of LO and TO SiO2 phonons (Figure 5.3). In practice, 

if a negative-tone resist film is not processed in any way (i.e., through heat or photon exposure), 

immediate immersion of that resist film in an appropriate developer solvent should completely 

remove the film. This is not the case, however as can be seen in Figure 5.3. Immediate film 

development does remove the bulk of the material that is held together through weak van der Waals 

forces, however it is not capable of removing the material at the interface due to the formation of 

Si-O-Sn bonds. These interfacial bonds were confirmed by comparison to a check experiment 

involving the grafting of tributylethoxytin (a precursor to ALD SnO2
87) to an Si-OH surface. In 

both cases, there are losses in modes associated with surface Si-OH vibrations, the -OH stretch at 

3740 cm-1, the bending mode at ~980 cm-1 and in the LO phonon vibration of SiO2. The main 
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difference between the two is the blue-shifting of the Si-O-Sn vibrations in the case of the 

developed film (Figure 5.3, black spectrum). This could potentially be explained by differing local 

chemical environments surrounding the tin attached at the interface. In the case of the ALD 

precursor, the tin is bonded to 3 carbon atoms, while in the cluster, the tin is bonded to 5 oxygens. 

The latter, more electronegative environment would allow for a shorter Si-O-Sn bond, blue-

shifting the vibrational frequency. It is also important to note that upon film application and 

immediate development, there is no sign of remaining Si-OH interfacial groups in FTIR 

measurements (Figure 5.17). To quantify surface Si-OH groups before resist deposition and after 

resist development, FTIR spectra of the OH-terminated SiO2 surface, as well as the developed 

film surface were referenced to an SiH surface (no Si-OH groups). The integrated area under the 

feature at ~3740 cm-1 was then measured between 3760-3690 cm-1. The error in these 

measurements is based on the uncertainty in baseline placement. Based on the calculations (Table 

5.2), the amount of Si-OH after the resist has been applied and developed is essentially 0 (in the 

noise of detection).  This is evident of interfacial covalent bonding and agrees with our inability to 

fully remove the resist upon immediate development.  

Table 5.2. Integrated area of Si-OH region for SiOH and developed resist surfaces. 

Surface Si-OH Developed Resist 

Integrated Area 

ν(Si-OH) (Abs*cm-1) 

0.00449 ± 0.0042 -0.00048±0.0002 
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Figure 5.17. Absorbance spectra in the SiOH region showing approximate baselines for integrated 

area calculations. The black spectrum labeled “SiOH” is representative of an SiOH surface and 

“Dev” denotes a resist surface after immediate development. Both surfaces are referenced to SiH. 

 

In contrast to Si-OH, Si-H has no silanol groups, so in theory interfacial bonding should not occur. 

However, based on the difference in integrated area of ν(Si-H) before and after film deposition, a 

loss of 24.1 ± 4.7% of interfacial hydrogen occurs (Figure 5.18, Table 5.3). If the film is then 

immediately developed, a broad feature appears between 1000-1200 cm-1 (Figure 5.7). These 

results point to a compositional inhomogeneity occurring upon resist application. The broad nature 

of the feature can be a result of several factors, including variability in Si-O-Sn bonding 

configurations and potential SiOx formation. Upon film deposition, the interface likely consists of 

Si-H, Si-O-Sn, and Si-O bonds, leading to an interface that is no longer as chemically pure as the 

initial Si-H surface. Therefore, the interfacial composition of this resist/surface combination makes 

it incompatible with complete resist removal as well as overall device fabrication. 
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Figure 5.18. Absorbance spectra in the Si-H region showing approximate baselines for integrated 

area calculations. The black spectrum labeled “SiH” is representative of a freshly prepared SiH 

surface and the blue spectrum labeled “Keggin on Si-H” is the same surface after Keggin 

deposition. 

 

Table 5.3. Integrated area of Si-H region before and after Keggin deposition. 

Surface Si-H Si-H + Resist 

Integrated Area 

ν(Si-H) (Abs*cm-1) 

0.0117 ± 0.0001 0.0091 ±0.0091 

 

The two metrics that we have characterized show that there is room for improvement in terms of 

unexposed resist removal, as well as a need to control interfacial composition.  The attachment of 

ethyl undecylenate to Si-H has allowed for interfacial passivation (SAM/Si and resist/SAM) while 

granting us the ability to fully remove the unexposed resist film. Figure 5.10 shows FTIR spectra 

in the C=O stretch region for the as-grafted SAM, after resist deposition and after immediate 

development. Upon film application, there is a red shift of the isolated C=O stretching vibration 
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as well as a lower frequency shoulder due to hydrogen bonding interactions between hydroxyl 

groups on the cluster and the carbonyl oxygen. Upon immediate development, the lower frequency 

shoulder disappears and the isolated C=O stretch blue-shifts back to its original frequency. This is 

evidence for a lack of chemical bonding to the ester head group and confirms that the only 

interactions between the resist and the SAM are through hydrogen bonding interactions. Had there 

been a chemical bond with the ester head group, say through the removal of the ethyl group as 

ethane, we would expect to see a removal of the isolated carbonyl C=O stretch and the occurrence 

of red-shifted and split asymmetric/symmetric OCO stretches between 1400-1600 cm-1. 

5.8 Resist/Surface interface stability during lithographic processing 

Another important factor to consider while attempting to control the SAM/resist interface is the 

stability of this interface during lithographic processing steps. This interface stability is also 

intimately connected to the initial chemical bonding between the resist and the surface upon which 

it is deposited. For Si-OH, the interfacial changes occurring are the same for all processing 

conditions. As seen in Figure 5.4, there is a positive vibrational feature at ~1020 cm-1 that occurs 

both under thermal treatment and electron beam irradiation, consistent with Si-O-Sn bonding. We 

postulate that this is an interfacial vibration associated with Si-O-Sn bonding due to its frequency 

and exclusivity to the SiO2 surface. Figure 5.5 corroborates this theory, as the Si2p spectra remain 

largely unchanged as a function of processing. The only change is the amount of Si attenuation 

based on the resist thickness/composition. While this points to a chemically homogenous interface 

consisting purely of Si-O-Sn linkages, these are signs of structural changes that occur upon further 

processing. 
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For Si-H, the interface can then undergo further changes based on the proceeding processing. 

When annealed in air, further loss of Si-H occurs and a positive feature between 1100-1200 cm-1 

appears, which can be attributed to localized interfacial oxidation and the formation Si-O bonds.198 

Based on an SiO2 standard, we estimate this oxide thickness to be ~0.5 nm (see Figure 5.19, Table 

5.4).  This oxidation can be clearly seen in the Si2p photoelectron spectrum as well (Figure 5.9). 

Broad features between 1000-1100 cm-1 appear after annealing as well, likely due to an increase 

in Si-O-Sn bonding. Annealing in N2 shows further Si-H loss and positive bands for Si-O-Sn 

bonding, however the interfacial oxidation does not occur. This leads us to believe that when 

annealed in air, O2/H2O can diffuse through the film and oxidize the interface. When annealed in 

N2, additional Si-O-Sn bonding is likely formed by H2O molecules created through hydroxyl group 

condensation reactions within the resist film. Upon e-beam irradiation, changes are only seen in 

the film, and not at the interface. This is consistent with the low interaction probability for electrons 

with interfacial hydrogen. Overall, the interface between an Si-H surface and resist is one of 

chemical inhomogeneity, consisting of Si-H, Si-O-Sn and Si-O bonds of varying amounts, based 

on resist processing. 

Table 5.4. Integrated area of Si-O region for an SiO2 reference and the Keggin on SiH after being 

annealed in air. 

Surface SiO2 Ref SiOx SiOx Thickness 

Integrated Area 

ν(Si-O) (Abs*cm-1) 

0.4271 ± 0.0156 0.1339 ±0.0049 0.53 nm 
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Figure 5.19. IR Absorption spectra of the Keggin film annealed in Air on an SiH surface (black, 

Air PEB) referenced to the as-deposited film and an SiO2 reference spectrum referenced to SiH 

(red).  

 

In the case of the SAM, we see that there are changes at the SAM/resist interface, however these 

changes do not affect the patterning ability, as will be discussed later. Annealing the film in air 

and nitrogen yield similar interfacial results (see Figures 5.11 and 5.12). In both cases, there is a 

removal of the hydrogen bonded C=O stretch (~1713 cm-1) and a blue-shifting back to 1740 cm-1
. 

This removal is from a decrease in available hydrogen-bond donor hydroxyls through 

condensation reactions, shifting the C=O stretch back to its original position. It is important to note 

that this “loss” is not truly a loss, and just a vibrational frequency shift. The amount of free C=O 

increases when annealing in N2 compared to air, likely due to competing condensation/hydrolysis 

of cluster hydroxyl groups from ambient H2O. Importantly, under annealing conditions, there is 

still no evidence for bonding between the resist and the SAM layer or degradation of the Si/SAM 

interface. Under electron beam irradiation, however, the interface is not as stable. Figure 5.12 
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shows a zoomed-in view of the C=O stretch region for each processing step, and there is a clear 

loss in both the free and H-bonded C=O groups. This points to a decarboxylation reaction 

occurring during e-beam irradiation, leaving a mixture of ester and alkyl termination. Under 

patterning conditions, this interface can potentially change in-situ, resulting in both H-bonding 

interactions with ester groups and weak van Der Waals interactions between SAM alkyl chains 

and butyl ligands of the clusters residing at the interface. In a practical situation, although the ester 

functionality may be lost, the resulting alkyl-terminated SAM should maintain the excellent 

electrical properties.89 

5.9 Patterning performance 

Based on the average line widths and roughness values presented in section 5.6, thinner and less 

rough lines are capable of being patterned when the surface-resist interface contains fewer 

chemical bonds. For SiOH, an average line width of 28.9 ± 13.1 nm is achieved, having 

considerably higher width and roughness values compared to SiH and SAM terminated surfaces. 

It is conceivable that the extent of chemical bonding present at the interface of the resist-substrate 

pair can cause mechanical stress within the resist film, increasing the line thickness necessary to 

prevent the line from collapsing. For SiH and SAM terminated surfaces, average linewidths of 

19.5 ± 8.1 nm and 20.5 ± 6.8 nm are achieved, respectively. These results are quite similar, and 

demonstrate that for this resist, fewer interfacial chemical bonds are beneficial for creating thinner, 

less rough patterns.  

5.10 Conclusion 

In conclusion, the interfacial evolution of the BuSn12 Keggin EUV resist cluster with various 

silicon surfaces has been evaluated. When the resist is spun cast onto SiOH, the interface 
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consists of Si-O-Sn bonds, which are stable throughout the entire patterning process. However, 

this resist-substrate pair yields a system that performs poorly in terms of patterning ability and 

unexposed resist removal compared to those in which no interfacial chemical bonding occurs. 

Casting the resist onto SiH yields an interface consisting of both Si-O-Sn and Si-H bonds, the 

latter of which shows instability during thermal processing and resist removal. While the 

patterning performance competes with that of the SAM terminated surface, this instability 

presents a resist-substrate pair that is impractical for applications where the silicon surface 

composition must be preserved. Spin coating the resist onto the SAM terminated surfaces yields 

an interface consisting only of hydrogen bonds between the resist clusters and the ester SAM 

head groups. This interface is thermally stable and allows for complete removal of resist material 

in unexposed areas. While there is evidence for decarboxylation reactions occurring during the 

patterning process, the silicon-SAM interface is completely preserved, and we can pattern lines 

with roughness values lower than those achieved on other surfaces.  
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CHAPTER 6 

PATTERNING MECHANISM OF BUSN12 KEGGIN EUV PHOTORESIST 

 

 

6.1 Introduction 

 

As discussed in Chapter 5, the implementation of EUV lithography demands the synthesis of novel 

resist materials capable of taking advantage of the use of EUV wavelengths. The introduction of 

hybrid organic-inorganic nanoclusters presents a great platform for resists due to their etch 

resistance, increased EUV absorption cross section (compared to carbon-based materials) and their 

well-defined sizes (~1 nm diameter).84 In particular, butyltin-oxo (BuSn) based resists are 

excellent candidates, as tin absorbs EUV more efficiently than zirconium and hafnium-based resist 

materials. To optimize these tin-oxo resists, the mechanisms involved in patterning and resist 

processing must be understood at a fundamental level. Previous reports have studied the patterning 

of BuSn clusters by DFT and hard x-ray photoelectron spectroscopy (HAXPES) methods, citing 

homolytic cleavage of the Sn-C bond as the primary reaction upon photon absorption.83, 84 Zhang 

et al. have proposed several reaction mechanisms based on HAXPES studies, with reaction 

products varying based on the exposure environment (i.e., Air vs. N2).
83 In general, tin-oxo based 

resists will form insoluble SnOx networks upon irradiation. However, as these cluster resists are 

very complex systems, further characterization is necessary to fully understand photo-induced 

reactions that are involved in the patterning process. In this work, we aim to use in-situ vibrational 

spectroscopy to monitor changes in tin-based resist films that are subject to electron beam 

exposures. As EUV photon absorption will create photoelectrons within the resist film, it is 

believed that using a variable electron beam should serve as a good model for evaluating patterning 

chemistries. In an actual lithographic process, resist films are typically thermally treated after 
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exposure and therefore it is necessary to also evaluate thermally driven film chemistry, which will 

ultimately affect solubility switching. 

6.2 Electron Beam Induced Chemistries 

As the vibrational modes of the as-deposited Keggin resist on SiO2 are discussed in Chapter 5, 

only the changes in those vibrations due to electron beam irradiation will be discussed herein. After 

resist application (20 nm thick), the film is immediately loaded into a UHV chamber (base pressure 

~ 2x10-9 torr) equipped with a variable electron gun and in-situ transmission FTIR (see Chapter 

2.6). A reference IR spectrum is taken, after which the sample is irradiated for 5 mins (48 μC/cm2) 

with 90 eV electrons. In principle, photoelectrons generated by EUV absorption of tin should have 

an energy of ~67 eV, based on the binding energy reported for tin 4d electrons.199 An energy of 90 

eV is chosen, however, as it more closely resembles the EUV photon energy of 92 eV. After 

exposure, another IR spectrum is collected and then referenced to the spectrum before exposure, 

and the resulting spectrum is shown in Figure 6.1. 

 

Figure 6.1. Differential IR spectrum of the Keggin film after 48 μC/cm2 dose of 90eV electrons. 
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At first glance, there are clearly several losses of spectral features, which will be broken down and 

associated with specific cluster functional groups (-OH, -OCH3, Butyl). In the OH region (>3000 

cm-1), there are two distinct losses at 3639 and between 3050-3500 cm-1, assigned to ν(OH) of 

isolated and hydrogen bonded hydroxyl groups, respectively. The two clear losses at 2820 and 

1050 cm-1, are assigned to νsym(CH3) and ν(C-O) of bridging methoxy groups, respectively. Losses 

between 2850-3000 cm and 1350-1500 can be assigned to the stretching [ν(CH3/2)] and 

deformation [δ(CH3/2)] modes of butyl chains on the cluster. Note that the feature labeled at 1660 

cm-1
 is attributed to the stretching modes of C=O or C=C, which are typically associated with 

contamination in the film, and trapped toluene in the film after the spin coating process. Most of 

this contamination is C=O, however, due to the lack of a =C-H stretching band above 3000 cm-1, 

as is expected for toluene.200 Based on the general mechanism for Sn-C bond scission and SnOx 

formation, upon e-beam irradiation, losses in Sn-C bonds and increases in Sn-O bonding are 

expected. Below 800 cm-1, there are several losses and gains in various vibrational modes 

associated with Sn-C and Sn-O bonds. Specifically, the loss at 573 cm-1 is assigned to ν(Sn-C)201, 

and points to a decrease in Sn-C bonding. Losses at 674 and 710 cm-1
 are assigned to ν(Sn-O). It 

is unexpected to see decreases in Sn-O bonds upon exposure, and previous reports show little to 

no change in the Sn:O ratio present after deep UV exposure.83 However, this will be discussed in 

further detail below. Finally, the broad gains between 580-650 and 730-800 cm-1 are tentatively 

assigned to ν(Sn-O) and ν(Sn-O-Sn), respectively.202, 203 In summary, after e-beam exposure, there 

are losses in vibrational modes associated with hydroxyl, methoxy and butyl groups (i.e., Sn-C 

bonds), and a mixture of losses and gains in Sn-O bonds, all of which will now be discussed in 

further detail. 
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In the Keggin cluster, there are two possible pathways for the formation of Sn-O-Sn linkages: 

i) Condensation reactions of in-situ formed Sn-OH groups after Sn-C bond cleavage 

ii) Removal of -CH3 or -H groups from bridging methoxy and hydroxyl groups 

Reaction pathway i involves the creation of Sn-O bonds through Sn-C bond cleavage, as depicted 

in Figure 6.2. For brevity, the initial homolytic cleavage of the Sn-C bond is omitted, however tin 

and butyl radicals should dominate the reaction products.83, 84 The BDE for the Sn-C bond based 

on an ethyl-tin species (see Table 6.1) is 2.47 eV/bond, well below the incident beam energy. 

Although this is not exactly comparable to what could be expected for the BDE of Sn-C in a butyl-

tin species, we believe that the energetics are likely not extremely different.  The butyl fragment 

can then leave either as butane and/or butene, based on reactions with other radicals present in the 

film during irradiation. The formation of Sn-O-Sn bonds, however, will necessitate the presence 

of a hydroxyl or water molecule, which can react with the tin radical to form Sn-OH. The newly 

formed Sn-OH can then undergo condensation reactions with a neighboring Sn-OH, forming Sn-

O-Sn bonds and water as a byproduct. Through the reaction mechanism that we propose, 

counterion OH groups and H2O formed by condensation reactions are necessary for the formation 

of Sn-O-Sn bonds. The Sn-O-Sn bridges formed at the butyl-tin sites of the clusters are likely the 

most important towards solubility switching, as bonding between clusters can form an insoluble 

network SnOx network, that cannot form within an individual cluster. Due to the limited number 

of free hydroxyl groups (1 per cluster), a large dosage may be necessary for solubility switching, 

as 2 hydroxyl groups are necessary to form one Sn-O-Sn bridge. The formation of these bridges, 

however will create water than can supply additional OH groups for sustained reactivity.    
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Figure 6.2. Proposed mechanism for the formation of Sn-O-Sn bridges through the condensation 

of neighboring Sn-OH groups. The initial cleavage of the butyl-Sn bond is omitted for brevity. 

 

Table 6.1. Bond dissociation energies for various bonds within the cluster.204 

Bond BDE (kJ/mol) BDE (eV/bond) 

Sn-O 548 5.68 

Sn-C2H5 238 2.47 

O-H 428 4.44 

O-CH3 377 3.91 

 

Reactions associated with path ii) involve the breaking of an O-C or O-H bond by an incident 

electron (see Figure 6.3), effectively removing a methyl/hydrogen radical or cation from the 

bridging oxygen atom and giving rise to the positive bands between 730-800 and 580-650 cm-1. 

The formation of the radical methyl (hydrogen) species involves the homolytic cleavage of the O-

C(H) bond, followed by an electron transfer (perhaps from electrons generated by the incident 

beam) to the oxygen for radical neutralization. Cationic methyl or hydrogen species are the results 

of heterolytic cleavage, where bond breaking results in both bonding electrons being transferred 

to the bridged oxygen atom, giving the methyl or hydrogen byproduct a +1 charge.  Although both 

pathways are considered, we postulate that the radical form of the methyl leaving group is more 

favorable than the cationic form, as a methyl cation is the least stable carbocation. As a means of 

evaluating the reactivity differences between methoxy and hydroxyl groups, the bond dissociation 
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energies (BDEs) for O-CH3 and O-H bonds were compared. Based on the values compiled in Table 

6.1, the homolysis of a methoxy group is more favorable than that of a hydroxyl (3.91 vs 4.44 

eV/bond), although both reactions are possible at the incident electron beam energy. 

 

Figure 6.3. Depiction of possible reaction pathways for the formation of Sn-O-Sn linkages through 

the reactions of bridging methoxy and/or hydroxyl groups. 

 

Note that the formation of Sn-O-Sn bonds through our proposed reaction mechanisms does not 

involve the cleaving of Sn-O bonds. Therefore, we postulate that the loss of Sn-O bonds at 674 

and 710 cm-1 are not from actual losses, but a shifting of the Sn-O-Sn bridge vibrations upon 

removal of the -CH3 or -H groups to a position above 730 cm-1. 

6.3 Detection of electron beam induced byproducts 

In the scenarios discussed above, we are only able to observe what bonds are present before and 

after irradiation, allowing only for hypothesis of the reaction mechanisms. However, if the reaction 

intermediates and/or byproducts can be detected, a much clearer mechanistic picture can be 

obtained. Therefore, we employ a “cold-irradiation” analysis and the use of a residual gas analyzer 

(RGA) to detect trap reaction byproducts on the surface and any escaping gas product.  

For cold irradiation studies, the sample holder is cooled with liquid nitrogen until the sample 

reaches a temperature of ~ -164 oC before e-beam irradiation. At this temperature, it may be 
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possible to trap by-products and/or reaction intermediates with sufficiently low volatility. Table 

6.2 lists various potential byproducts as well as their respective boiling points205, which will serve 

as a guide for what may be trapped in the film.  

Table 6.2. List of byproducts and their boiling points. 

Byproduct Boiling Point (oC) 

Hydrogen (H2) -252.8 

Methane (CH4) -161.5 

Methanol (CH3OH) 64.5 

Dimethyl ether (CH3OCH3) -24.8 

Water (H2O) 100.0 

Butane (C4H10) -0.5 

1-Butene (C4H8) -6.3 

 

Figure 6.4. Differential IR spectrum after irradiating the Keggin film for 5 minutes at a temperature 

of -164 oC. 
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Figure 6.4 shows a differential IR spectrum after irradiating the cooled Keggin film for 5 minutes. 

Several of the changes seen in the spectrum are similar to those seen when irradiating the film at 

room temperature (i.e., the loss of Sn-C, C-O and O-H, gains/shifts in Sn-O vibrations). What is 

interesting, however, is that there are now gains in vibrational modes that are not detectable when 

irradiating at RT. Positive features at 1028 and 1077 cm-1 are tentatively assigned to C-O stretching 

vibrations of adsorbed methanol (A) and of dimethyl ether (B).206, 207 These assignments are in 

agreement with the positive CH3 symmetric and asymmetric stretches at 2809 and 2975 cm-1.207 

The formation of methanol points to a mechanism involving the reaction of  methyl groups with 

either hydroxyl or water molecules. Those methanol molecules could then potentially react with 

other methyl radicals/cations, forming dimethyl ether as a separate byproduct. The final positive 

band that appears after cold irradiation is characterized by a broad absorption between 3250-3650 

cm-1, which we attribute to hydrogen-bonded OH groups potentially arising from methanol and/or 

water. No positive features indicative of methane, butane or 1-butene trapping are seen in the 

spectra. This observation does not rule out the formation of these byproducts, however, because 

any possible positive absorptions for these molecules likely overlap with the intense negative 

absorptions from the loss of butyl groups.  

IR measurements taken after cold irradiation are followed by a brief annealing of the sample to 

room temperature. This step is done to desorb byproducts from the surface, allowing us to then use 

IR to detect what is removed (see Figure 6.5). By referencing the spectrum after annealing to RT 

to that of the cold irradiated sample (labeled RT::Cold in Figure 6.5), we are able to see the loss 

of modes associated with butyl/butane, methoxy, dimethyl ether and hydroxyl groups. For groups 

not chemically bound to the cluster (i.e., dimethyl ether, butane), it is possible that their removal 
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from the surface is purely from desorption. This also explains why methanol remains on the surface 

post-annealing, as it has the highest boiling point of all byproducts. For groups that are bound to 

the cluster (butyl, methoxy, hydroxyl), it is conceivable that irradiating at such low temperatures 

may decrease the overall reactivity (for the same electron dosage) and make it possible for reactive 

species to remain stable within the film until the annealing step. These species could then react 

with the cluster ligands in a fashion similar to when the resist is irradiated.  

 

Figure 6.5. (Blue, Cold_Irr) Differential IR spectrum after irradiating the Keggin film for 5 minutes 

at a temperature of -164 oC. (Red, RT::Cold) Differential FTIR spectrum of a cold irradiated 

Keggin film annealed resistively to RT, and then cooled back to -164 oC for IR measurements. 

(Black, RT) FTIR spectrum after annealing the Keggin film to RT, referenced to the initial film to 

see overall changes after irradiation and annealing. 

 

While cold irradiation studies allow for the detection of the higher boiling point e-beam irradiation 

byproducts that can remain on the surface, residual gas analysis is capable of detecting those 

ejected from the sample in the gas phase. Figure 6.6 shows RGA spectra for the expected 

byproducts following e-beam irradiation at room temperature. The insets show RGA spectra when 
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only the sample holder is irradiated, and Figure 6.7 plots the maximum signal for each mass to 

charge ratio (m/z, assuming z=1) with (blue) and without (orange) a sample, allowing for an easier 

differentiation between signal arising from the sample and that arising from the sample holder. 

Masses were chosen such that they are the most intense and exclusive signals for a particular 

byproduct.208 

 According to reaction pathway i, during irradiation, the cleavage of the Sn-C bond should result 

in the formation of a butyl (C4H9) radical or butene (H2C=CHC2H5) through the elimination of a 

hydrogen radical. The formation of these two byproducts agrees with RGA spectra showing a 

signal increase for m/z 43 (from butane, C3H7) and 41 (from butene, C3H5) in Figure 6.6A. Figure 

6.7 shows that the maximum signals for m/z 43 and 41 while irradiating the resist film are roughly 

54 and 44 times higher (respectively) than that of the sample holder alone, clearly demonstrating 

that these signals originate from the film and not from the holder (background response). After Sn-

C bond cleavage, the formation of Sn-O-Sn linkages through the condensation of Sn-OH groups 

created during the initial process should form water as a byproduct, which can be detected by 

measuring signals from m/z 18 (H2O) and 17 (OH). Figure 6.6C shows a clear signal for both m/z 

18 and 17 during the irradiation of the resist film. In this case, however, the signal recorded with 

the resist film is only ~2x greater (for each mass) than that of the sample holder alone, because 

water molecules are ubiquitous and adsorbed on most surfaces and therefore a source for 

background pressure of water in the UHV chamber. Reaction pathway ii involves the shifting of 

Sn-O-Sn linkage vibrations through the reactions of bridging methoxy and/or hydroxyl groups. 

Therefore, positive signals for methane and hydrogen should be detectable during resist irradiation. 

Figure 6.6B and F show positive signals associated with m/z 16 (methane, CH4), 15 (methyl, CH3), 



 

127 

2 (molecular hydrogen, H2) and 1 (monatomic hydrogen, H). The signal associated with 

methane/methyl group evolution from the resist is clearly above that of the sample holder, although 

some fraction of that signal can arise from the cracking of butane/butene groups. As discussed 

previously, the reaction of bridging methoxy groups can liberate methyl radicals/cations, which 

upon reaction with water/hydroxyl can form methanol and dimethyl ether (upon methanol reacting 

with another methyl group). RGA spectra show positive signals for both methanol and dimethyl 

ether in Figure 6.6D and E, respectively. Their respective maximum intensities suggest that the 

formation of methanol is more favorable than dimethyl ether. For hydrogen, however, the signal 

from the sample holder is not so easily distinguished from the resist signal. For molecular hydrogen 

(mass 2), the signal is approximately 1.5x higher with the resist film than without. However, for 

monatomic hydrogen, the signal with the resist film is only ~80% of the signal arising from the 

sample holder. The uncertainty in the source of hydrogen complicates data interpretation, and 

therefore makes it difficult to positively identify the reaction of bridging hydroxyls (pathway ii) as 

a mechanism for the shifting of bridging Sn-O-Sn vibrations. It is conceivable that monatomic 

hydrogen can react with reactive groups in the resist film and/or RGA ion source, decreasing the 

overall signal detected by the RGA mass analyzer. However, the small difference in monatomic 

hydrogen signal intensity with and without the resist film makes confirmation of this hypothesis 

challenging. 
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Figure 6.6. RGA spectra displaying the most intense fragments for (a): butyl (C3H7, solid), butenyl 

(C3H5, dashed), (b): methane (CH4, solid), methyl (CH3, dashed), (c): water (H2O, solid), hydroxyl 

(OH, dashed), (d): methanol (CH3OH (solid), methoxy (CH3O, dashed), (e): dimethyl ether 

(CH3OCH3, solid), methoxymethyl (CH3OCH2, dashed), and (f): hydrogen (H2, solid) and 

monatomic hydrogen (H, dashed). Insets show RGA spectra for the same masses when only the 

sample holder is irradiated. 
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Figure 6.7. RGA intensity comparison for resist irradiation byproducts with a resist film (blue, 

“Film”) and without a resist film (orange, “Sample Holder”). 

 

Quantum chemical calculations show that, for butyltin-oxo clusters, the highest occupied 

molecular orbital (HOMO) lies within the Sn-C bond.84 Upon EUV photon absorption, it is 

believed that an electron within these bonds can be excited to a triplet state, causing the 

spontaneous cleavage of the Sn-C bond and the release of a butyl group. In our case, the cleavage 

of the butyl-tin bond is induced by irradiating the resist with 90 eV electrons. Vibrational 

spectroscopy measurements taken after electron beam irradiation agree very well with a 

mechanism involving the cleavage of the butyl-tin bond. An intensity decrease associated with 

ν(Sn-C) at 573 cm-1 upon ebeam irradiation and increases in vibrations associated with Sn-O 
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bonding (674 and 710 cm-1) give a very basic view of the mechanism for SnOx formation. 

However, this process is much more complex, as the cluster functional groups (butyl, hydroxyl, 

methoxy) can react to form the desired insoluble tin oxide network. Vibrational spectra only tell 

us that the Sn-C bonds are broken, and that Sn-O oxygen bonds are formed, therefore direct 

detection of reaction byproducts is necessary and is used to back-calculate the mechanisms 

involved in the patterning process. By irradiating the resist at very low temperatures (-164 oC), 

vibrations associated with the higher boiling point byproducts were detected. This study has 

allowed for the detection of molecular water, demonstrating that pathway i is a viable avenue for 

the formation of Sn-O-Sn bonds through the condensation of Sn-OH groups created during 

irradiation. These results were corroborated by RGA data, showing that the byproducts of Sn-C 

bond cleavage are butane and butene, as expected, and that molecular water is formed during the 

irradiation step. Although pathway ii is not necessarily directly responsible for the formation of 

new Sn-O-Sn bonds, it presents itself as a means of understanding how resist functional groups 

not designed to participate in solubility switching mechanisms can potentially affect patterning 

properties. Cold irradiation studies and RGA measurements show that methane, methanol, 

dimethyl ether and (potentially) hydrogen are formed because of reactions occurring at bridging 

functional groups. The presence of methanol and dimethyl ether, both of which are not native to 

the cluster, can only be formed through the reaction of methane with water and/or hydroxyl groups. 

Water and hydroxyl groups are necessary for the formation of Sn-O-Sn linkages according to 

pathway i, and their reaction with methane presents a mechanism that is in direct competition with 

the primary avenue for switching solubility. This has the potential to impact the necessary dosage 
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for solubility switching, and until now has been overlooked, as most clusters contain only the 

photosensitive ligand and hydroxyl groups as functionalities.     

6.4 Thermal Treatment (Post-exposure Bake)  

In a real-world lithographic process, once the resist is exposed to EUV radiation, a post-exposure 

bake (PEB) step will typically follow to enhance the solubility switching. Therefore, thermally 

induced film chemistry needs to be understood to evaluate its impact in creating the insoluble SnOx 

network.

 

Figure 6.8. (Red, PEB_Diff) Differential FTIR spectrum of a Keggin film subjected to a PEB in 

air, referenced to the film after e-beam exposure. (Black, PEB) FTIR spectrum of a Keggin film 

subjected to a PEB in air, referenced to the initial SiO2 surface. 

 

After e-beam irradiation, Keggin films are annealed to 170 oC for 5 minutes in ambient air, after 

which FTIR spectra are taken. Figure 6.6 shows FTIR spectra taken after the PEB step, referenced 

to the as-irradiated film (red, PEB_Diff) and to the intial SiO2 surface (black, PEB) to evaluate the 

changes due to the annealing step and to view the state of the film. A quick view of the spectrum 
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shows that the thermal and e-beam induced chemistries are quite similar, however the intensity of 

thermally driven changes is much higher and shows preferential ligand removal.  

As with e-beam irradiated samples, upon annealing, there is a loss at 576 cm-1 [ν(Sn-C)], and 

positive absorptions at 635 [ν(Sn-O)] and 757 cm-1 [(ν(Sn-O-Sn)]. Qualitatively, these changes in 

Sn-C and Sn-O linkages match well with irradiation induced chemistry, as they result from the 

release of butyl, hydroxyl and methoxy related groups as discussed above. As can be seen in Figure 

6.8, the PEB step does aid in the creation of Sn-O bonds, even after the irradiation step. This is 

likely a result of either insufficient dosage or due to the finite penetration depth of 90 eV electrons 

within the resist film (IMFP = 0.48 nm through SnO2). Therefore, the desired patterning properties 

arising from solubility switching can in reality be tuned by balancing EUV exposure and the PEB 

step (time/temperature). Interestingly, there also seems to be a preferential removal of methoxy-

bound -CH3 groups, as seen in the spectrum labeled “PEB” of Figure 6.4. After annealing, the 

vibrations associated with the methoxy ligand (1050 and 2820 cm-1) are no longer detectable, 

pointing to their complete removal. For comparison, the overall loss in -OH is only ~60%, based 

on the integrated area for the OH stretch before and after the PEB step. The increased reactivity of 

the methoxy ligands agrees with the difference in BDE for methoxy vs. hydroxyl groups. However, 

it is conceivable that those methoxy ligands could react with atmospheric water and in turn form 

hydroxyl groups (with methane or methanol as the byproducts), effectively “decreasing” the 

perceived reactivity of the cluster hydroxyls. 

6.5 Conclusion 

In conclusion, the combination of vibrational spectroscopy with residual gas analysis has allowed 

us to propose a mechanism for the formation of Sn-O bonds during the patterning of butyltin-oxo 
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clusters, using electron beam irradiation as a proxy for EUV exposures. Experimental results point 

to the scission of the Sn-C bond upon irradiation, followed by the formation of Sn-O-Sn linkages 

through the condensation of Sn-OH groups produced during the process. A secondary mechanism 

involving bridging methoxy and hydroxyl groups can form methane and hydrogen upon 

irradiation. However, the formation of methanol and dimethyl ether during the irradiation process 

suggests that methyl groups can competitively react with water and hydroxyl groups, potentially 

affecting the dosage necessary for solubility switching. Upon thermal treatment of the resists in 

air, similar reactions occur. However, unlike the irradiation process, thermal treatment of the resist 

shows a preferential and complete removal of bridging methoxy groups, leaving behind butyl and 

hydroxyl ligands.  
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

 

 

Through several examples, this dissertation has illustrated the importance of interfacial 

characterization techniques for enabling materials growth, and for tuning materials properties. In 

Chapter 3, the inclusion of a sub-monolayer of aluminum has enabled the growth of ultra-thin 

Si3N4 films by low temperature atomic layer deposition. This method may prove useful as a 

guideline for future investigations and the integration of new ALD growth processes for Si3N4, a 

material that is vital in the fabrication of transistors. In Chapter 4, we have demonstrated that the 

optical response of ALD metal oxide encapsulated quantum dots is directly affected by the ability 

of the metal ALD precursor to react at the QD surface. By allowing the ALD precursors to react 

in the gas phase to form the metal oxide before depositing on the QD surface, we were able to 

preserve, and even enhance the photoluminescence intensity and lifetime of the QDs while 

successfully encapsulating them as well. This method can prove useful for designing controlled 

assembly of multilayered QD structures suitable for various optoelectronic applications. Plans are 

in motion to create a multilayered structure containing dots that emit at 590 nm (acceptor dots) 

and 545 nm (donor dots). In an analogous manner to the structure described in Chapter 4, the 

acceptor dots will be deposited first, followed by an Al2O3 passivation layer, and then finally the 

donor dots will be deposited last. With this structure, PL spectroscopy can be used to observe 

energy transfer between the donor and acceptor layers. This work will allow us to further 

understand how the CVD grown Al2O3 can affect energy transfer-based QD devices. In Chapter 

5, we have established a method to control the interface between a novel tin-oxo-cluster photoresist 

and a self-assembled monolayer terminated silicon surface. This yields a resist-substrate pair that 
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is capable of complete resist removal in the unexposed regions, while exhibiting patterning 

performance that exceeds the capability of other silicon surfaces. Future work in this area can 

include the use of different SAMs with variable alkyl chain lengths and/or head group 

functionalities. Finally, in Chapter 6, we have provided insight into the chemistry that occurs 

during the patterning and thermal treatment of the resist. This information is important in the 

development and implementation of EUV photoresists, as it provides an understanding of how the 

intra-cluster ligands can react during the patterning process. 
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