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A versatile home-made atomic layer deposition (ALD) reactor was designed and 

built in our lab. This reactor can be used to deposit metal oxides on both wafer 

substrates and porous inorganic particles. Also, a simple procedure for selective 

ALD has been developed for the processing of silicon wafers in order to facilitate 

the spatially resolved growth of thin solid films on their surfaces. Specifically, a 

combination of silylation and UV/ozonolysis was tested as a way to control the 

concentration of the surface hydroxo groups required for subsequent atomic layer 

deposition (ALD) of metals or oxides. Water contact angle measurements were used 
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to evaluate the hydrophilicity/hydrophobicity of the surface, a proxy for OH surface 

coverage, and to optimize the UV/ozonolysis treatment. Silylation with silanes was 

found to be an efficient way to block the hydroxo sites and to passivate the 

underlying surface, and UV/O3treatments were shown to effectively remove the 

silylation layer and to regain the surface reactivity. Both O3 and 185 nm UV 

radiation were determined necessary for the removal of the silylation layer, and 

additional 254 nm radiation was found to enhance the process. Attenuated total 

reflection-infrared absorption spectroscopy was employed to assess the success of 

the silylation and UV/O3 removal steps, and atomic force microscopy data provided 

evidence for the retention of the original smoothness of the surface. Selective 

growth of HfO2 films via TDMAHf + H2O ALD was seen only on the UV/O3 treated 

surfaces; total inhibition of the deposition was observed on the untreated silylated 

surfaces. We believe that the silylation-UV/O3 procedure advanced here could be 

easily implemented for the patterning of surfaces in many microelectronic 

applications. 
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Introduction and Overview 

1.1 Atomic Layer Deposition 

Atomic layer deposition (ALD) is an important thin film deposition technique used in 

microelectronic device fabrication for a variety of applications. ALD was first invented 

in 1977 to deposit zinc sulfide films, which was used in electroluminescent devices. It is 

now being exploited in the production of advanced microelectronics for high-k dielectric 

and metal films in transistor gate stacks and capacitors, Cu barrier/seed films, and a 

variety of gap layers and diffusion barriers for thin- film, magnetic head and non-volatile 

memory applications[1-4].  

 

ALD has several advantages over other traditional methods such as (metal organic) 

chemical vapor deposition ((MO) CVD) and physical vapor deposition (PVD). ALD 

processes have precise thin film thickness control at an atomic scale (Angstrom and 

monolayer), excellent step coverage (as high as 100:1) and conformal deposition on high 

aspect ratio structures.5-8 ALD processes also keep with the industry trend to move to 

lower thermal processing as most processes operate well below 400 °C. The ALD 

temperatures are typically much lower to those of conventional CVD processes, which 

are typically above 500 °C [9-11].  
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A scheme showing the reactions involved during ALD is displayed in Figure 1.1. The 

deposition process is conducted on a substrate with reactive surface moieties. The first 

precursor is introduced into the chamber and allowed to chemisorb on the substrate until 

the surface reaches saturation, and then the excess precursor is purged from the system. 

The second precursor is then introduced into the chamber and made to react with the 

adsorbed species on the substrate surface. Reaction byproducts and excess precursor are 

again removed from the chamber by using a purging gas (inert gas). At this time, the 

substrate surface is covered with a monolayer of the desired compound, and this 

represents one cycle in the ALD process. With these binary reactions repeated, thin 

films can be deposited and atomic-level thickness can be controlled.  

 

FIGURE 1.1 Schematic drawing for ALD process 



 

 

 

3 
 

The surface reaction mechanism requires ALD parameters (like temperature and reactor 

pressure) to be optimized to realize accurate thickness control and superior conformity. 

The reactor temperature is a very important parameter to control surface saturation. It 

determines the ALD reactions in two aspects: (1) provides the activation energy for the 

ALD reaction, and (2) helps desorb the excess reactants and by-products after the 

reaction. The optimal ALD process temperature window for monolayer coverage is 

defined in Figure 1.2. The ALD window is related to precursor dose and purging time. A 

sufficient dose of a thermally stable precursor is needed to achieve whole surface 

coverage. It should not decompose at the reactor temperature when it is delivered to the 

substrate surface. Usually ALD needs an overdose of the precursor to achieve full 

surface saturation. Control of the dose can be achieved by controlling the following 

parameters of the precursor: precursor flows, temperature and partial pressure, and the 

total reactor chamber pressure. 

 



 

 

 

4 
 

 

FIGURE 1.2 Illustration of the self-limiting nature of ALD process 

 

Figure 1.3 shows the ALD growth rate as a function of precursor pulse time. The ALD 

growth rate first increases linearly with precursor pulse time, but levels off after 

reaching saturation.  In comparison, CVD, or PVD show a constant growth rate with 

increasing dosing time. Hence, saturation curves can be used to determine if the process 

is self-limiting and confirm if it is an ALD process.  
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FIGURE 1.3  ALD growth rate in the function of precursor dose 

 

Besides temperature, the precursor selection is also a very important parameter to the 

whole ALD process. There are several properties an ALD precursor should have: (1)  

volatility but thermally stability so that it does not decompose during vaporization and 

deposition, (2) preferable solubility in an inert solvent or liquid at room temperature, (3) 

high reactivity to the other complementary reagents, (4) preferential reactivity towards 

the substrate and the growing film, (5) self- limiting reactivity with the substrate and the 

film surface, (6) ability to create volatile reaction byproducts and have optimal ligand 

size. It is essential that precursors are volatile but thermally stable so that they do not 

decompose during vaporization, and it is also preferable that they are soluble in an inert 

solvent in an inert solvent or liquid at room temperature. Furthermore, they must have 

preferential reactivity towards the substrate and the growing film. [1, 2] It is also 
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important that ALD precursors have self- limiting reactivity with the substrate and the 

film surface. The trend in precursor selection is now moving toward liquid 

organometallics, because they are easy to use and produce less harmful byproducts. 

Furthermore, ALD has a very high precursor utilization efficiency that often offsets the 

high cost of novel precursors. Typical precursor types used in ALD are shown in Figure 

1.4. With these precursors, many materials can be deposited by ALD process, such as (1) 

oxides, including dielectrics (AL2O3, TiO2, HfO2, ZrO2 and etc.), transparent conductors 

(In2O3, SnO2), semiconductors (ZnO, WO3, MnOx), superconductors (YBa2Cu3O7-x), 

and ternary oxides (LaNiO3 and LaMnO3);  (2) nitrides, including semiconductors and 

dielectrics (AlN, GaN, InN and SiNx) and metallic nitrides (TiN, Ti-Si-N, TaN, W2N 

and etc.);  (3) II-VI compounds (ZnS, ZnSe, CaS, CdS and etc.) (4) III-V compounds 

(GaAs, AlAs, GaP and etc.); (5) fluorides (CaF2, SrF2 and ZnF2); and (6) elements (Si, 

Ge, Cu, Ni, Mo, Ta, Ru and etc.) 
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FIGURE 1.4 Typical precursors used in ALD process 

1.2 Variations of ALD reactors 

There have been different types of ALD reactors developed since the technique has been 

invented. There are four main types: closed system chambers, open system chambers, 

semi-closed system chambers, and semi-open system chambers. And among the four 

kinds, the closed system chambers (Figure 1.5) are most commonly used[3, 4]. 
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FIGURE 1.5 Schematic drawing of closed system ALD chamber 

 

Many research labs build their own home-made ALD reactors (closed system chambers 

in most cases), but there are also some types used in industries, including (Figure 1.6): (a) 

Showerhead-type single wafer ALD reactor; (b) batch ALD reactor; (c) in- line spatial 

ALD reactor (designed by SoLayTec); (d) in- line spatial ALD reactor (designed by 

Levitech); (e) roll- to-roll ALD reactor (designed by Lotus Applied Technology); (f) roll-

to-roll ALD reactor (designed by Beneq)[5]. 
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FIGURE 1.6 Different types of ALD reactor used in industries (a-f) (This figure is 
reproduced/adapted with permission from Ref. 5, Copyright 2012, Semiconductor Science and 
Technology, IOPscience) 
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1.3 ALD Applications 

Based on the advantages discussed above, atomic layer deposition technique has been 

widely used for microelectronics, photovoltaics, and biomedical applications [6, 7]. 

 

In microelectronics, ALD has been used to deposit high-k gate oxides, high-k dielectrics, 

ferroelectrics, and metal or nitride interconnects. In high-k gate oxides and high-k 

dielectrics, it is essential to control the ultrathin film growth. The most commonly seen 

high-k oxides are Al2O3, ZrO2, and HfO2. The motivation for the choice of these oxides 

comes from the tunneling problem of high current through the commonly used SiO2 gate 

dielectrics in metal-oxide-semiconductor field-effect transistors (MOSFETs) when they 

are downscaled to a thickness of 1.0 nm and below[8, 9]. With high-k oxides, a thicker 

gate dielectric can be deposited for the required capacitance density, thus the tunneling 

current can be reduced through the structure. In ferroelectrics, ALD are used to deposit 

the ferroelectric layers in the metal- ferroelectric- insulator-silicon (MFIS) structure of 

ferroelectric memory field effect transistors (FEMFETs), using materials that include 

SrBi2Ta2O9 (SBT)[10, 11] and Bi3.25La0.75Ti3O12 (BLT)[12, 13]. They are used to replace 

lead-zirconate-titanate (PZT) as the ferroelectric layer in the MFIS structure, since it is 

difficult to apply sufficient voltage to the PZT layer because its dielectric constant is 

much higher than that of SiO2.  With metals and nitrides, the use of ALD includes: (1) 

noble metals for ferroelectric random access memory (FRAM) and DRAM capacitor 

electrodes[14, 15]; (2) Cu interconnects and/or Cu seed layers for Cu electrodeposition 

and tungsten seeds for tungsten CVD[16-19]; (3) metal nitrides, used as metal barriers 
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and as gate metals (e.g. titanium nitride, tantalum nitride, tungsten nitride)[20, 21]. 

Metal barriers are used in Cu-based chips to avoid Cu diffusion into the surrounding 

materials such as insulators and the silicon substrate. Also, these barriers prevent Cu 

from contamination by elements diffusing from the insulators. The metal barriers have 

strict demands: they are supposed to be pure, dense, conductive, conformal, thin, and to 

have good adhesion towards metals and insulators.  

 

In photovoltaics, ALD is used in depositing surface passivation layers for c-Si solar 

cells[22], buffer layers for CI(G)S solar cells[23], encapsulation of CIGS and OPV solar 

cells[24, 25], barrier layers for dye-sensitized solar cells (DSSCs) [26-29], and 

nanostructured solar cells[30, 31]. In the c-Si solar cell industry, reducing the cell 

thickness and improving its efficiency are two approaches to achieve the reduction of 

the cost per watt peak. It is very important to reduce the electronic losses at the c-Si 

surface. This can be achieved by using effective surface passivation layers, deposited by 

ALD, in both front and backside of the solar cells.  In CIGS solar cells, the buffer layers, 

which ensure good interfacial properties between CIGS absorber and ZnO window layer, 

are usually less than 100 nm thick. ALD can achieve a precise thickness control of this 

layer needed to prevent the solar cell from a low open circuit voltage and poor efficiency, 

due to the negative conduction band offset at the CIGS and ZnO interface [23]. In 

encapsulation of flexible CIGS and OPV solar cells, robust, transparent and flexible 

materials are needed. ALD can produce pinhole-free flexible films at low temperatures, 

and have many advantages compared to traditional encapsulating material-glasses.   In 



 

 

 

12 
 

DSSCs, a barrier layer deposited by ALD can suppress the recombination of charge 

carriers at the interface of the photoanode and the dye or electrolyte. 

 

In biomedical application, ALD applications include modifying nanoporous particles 

and membranes, and fabricating thin biocompatible coatings. Due to the low-

temperature deposition advantage, ALD is also a possible manufacturing process for 

flexible organic field-effect transistors (OFETs).[32] ALD has been used to modify the 

surface of nanoporous materials, which are emerging throughout the biomedical industry 

in drug delivery and tissue engineering. TiO2 ALD has been used to fabricate the 

materials used in optical waveguide sensors as diagnostic tools.[33] Also, unlike many 

other methods, the saturation and self- limiting nature of the ALD reactions means that 

even deeply embedded surfaces and interfaces are coated with a uniform film. 

Nanoporous surfaces can have their pore size reduced further in the ALD process 

because the conformal coating completely coats the inside of the pores and decreases the 

pore diameter by increasing ALD cycles. This accurate pore size controllability can be 

used in many applications.[34]  

1.4 Selective ALD 

With all the advantages mentioned above, ALD is able to meet the needs of industry in 

many applications. Hence, ALD has wide applications in semiconductor industry, 

including depositing high dielectric constant gate oxides in MOSFET structures and for 

metal diffusion barriers in backend processes. In addition, ALD has met the challenging 

requirement of miniaturization in the semiconductor industry, which needs atomic level 
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scale fabrication methods with high aspect structures. It also has been used for low 

electron leakage dielectrics for magnetic read/write heads and for diffusion barrier 

coatings with low gas permeability. 

 

Many ALD processes are very sensitive to substrate surface conditions. As a result, 

functional groups on substrate surfaces can be manipulated before the ALD process, and 

with that, selective film deposition can be achieved on specific areas of devices. Area-

selective ALD is an additive process, compared to other conventional subtractive-

patterning strategies. This is because in area-selective ALD, the targeted material is 

deposited only where needed. Many substrate surfaces (SiO2 or Si, for example) have 

little selectivity toward most ALD precursors, hence the need to utilize modifiers such as 

silanes to achieve surface modification for selective deposition. Organic monolayers 

provide the ability to tune the reactivity between ALD precursors and the surface by 

changing key functional groups. The organic monolayers can block the active sites (-OH, 

etc.) at the underlying substrate, or can create more nucleation sites (-OH, etc) on 

surfaces as activator (multiplier). Structures achieved by selective ALD are not 

determined by the resolution of the lithography, but by a difference in chemistry of the 

precursor as a function of the surface of the substrate. 
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ALD reactor design and building 

2.1 Assembly of the ALD reactor 

We built a home-made ALD reactor in our laboratory to achieve specific requirements 

for our applications. Figure 2.1 shows the overview of the main structure of the ALD 

reactor. The chamber of the ALD reactor consists of a six-way cross. The up-face is 

connected to a viewport which affords the viewing of the inside the chamber during 

experiments. The bottom face of the six-way cross is connect to a cross male union, of 

which one end is connected to a molecular sieve trap and then to a mechanical pump; the 

other two ends are connected to other faces of the chamber for gas delivering. The front 

face of the chamber is connected with a sample holder.  The back face of the chamber is 

connected to a pressure gauge and then to a pressure meter, which can detect the 

pressure inside the chamber. Under vacuum, the chamber could reach background a 

pressure of approximately 0 mTorr.  All of these components may be seen more clearly 

in vertical view of the chamber model in Figure 2.2.  

Nitrogen gas is introduced from the top through a gas line and then diverged into two 

lines, each one on one side of the chamber. On each side of the chamber, the gas line 

diverges into two parts again: one going through Valves 1 and 5 for purging the chamber 

with nitrogen gas flow, and the other directed through Valve 3 and 7 for bubbling of the 

metalorganic precursor.  

During experiments, heating tapes are wrapped all over the chamber and the gas line 

to make this ALD chamber a warm-wall reactor. The sample holder is also heated, to 
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135 oC, up by using a heating wire in the feedthrough. All the heating tapes are 

controlled by one thermal controller and one variable transformer; and the heating 

system built in the sample holder is controlled by another thermal and variable 

transformer.  

 

FIGURE 2.1 SolidWorks model of the home built ALD 
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One cycle of the ALD process is operated as follows (Al2O3 ALD deposition is 

discussed here as an example):  

(1) Tetramethyl aluminum (TMA), the precursor used for Al2O3 ALD, is loaded in a 

glass tube and connected to Valve 3. Valve 4 is turned open, and then Valve 3 is opened 

as well. Then Valve 2 is opened gradually until reaching a pressure at 150 mTorr in the 

chamber, and that pressure is then held constant for 120 seconds. At this point the TMA 

precursor is bubbled into the chamber. Then, Valve 2, then Valve 3, are closed.  

(2) Valve 1 is gradually open to make the chamber pressure reach 1000 mtorr, and that 

pressure is kept for 5 minutes. Then Valves 1 and 4 are closed. This step is performed to 

purge the chamber and gas line with pure nitrogen gas to get rid of any excess precursor 

vapor in the system.  

(3) Deionized water (DI water, the second reactant) is loaded on the glass tube 

connected to Valve 7. Valve 8, then Valve 7, is opened. Valve 6 is then opened 

gradually to reach a gas pressure of 200 mtorr for 120 seconds. Valve 6 is closed first, 

and then Valve 7. This step is performed to bubble water vapor, used as the second 

reactant, into the chamber.   

(4)  Valve 5 is opened gradually to make the chamber pressure reach 1000 mtorr, and 

then that pressure is held for 10 minutes. Valves 5 and 8 are closed. This step is designg 

to purge the chamber and gas line with pure nitrogen gas to get rid of any excess water 

vapor in the system.  
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These ALD cycles can be repeated by repeating the procedure (1) to (4) listed above.  

 

 

FIGURE 2.2 Vertical View of the ALD chamber 

Figure 2.3 The ALD reactor in our laboratory. During experiments, all the lines for gas 

and precursor delivery are wrapped with heating tape and foil to keep the delivering 

lines warm to avoid condensation. This is a warm-wall reactor design. 
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FIGURE 2.3 Overview of the reactor 

Figure 2.4 provides an image of the sample holder, which is based on the use of a 

commercial electrical feedthrough. One end of the feedthrough is a solid flange, in the 

center of which there are two electrode and two thermocouple connectors. The 

thermocouple has wires welded under the sample holder for the detection of the 
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temperature of the sample holder (the same as the temperature of the sample during 

experiments). The two electrical electrodes are connected to the variable transformer to 

provide current for resistive heating of the sample holder.  

FIGURE 2.4 Sample holder of the ALD reactor  

 

2.2 Application of the home-made ALD reactor 

This ALD reactor has been used by several colleagues in our group to perform ALD 

on mesoporous silica for pore size controlling. It has been used in several projects, 

including one for tuning selectivity of catalysts via regulation of pore size in porous 

silica (by Dr. Zhihuan Weng), and another to control drug release via pore size control 

(by Dr. Zhihui Chen). Figure 2.5 shows data from Dr. Zhihuan Weng experiments. 

The left figure displays the N2 adsorption on ALD-Al2O3-x-SBA-15 samples, 

obtained after different ALD cycles x, from 0 to 5. The right panel of the figure shows 

the pore diameter of the SBA-15 calculated from the raw adsorption data. It can be 

seen that the pore diameter decreased with increasing number of ALD cycles. This 
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data indicate that our ALD reactor has successful in controll ing the pore size of 

mesoporous materials.  

 

FIGURE 2.5  N2 adsorption on ALD-Al2O3-x-SBA-15 after x=0 to 5 ALD cycles (left); Right 
panel: Pore diameter calculated from the raw adsorption shown on the left left. (Reproduced 

from work by Dr. Zhihuan Weng) 
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Selective ALD on silicon surfaces by combining silylation and 
UV/Ozonolysis 

3.1  surface modification with silanes 

3.1.1 Introduction 

Silanes are silicon compounds that react with inorganic solid substrates such as glass, 

silicon oxide or germanium, and are used to change the surface properties of those solids. 

After reaction, they form stable covalent bonds and lead to an organic substitution that 

changes the physical properties of the treated solid substrate, including: 

hydrophobicity/hydropholicity, dielectric constant, absorption, and charge conduction. 

The silanes used for these purposes are different from those used as coupling agents in 

adhesive applications. All the silanes mentioned here are non-functional silanes, that is, 

they can modify the surface without imparting reactivity.  The applications of these 

silanes include uses for: water-repellents, anti-stiction coatings for MEMs, fillers for 

composites, pigment dispersants, dielectric and anti- fog coatings, self-assembled 

monolayers, nanoparticle synthesis, and mineral surface treatments. In the next section, 

more information on hydrophobic and hydrophilic silanes will be introduced. 
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3.1.2  Self-assembled monolayers (SAMs) on metal and oxide surfaces 

Silanes can form organic monolayers on solid substrates, and these layers can provide 

the ability to tune the reactivity between ALD precursors and the surface by changing 

key functional groups on surface. People usually refer to silane monolayers on substrate 

surfaces as “Self-assembled monolayers (SAMs)”. Although this may not be entirely 

appropriate, we will nevertheless describe those layers as “SAMs” here for convenience.  

There are two main types of SAMs on solids, on metals and on oxides[35]. 

 

For SAMs on metals, the most extensively investigated types are alkanethiols on 

platinum[36], gold[37, 38] and copper[39, 40]. It is easy to deposit thin SAMs films on 

Au as well, and to pattern those with chemical etchants or conventional lithographic 

tools; hence this is perhaps the most commonly used procedure for patterning. Also, Au 

is inert to oxidation. The most commonly used method for SAMs formation is to 

immerse the substrate in a dilute solution of the target thiol for over 12 hours at the room 

temperature. Long immersion times are required because of the slow reorganization 

processes that take place during film growth [41]. It is very important to choose 

appropriate conditions such as solvent, solution concentration, temperature, and 

immersion time to optimize the structure of resulting SAMs [42, 43].  Alkane thoil and 

dithiol molecular structures are used on Au for electronic applications (Figure 3.1) 

because they form dense-pack and well-ordered domains. Other thoils based on 

oligophenylenes (OPs), oligo(phenyleneethynylenes) (OPEs), and oligo 

(phenylenevinylenes) (OPVs) are also used on Au. The labile thiocatyle or disulfide 
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functional groups are sometimes used for substrate chemisorption instead of the R–SH 

group. SAMs formed from these toils have different functionalities, including 

terthiophenes,[44-46] tetracyanoquinodi-methane,[47] and azo-groups.[48, 49] 

 

 

 

 

 

 

 

 

FIGURE 3.1 Examples of the types of molecular structures used to make SAMs on Au for 
electronic applications. A) Mono(di)thiols, and molecular wires (OPE). (B) Molecular wires 
from azo compounds. (This figure is adapted with permission from Ref. 35, Copyright 2009, 
Advanced Materials, Wiley) 
 

For SAMs on oxides, organosilane precursors (RSiX3, X= Cl, OMe and OEt) are used. 

Those need hydroxylated surface (oxide surface) to start the deposition reaction.   With 

SiO2 surfaces, for example, the driving force for self-assembly is the in situ formation of 

siloxanes, which connects the silane to the surface silanol groups (such as -Si-OH) via 

very strong Si-O-Si bonds. The underlying siloxane network as well as interchain 

interactions and reaction temperature determine the order and packing of the 

chemisorbed silanes, because of the amorphous substrate surface[50]. In particular, 

silanes like hexamethyldisilazane (HMDS) can be deposited on surfaces by exposure to 

the silane vapor at room temperature, or by heating or under vacuum[51].  Usually, this 
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type of silanes has short chain lengths and high vapor pressures. Figure 3.2 shows the 

structures of silane precursors used commonly for the formation of SAMs on oxides.  

They include simple alkane chains such as octyltrichlorosilane (OTS) and 

octadecyltrichlorosilane (ODTS), hexamethyldisilizane (HMDS), and other types of 

functionalized molecules. There are also other types of materials like n-alkanoic acids 

(carboxylic end groups) and phosphonic acids that can bind to a variety of oxides 

surfaces and form similar SAMs as thoils on Au[52].    

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3.2 Examples of molecular structures used for self-assembly on oxide surfaces: silanes 
and carboxylic acids and phosphonic acids. (This figure is adapted with permission from Ref. 35, 
Copyright 2009, Advanced Materials, Wiley) 
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3.1.3 Hydrophobicity,  hydrophilicity, and contact angle 

Hydrophobicity and hydrophilicity are used to describe the interaction of water with 

surfaces.  Hydrophilicity means that a surface tends to adsorb water or easily get wetted 

without forming a droplet on the surface. It indicates that the forces between water and 

the surface are stronger than the forces within the solid and the liquid water. 

Hydrophobicity, by contrast, refers to the case where the surface behaves in the opposite 

way. Both hydrophilicity and hydrophobicity are determined by the interaction of the 

boundary layer of a solid phase with a liquid and vapor phase.  Contact angles are 

usually used to quantify the wettability of a solid surface by a liquid, and quantified via 

the Young equation. Figure 3.3 shows the contact angle Ɵ formed in the interphase 

between vapor, liquid and solid phases. Water forms a standing droplet on a 

hydrophobic surface and the contact angle increases with surface hydrophobicity. If the 

contact angle is larger than 80o, the surface is considered as hydrophobic, whereas if the 

contact angle of the droplet is less than 30o, the surface is consider as hydrophilic. 

 

FIGURE 3.3 Illustration of the contact angle formed at the interphase of among liquid, vapor 
and solid phases. (Acknowledgement: This figure is drawn by Lei Guo, however adapted from 
the figure in Wikipedia: http://en.wikipedia.org/wiki/Contact_angle) 
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3.1.4 Surface modification by silanes 

As shown above, most organosilanes have one organic substituent and three 

hydrolysable substituents. The alkoxy groups of the trialkoxysilanes are hydrolyzed to 

form silanol-containing species in most surface treatment applications. There are four 

main steps in the silane reactions. The first step is the hydrolysis of the three labile 

groups. The following process is condensation to form oligomers. Then, oligomers 

hydrogen-bond with OH groups on the substrate, and finally, the substrate surface forms 

a covalent linkage, with a concomitant loss of water. Here all the steps are described 

sequentially, but these reactions can take place simultaneously after the first hydrolysis 

step. There is usually only one bond from by each silicon atom of the organic silane to 

the substrate surface at the interface, and the two remaining silane groups are present 

either in condensed or free form.  The R group of the silane remains available for 

covalent reaction or physical interaction with other phases.  

 

There are several factors contributing to the ability of an organic silane to from a 

hydrophobic surface, including the extent of surface coverage, the organic substitution, 

residual unreacted groups, and the distribution of the silanes on the surface.  Their 

hydrophobic entities of silanes, including aliphatic hydrocarbon substituents or 

fluorinated hydrocarbon substituents, enable them to induce surface hydrophobicity. The 

organic substitution of the silane must be non-polar in order to generate a hydrophobic 

surface. The free energy of transfer of hydrocarbon molecules from an aqueous phase to 

a homogeneous hydrocarbon phase can be related to the hydrophobic effect of the 



 

 

 

27 
 

organic substitution.  Van der Waals interactions are predominant factors in interactions 

with water for non-polar entities. Such interactions compete with hydrogen bonding in 

the ordering of water molecules. Van der Waals interactions in solid surfaces are 

primarily related to the instantaneous polarizability of the solid, and are proportional to 

the dielectric constant or permittivity at the primary UV absorption frequency and the 

refractive index of the solid.  Entities with sterically closed structures that minimize van 

der Waals contact are more hydrophobic than open structures that allow van der Waals 

contact.  Hence, polypropylene and polytetrafluoroethylene are more hydrophobic than 

polyethylene.  Similarly, methyl-substituted alkylsilanes and fluorinated alkylsilanes 

provide better hydrophobic surface treatments than liner alkyl silanes.  

 

3.1.5 Different methods for SAMs fabrication 

SAMs can be applied to substrates by a variety of methods, such as bulk solution 

deposition, microcontact printing, and vapor phase deposition.  

 

Bulk solution deposition is one of the most common SAMs deposition methods.  It is 

also one of the cheapest methods, as it does not depend on expensive equipment and it 

can be employed for large area batch processing or continuous deposition. It can yield 

stable, adherent, uniform and hard films with good reproducibility.  The growth of SAMs 

strongly depends on growth conditions, such as the duration of the deposition, the silane 

percentage in the toluene solution, the temperature of the solution, and the chemical 

nature of the substrate. 
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Microcontact printing (or μCP) has been utilized to fabricate SAMs in a dry glove box to 

control humidity [53-56]. Microcontact printing is a form of soft lithography that uses 

the relief patterns on a master polydimethylsiloxane (PDMS) stamp to form SAMs 

patterns of ink on the surface of a substrate through conformal contact as in the case of 

nanotransfer printing (nTP). Several advantages derive from this method, including: (1) 

it creates patterns with micro-scale features simply and easily; (2) multiple stamps can 

be created from a single master; (3) it is performed in a glove box, without the need for 

constant use of a cleanroom (a cleanroom is only needed for master fabrication) (4) it is 

cheap and uses less energy than conventional techniques. However, the cost is somewhat 

higher that the bulk phase solution method.  The contact angles of SAMs fabricated by 

this method are almost the same of those obtained by the solution phase method[57].   

 

In addition, SAMs can also be fabricated by vapor phase deposition [58-62]. Vapor 

phase processes have advantages over other SAMs fabrication method, including less 

precursor consumption and reduction of the aggregation of the precursor molecules 

before deposition on the substrate surface [63, 64].  It is so interesting that vapor-phase-

developed SAMs show similar behavior as the solution-prepared SAMs, with the same 

properties in terms of contact angle and ALD blocking efficiency[65]. A sample made 

by dilute solution of a ODTS precursor in a toluene solvent  at room temperature with 

the liquid phase method displayed the same properties as another made by the vapor 

http://en.wikipedia.org/wiki/Soft_lithography
http://en.wikipedia.org/wiki/PDMS_stamp
http://en.wikipedia.org/wiki/Substrate_(printing)
http://en.wikipedia.org/wiki/Nanotransfer_printing
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method carried out in the absence of solvent at significantly higher substrate and gas 

temperatures, 170 °C[57].   

 

In this dissertation, the bulk solution deposition method is utilized for SAMs formation 

on silicon (100) and other related semiconductor substrates. 

 

3.2 UV/Ozone treatment 

3.2.1 Introduction 

With microelectronic manufacturing technology developing in recent decades, 

conventional surface cleaning methods cannot meet the industrial requirement. Hence, 

several new cleaning methods have been developed. There are two main types of 

cleaning techniques used currently: dry and wet. Wet cleaning usually refers to 

processes involving hydrofluoric acid solutions. Dry cleaning includes (1) plasma 

cleaning; (2) laser and X-ray cleaning, via thermal action; (3) ion milling cleaning, via 

surface etching; and (4) ultraviolet (UV)/ozone treatments.   

In general, contaminants are classified into two types: organic and inorganic. Organic 

contaminants include vacuum-pump oil, machine oil, human sebum, and carbon thin 

films formed by vacuum deposition. 

The ability of ultraviolet light to decompose organic molecules has been known for a 

long time. However, it is only during past decades that people have started to explore 

UV cleaning of solid surfaces. The light absorbed can only be effective in producing 
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photochemical changes, so the wavelengths emitted by the UV sources are a very 

important variable parameter in this process.  

 

3.2.2 Mechanism 

The mechanism of UV/ozone cleaning is presented below (and also in Figure 3.4 Figure 

10). Usually, low-pressure mercury UV light tubes generate light at two main 

wavelengths, 184.9 and 253.7 nm [66]. The 184.9nm wavelength is important because 

oxygen adsorbs this UV light to produce single oxygen atoms, and those recombine with 

oxygen molecules to form ozone (O3). 

 

253.7 nm UV light irradiated on ozone lead it to decompose. Atomic oxygen, formed 

during the formation and decomposition of ozone, is a strong oxidant. If organic 

contaminants are also irradiated by ultraviolet, that causes photolysis and generates by 

product in the forms of ions, free radicals, excited molecules, or neutral molecules. 
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FIGURE 3.4 Schematic for the UV/ozone treatments on solid surfaces. 

3.2.3 Application of UV/ozone cleaning 

In the manufacturing of crystal oscillators, UV/ozone cleaning is popular as a way to 

remove the surface contamination that affects the performance of the oscillators. The 

adsorption and desorption of monolayer contamination on surfaces cause an increase in 

frequency; therefore, contaminants at one or less than monolayer need to be removed. 

And UV/ozone cleaning satisfies this requirement.  

UV/ozone has also been employed to clean oxide metal films of metals such as Zr, Hf 

and Al.  Metal oxides such as zirconia and hafnia are being investigated as new 

materials for applications as gate dielectrics in future complementary metal-oxide-

semiconductor devices. In this research, it has been found that the oxidation kinetics of 

the metals increases significantly in the presence of UV light[67]. 

UV Lamp 
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In addition, cleaning has high effectiveness in removing organic contaminations from 

gold surfaces. It can significantly decrease the temperature dependency of thermo-

compression wire bonding.  Therefore, this cleaning method is used in improving the 

reliability of wire bonding at low temperatures. UV/ozone cleaning may also be used in 

surface treatments prior to coating, plating or vaporization, in the modification of 

polymer surfaces, and in the peeling and etching of photoresist thin films. 

 

3.3 Selective ALD Processes 

In this chapter, a new selective ALD approach is introduced to pattern silicon surfaces 

for thin film deposition [68]. This method combines an initial surface passivation step by 

silylation of the substrate surface with UV/ozonolysis for the selective removal of the 

silane agent. Both silylation and UV/ozonolysis are individually well known processes. 

Silylation is used for surface passivation or acitivation [69-72], the addition of 

hydrophobicity or hydrophilicity [73, 74], or in general for surface derivatization [75, 

76].   UV/ozonolysis is used for activation of organic layers  [77, 78], surface cleaning 

[79-82], CVD or ALD precursors [83-85] and surface oxidation[86]. However, to the 

best of our knowledge, the combination of the two steps in the way described here for 

selective ALD has not been discussed in past literature.  

Our selective ALD procedure consists of three steps, as shown in Figure 3.5.  The first is 

the introduction of hydrophobicity to oxide-terminated silicon substrates to block all 

hydroxide surface groups by silylation. These hydroxide surface groups are believed to 
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provide reaction sites for most ALD processes [87-89].  The second step is the spatially 

resolved removal of the silylation agent selectively by a combination of UV radiation 

and ozonolysis. This step is designed to re-expose the hydroxide surface groups. The 

final step is an ALD process to build up the desirable thin films, with spatial resolution 

given by the differential in reactivity between the silylated and UV/ozone-reactivated 

areas of the surface.  The main parameters to tune and optimize this procedure are 

identified below, and the effectiveness of our protocol is evaluated for the selective thin 

film growth by ALD.  

 

FIGURE 3.5 Selective atomic layer deposition (ALD) scheme developed in this chapter. The Si 
(100) substrate is first silylated with hydrophobic silanes to block all surface OH functional 
groups. The following step is the selective removal of the resulting organic layer using a 
combination of UV radiation and ozonolysis. Subsequent ALD occurs preferentially at the 
surfaces treated with the UV-ozonolysis procedure. (This figure is reproduced with permission 
from Ref. 68, Copyright 2014, Nanotechnology, IOPscience) 
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3.4 Experimental details  

3.4.1 Sample preparation 

The Si(100) wafers (Si-Tech) were cut into 1 x 1 cm2 pieces and treated following a 

RCA cleaning before silylation.   

RCA cleaning[90] involves the following steps:   

(1) Nanostripper (NS) treatment with a mixture of sulfuric acid (H2SO4) (EMD Milipore, 

98%): hydrogen peroxide (H2O2) (Fisher Scientific, Certified ACS, 30% in water) =  

3:1(by volume) solution for 10 min (or 1 min in some of the experiments in Figure x), 

followed by washing with Milli-Q water for 15 mins; 

(2) Oxide removal with a mixture of hydrofluoric acid (EMD Milipore, 48% in water) 

(HF):H2O= 1:20 solution (by volume) for 1 min, followed by washing with water for 5  

mins;  

(3) Special cleaning 1 (SC1) treatment with a mixture made out of 20 ml Milli-Q water, 

5 ml H2O2, and 5 ml 30 wt% NaOH solution, T = 80°C, 10 min; followed by washing 

with water for 5 mins;  

(4) Special cleaning 2 (SC2) treatment with a mixture made out of 20 ml Milli-Q water, 

5 ml H2O2, and 5 ml 12% HCl solution (Fisher Scientific, 37w/w% in water), T = 80°C, 

10 min; followed by washing with water for 5mins; 

(5) Rinsing with Milli-Q water and drying in N2 flow. 

 

Then, the Si(100) samples were soaked in different silylation solutions with different 

silylation conditions, as listed below:  
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(1) Hexamethyldisilazane (HMDS, Sigma-Aldrich, 99.9% purity) silyaltion: immersion 

in pure HMDS, dry N2 environment, T = 112°C, 24 hours; 

(2) Trichloro(octadecyl)silane (ODTS, Sigma-Aldrich, ≥90%) silyaltion: immersion in 

10 mM ODTS solution in toluene (Macron Chemicals, HPLC grade, 99.5%), dry N2 

environment, room temperature, 48 hours; 

(3) Trimethylchlorosilane (TMCS, Aldrich-Sigma, ≥99%) silyaltion: immersion in 5 vol% 

TMCS solution in toluene, dry N2 environment, room temperature, 24 hours. 

After silylation, Si samples were taken out and rinsed with toluene and acetone (Sigma-

Aldrich, 99.5%) separately and dry with N2 flow. 

 

UV/ozonolysis: This step was designed to make a half-half pattern of the silane on the 

Si surface. The instrument used for the UV radiation was a Spectrolinker XL-1500 UV 

crosslinker equipped with both its original λ (wavelength) = 254 nm lamp and an 

additional λ = 185 nm source. The UV power was set to 10,000 μW/cm2, and UV/O3 

exposures of 900s and 1500 s were used for HMDS and ODTS silylated samples, 

respectively. A homemade Al mold was used to cover half of the the Si wafers in order 

to directly compare the behavior of samples exposed to ozone alone versus ozone plus 

UV radiation. Figure 3.6 shows the details of the Al mold and how the silylated Si 

wafers were made into pattern with the Al mold. The grey rectangular block in that 

diagram stands for the Al mold and the black one for the Si wafers.  The wafer thickness 

was 0.55 mm, and the height of the inside mold was 0.56 mm. This means that our mold 

was placed close to the wafer surface without touching it. The UV radiation was blocked 
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by this mold; however the ozone produced could still disperse into the space between the 

mold and the covered substrate wafer. 

 

FIGURE 3.6  Al mold used in the UV/ozonolysis procedure for patterning the substrate surfaces. 

(a) is the vertical view of the UV/ozonolysis arrangement. The silane-covered Si wafer was half 

inserted underneath the Al mold, which means that half of the silane-covered Si wafer was 

exposed in UV radiation while the other was protected by the Al mold. (b) Side view.  (c) 

Techinical drawing of the Al mold. All the sizes reported here are in mm. 

 

HfO2 ALD : Atomic layer depositions (ALD) of HfO2 thin films were carried out by 

using a commercial Savannah, Ultratech/Cambridge Nanotech instrument. The ALD 
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cycles were set for sequential exposures to the TDMAHf (TDMAHf, [(CH3)2N]4Hf, 

Sigma-Aldrich, 99%) and water precursors, with dry N2 purging in between. The time 

sequence of the exposure to the TDMAHf precursor and nitrogen gas purging is: 

TDMAHf/N2/H2O/N2=0.25s/25s/0.025s/25s. The chamber temperature was set to 110° 

and 250° C. The TDMAHf precursor was kept at 75°C and delivered using a bubbler 

(the gas lines were kept at 115°C to avoid condensation), and N2 was used as a 

continuous carrier gas, at a rate of 20 sccm. The sample was loaded in the center of the 

chamber.  

 

3.4.2 Characterization 

ATR-IR Absorption Spectroscopy: Attenuated total reflection (ATR) infrared 

absorption spectra were acquired by using a Tensor 27 Bruker FTIR spectrometer with a 

deuterated triglycine sulfate (DTGS) detector and a commercial Harrick Scientific 

horizontal reflection Ge attenuated total reflection semispherical accessory (GATR, 65° 

incidence angle). All spectra were taken by averaging 1024 scans taken at 4 cm-1. The 

spectra of the treated Si(100) samples were reference to similar spectra obtained for the 

clean, non-derivatized, Si(100) surface.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

 

Water Contact Angles: A Kruss Easy Drop instrument was used to measure the contact 

angle of the water droplets on the top of the surface of the samples. Contact angles were 

calculated with an accuracy of 0.1° by the instrument's software. However, an overall 

measurement error of ± 3° was estimated by averaging six to twelve measurements with 
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different samples. These samples were prepared from the starting Si(100) wafers to 

include any errors introduced in the preparation procedure. 

 

XPS: X-ray photoelectron spectroscopy (XPS) was used to monitor the deposition of 

HfO2. A Kratos analytical AXIS instrument was used, equipped with a 165-mm mean 

radius semihemispherical electron energy analyzer and a 120-element delay line detector. 

A monochromatized Al-anode X-ray gun was used as the excitation source. An electron 

flood source was used as needed to compensate for sample charging. The Hf 4f and Si 

2p data were acquired using spectrometer constant pass energy of 20 eV, 0.1 eV energy 

steps, and a 200 ms dwell time. Film thicknesses were estimated by using a 

homogeneous layer model and exponential signal decay versus film thickness, using 

reported electron inelastic mean free paths. 

  

 AFM: Surface roughness was estimated by using atomic force microscopy (AFM). A 

Nanoscope IIIa Digital Instrument was employed for the measurement. The 

measurement was carried out in tapping mode, using n-type silicon tips. Scanning was 

carried out at a rate of 1 Hz, typically over an area of 5 x 5 μm2 but also over smaller 1 x 

1 μm2 when higher magnification was required. Surface roughness was estimated by 

calculating the root-mean-square (RMS) variation in height over the entire area scanned. 
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Ellipsometry: Film thicknesses were also estimated by using a commercial Horiba 

Jobin Yvon Uvisel M200 instrument equipped with a 75 W Xenon lamp, with a 120 - 

2200 nm spectral range. 

 

SEM: Scanning electron microscopy (SEM) was employed to carry out further surface 

characterization. A Nova NanoSEM450 instrument with an in- lens SE/BSE detector 

(TLD) was used. The measurement was operated at electron energy of 5 kV. Atomic 

composition was determined by using an integrated energy dispersive X-ray 

microanalysis (EDX) system from Oxford Instruments, which was attached to the SEM 

chamber. 

 

3.5 Results and discussion 

Infrared absorption spectroscopy was employed to follow the  evolution  of  the  surface  

of  the  Si(100)  wafers  after  the  silylation  and  O3/UV  ozonolysis steps. Figure 3.7 

shows key ATR-IR traces. They were obtained after each of those steps for the case of 

surface derivatization using HMDS.  After the HMDS treatment, silylation becomes 

evident by the development of a peak at 1257 cm-1. This is due to the symmetric  

deformation  of  the  methyl  group in the  newly formed  Si–CH3 surface  species (blue 

trace, second from bottom).59 This feature  is  obviously identifiable  by its clear  

broadening  and shift  upon  silylation, though it does overlap with the SiO2 LO mode at 

1251 cm-1.[91]  In addition,  the  reaction  of  the  HMDS  with  the  surface  is  

indicated  by  the  disappearance  of  the peaks  at  945  and  1184  cm-1,  due  to  the 
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symmetric Si–N–Si stretching  and  N–H  deformation modes of that molecule, 

respectively.59,61 The former feature is replaced by a broad peak at 1120 cm-1, which is 

associated with the Si–O–CH3 moiety. 

 

The methyl groups in the silylated surface layer remain intact upon exposure to ozone, 

in the half covered with the Al, as the IR trace for the sample exposed to O3 but not to 

UV radiation (purple, second from top) is quite similar to tha t recorded for the surface 

before treatment. The main features there, namely, the broad feature at 1120 cm-1 from 

the Si–O–CH3 moiety and the two 1251 and 1257 cm-1 peaks from the SiO2 LO and CH3 

deformation modes, respectively, remain the same. On the other hand, the spectrum 

from the sample treated with both O3 and UV radiation (red, top trace) only retains the 

sharp peak from the SiO2 substrate at 1251 cm-1; the features at 1257 and 1120 cm-1 

associated with the surface  methyl  groups  are  no  longer  visible. All of these 

observations indicate that the organic matter has been removed from the surface. 
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FIGURE 3.7 Attenuated  total  reflection  infrared  absorption  (ATR-IR)  spectra  from  Si(100) 
surfaces  first  silylated  with  hexamethyldisilazane (HMDS)  and  then  treated  with  a 
combination of ozonolysis and UV radiation. The traces correspond to, from bottom to  top: pure  
HMDS (green),  provided  for  reference; the  Si(100) surface right  after HMDS silylation (blue); 
the half of the silylated surface exposed to ozone only, by keeping  it  covered  during  UV  
radiation (purple);  and the  half  exposed  to  both  UV radiation  and  O3 (red).  Silylation  is  
evident  by  the  peaks  associated  with  methyl groups  that  develop  at  1120  and  1257 cm

-1
 .   

Those are removed by the UV/O3 treatment, but not by O3 alone. (This figure is reproduced with 
permission from Ref. 68, Copyright 2014, Nanotechnology, IOPscience) 
 



 

 

 

42 
 

Silylation of silica surfaces blocks the -OH groups on their surface, and therefore makes 

them hydrophobic.[73-75] The contact angle measurement data show the progress of the 

hydrophobicity of Si(100) samples after each step of our cleaning and silylation 

treatments. Table 3.1 shows typical results, for HMDS and averaged over several 

measurements. The original,  untreated,  Si(100)  surface  exhibits  intermediate 

hydrophobicity and mid values  in  terms  of water  contact  angles  (approximately  37°). 

Cleaning of the surface following a RCA procedure increases its hydrophilicity 

significantly, at which point the water contact angle decreases to ~12°. Silylation 

afterwards converts this hydrophilic substrate into a hydrophobic surface : after silylation 

with HMDS and ODTS, the water contact angles were measured to be ~91° and ~110°, 

respectively.64 At last, an HF solution was used to treat the HMDS-silylated surface, 

after which the contact angle was reduced to a new value of ~76°. Given that this is the 

same value obtained upon direct HF treatment of the original Si(100) wafer (75°)[92], it 

is likely that the HF treatment strips the silylation layer from the surface and creates a 

new hydrogen-terminated silicon substrate.  All these results are consistent with 

previous literature reports. [93, 94] 
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Table 3.1 Data from water contact angle measurements on the Si(100) surface after different 
cleaning and silylation steps. High values reflect the hydrophobic character of the surface, low 
values its hydrophilicity. After standard SC1 and SC2 RCA cleaning, the native SiO2 layer 
exhibits high hydrophilicity due to the presence of hydroxo groups on the surface. However, 
those are blocked by methyl moieties upon silylation with HMDS, at which point the surface 
becomes hydrophobic. Treatment with HF removes both silylation and SiO2 layers, and 
produces a hydrophobic hydrogen terminated surface. (This table is reproduced with permission 
from Ref. 68, Copyright 2014, Nanotechnology, IOPscience) 
 

 

UV/ozonolysis treatments can restore the hydrophilicity of the silylated Si(100) wafers 

by removal of the organic surface layers. Figure 3.8 shows examples of the changes in 

contact angles induced by such treatment for HMDS- (left) and ODTS- (right) treated 

Si(100) surfaces as a function of time. Each picture shows two water droplets, one on 

the right half where the surface was exposed to the full UV/O3 treatment, and a second 

on the left where the UV radiation was blocked by the Al mold and the surface only 

exposed to ozone.  These images offer clear visual evidence for the need to add UV 

radiation to the ozonolysis treatment to modify the surface and regain the original 

hydrophilicity. It took approximately half an hour to reach full restoration of the 

hydrophilicity of the clean surface took under the conditions used in our experiments. 
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FIGURE 3.8 Pictures of water droplets on Si(100) surfaces  silylated with either HMDS (left)  
or trichloro(octadecyl)silane (ODTS, right) as a function of time of exposure to our UV/O3 
treatment.   The left half of these surfaces was covered to prevent direct exposure to the UV 
radiation. It can be seen that the initial silyated surfaces are quite hydrophobic, and also that 
their silylation layer can be removed in approximately 1/2 hour by treatment with a combination 
of UV and O3 (but not by O3 alone), a process that returns the hydrophilicity of the SiO2 native 
film. (This figure is reproduced with permission from Ref. 68, Copyright 2014, Nanotechnology, 
IOPscience) 
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Figure 3.9 summarizes the kinetics of these procedures in the form of plots of contact 

angles versus time for surfaces exposed to either O3 alone or UV/O3 combinations. Data 

are provided for the untreated Si(100) surface as well as for surfaces silylated with 

HMDS, ODTS, and TMCS. Small differences are seen among the different silylation 

agents in terms of the initial contact angles and the rate at which the silylation layers are 

removed, but the general trends are similar in all cases. The ODTS does provide the best 

option (among the silylation agents tested here) for high initial hydrophobicity and 

higher resistance to the UV/O3 treatment, but the differences with HMDS are not large.  

A more extensive study of the effect of the nature of the silylation compound as 

deactivating agent for ALD has been reported in the literature already;[57] the important 

extension to the previously available data provided here is the behavior of those layer 

upon O3 and UV/O3 treatments. 
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FIGURE 3.9 Summary of contact angle data obtained as a function of UV/O3 exposure time for 
the original Si(100) substrate (right panel) and for Si(100) surfaces silylated with TMCS 
(trimethylchlorosilane, also right  panel) and with  HMDS and ODTS (left  panel). Two sets of 
data are shown in each case, for surfaces exposed to O3 alone and to the UV/O3 combination, 
respectively. The trends observed are qualitatively similar with all the silylation agents tested in 
this work: the initial high hydrophobicity of the silylated surface, manifested by contact angles 
around 90 - 110°, is removed after ~ 30 min of UV/O3 treatment, at which point the surface 
becomes highly hydrophilic (contact angles ~ 10 - 15°).  In contrast, no changes in behavior 
were seen on the surfaces where the UV radiation was blocked. (This figure is reproduced with 
permission from Ref. 68, Copyright 2014, Nanotechnology, IOPscience) 
 
 
 

The data in Figures 3.8 and 3.9 clearly indicate that UV radiation is required for our 

treatment to remove the silylation agent from the Si(100) surface and to increase its 

hydrophilicity. To assess the role of ozone, additional experiments were carried out. 

Figure 3.10 shows images of water droplets on HMDS-silylated Si(100) surfaces before 
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(left) and after (right) exposure to UV radiation of different wavelengths, namely, λ = 

254, 185, and 254 + 185 nm. It has been established that of the two, only the λ = 185 nm 

produces ozone from activation of atmospheric oxygen. [79, 95] In fact, the λ = 254 nm 

not only does not produce ozone, but also decomposes any existing O3 in the gas phase 

to produce reactive oxygen atoms. The images in Figure 3.10 show that the short 

wavelength (λ = 185 nm) radiation is required to activate the silylated Si(100) surfaces, 

which means that O3 is needed for the removal of the organic surface layer. In addition, 

it was realized that although the process is feasible with λ = 185 nm alone, it is more 

efficient with the combination of both UV sources (the surface becomes more 

hydrophilic, compare the center versus bottom images on the right side of Figure 3.10), 

and not viable without any direct UV radiation (Figure 3.10). This means that UV 

radiation is essential for the process to work as well. The most likely scenario is one 

where the λ = 185 nm radiation produces gas-phase ozone and the λ = 254 nm 

decomposes that ozone to produce the atomic oxygen species that react with the organic 

layers on the Si(100) surfaces and/or activates those layers directly, as suggested in 

similar systems in the past.[80, 85, 96, 97] The requirement of direct UV exposure 

makes the UV/O3 treatment amenable to spatial patterning. 
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FIGURE 3.10 Pictures of water droplets on Si(100) surfaces silylated with HMDS before (left) 
and after (right) 35-min UV/O3 treatments.  Images are shown for experiments carried out by 
using ultraviolet light of different wavelengths, namely, 254 nm (top), 185 nm (center), and a 
combination of both (bottom).  The data indicate that the 185 nm radiation is indispensable for 
the removal of the silylation layer from the surface, to regain its hydrophilicity, and that the 
combination of the two wavelengths enhances the removal of the organic layer. (This figure is 
reproduced with permission from Ref. 68, Copyright 2014, Nanotechnology, IOPscience) 
 
 

One concern with patterning silicon surfaces by using chemical means is that such 

treatments can lead to surface etching and/or surface roughening. This is certainly the 
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case with aggressive treatments involving strong acids or bases. The changes in surface 

roughness induced by our silylation plus UV/ozonolysis procedure were followed by 

atomic force microscopy (AFM). Table 3.2 summarizes the key results obtained with 

ODTS, in the form RMS variations in surface height measured by AFM after each step 

of the surface treatment. It was found that the original, untreated, Si(100) wafers exhibit 

an AFM RMS roughness of approximately 1.4 Å, and that nanostripping of that surface 

(to clean it of spurious adsorbates) does not add much roughness, although the quality of 

the surface does deteriorate eventually if long exposure times are used (an AFM RMS 

roughness of ~2.4 Å was measured for surfaces nanostripped for 10 min). On the other 

hand, silylation of the nanostripped surfaces leads to clear increases in measured AFM 

RMS roughness: with ODTS, the AFM RMS roughness was seen to change from 1.1 to 

5.1 Å on Si(100) surfaces exposed to 1 min of nanostripping, and from 2.4 to 3.7 Å in 

the case of 10 min nanostripping. However, it is known that silylation only builds up one 

monolayer of the silylation agent on the surface, and that the apparent increase in 

roughness is due to either disorder or "softness" within that organic layer; the increase in 

surface roughness seen here is in fact smaller than what has been reported be fore.[98] 

Moreover, the silylated surfaces regain their original degree of smoothness after removal 

of the organic layer with our UV/O3 treatment: the 10 min-nanostripped Si(100) surface, 

which displayed AFM RMS roughness of 2.4 Å before ODTS silylation and 3.7 Å after 

ODTS silylation, returned to an AFM RMS roughness of 2.7 Å after UV/ozonolysis. We 

believe that our procedure is sufficiently mild to avoid significant etching of the 

underlying silicon substrate. 
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Table 3.2 Atomic force microscopy root-mean-square (AFM rms) roughness data from Si(100) 
surfaces after different cleaning, silylation, and UV/O3 treatments. Nanostripping (NS) of the 
surface slowly increases its roughness, but limited exposures can still be used for cleaning 
without major alterations. The addition of an ODTS layer adds to the roughness, most likely 
because of the softness and disorder of the hydrocarbon chains, but the initial smoothness is 
regained upon its removal via a UV/O3 treatment. (This table is reproduced with permission 
from Ref.68, Copyright 2014, Nanotechnology, IOPscience) 
 

At last, the chemical selectivity of the silylation + UV/O3 treated Si(100) surfaces 

toward ALD of HfO2 thin films was tested. Figure 3.11 shows the selected Hf 4f XPS 

data acquired as a function of ALD cycles at 110°C for Si(100) surfaces silylated with 

HMDS. These surfaces were treated with the UV/O3 procedure prior to the HfO2 ALD, 

with one half covered to prevent its direct exposure to the UV radiation. The traces 

corresponding to the surface exposed to the UV/O3 treatment show Hf 4f7/2 peaks 

centered at a binding energy of 17.5 eV, a value typical of HfO2, and the doublets 

expected from Hf 4f spin splitting,[99] and their signal intensities grow with increasing 

number of ALD cycles, indicating Hf deposition. By contrast, no Hf deposition is seen 

on the covered side of the sample, the one not exposed to UV radiation during 

ozonolysis. As indicated before, this prevents the silylation layer from been removed 
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(the half exposed to the UV radiation is cleaned from all organic matter on the surface, 

and has the native SiO2 surface re-exposed for reaction). The differences in ALD 

deposition seen between the two halves of the silicon substrate indicate that the HMDS-

based layer is effective in inhibiting the deposition of the HfO2 layer. 

 

FIGURE 3.11  Hf 4f XPS from HMDS-silylated Si(100) surfaces after the growth of HfO2 films 
via TDMAHf + H2O ALD at 110 °C. Two sets of data are reported, from surfaces treated with 
O3 alone (left), and with the UV/O3 combination (right). The XPS peak positions indicate the 
formation of fully oxidized HfO2 films, and the increase in signal intensities with increasing 
number of ALD cycles for the UV/O3-treated surface point to the continuous growth of the oxide 
film.  In contrast, no HfO2 at all is deposited on the silylated surface not directly exposed to the 
UV radiation during ozonolysis. (This figure is reproduced with permission from Ref.68, 
Copyright 2014, Nanotechnology, IOPscience) 
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Figure 3.12 shows the selected Hf 4f XPS data acquired as a function of ALD cycles at 

110°C for Si(100) surfaces silylated with ODTS. These surfaces were treated with the 

UV/O3 procedure prior to the HfO2 ALD, with one half covered to prevent its direct 

exposure to the UV radiation. The traces corresponding to the surface exposed to the 

UV/O3 treatment show Hf 4f7/2 peaks centered at a binding energy of 17.5 eV, a value 

typical of HfO2, and the doublets expected from Hf 4f spin splitting, and their signal 

intensities grow with increasing number of ALD cycles, indicating Hf deposition. By 

contrast, no Hf deposition is seen on the covered side of the sample, the one not exposed 

to UV radiation during ozonolysis. The ALD growth on half-half ODTS/Si(100) stays in 

agreement with the growth on half- half HMDS/Si(100). 
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FIGURE 3.12 Hf 4f XPS from ODTS-silylated Si(100) surfaces after the growth of HfO2 films 
via TDMAHf + H2O ALD at 110 °C. Two sets of data are reported, from surfaces treated with 
O3 alone (left), and with the UV/O3 combination (right). The XPS peak positions indicate the 
formation of fully oxidized HfO2 films, and the increase in signal intensities with increasing 
number of ALD cycles for the UV/O3-treated surface point to the continuous growth of the oxide 
film.  In contrast, no HfO2 at all is deposited on the silylated surface not directly exposed to the 
UV radiation during ozonolysis.  

 

 

The  ALD  growth  rates  on  Si(100)  surfaces  silylated  with  HMDS  and  then treated  

with  either  O3  alone  (covered  half)  or  UV/O3  (exposed  half), were  quantified  by 

processing the signal intensities from the Hf 4f and Si 2p XPS spectra. The film 
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thickness was estimated  by  assuming  layer-by- layer  growth  and  published  electron  

inelastic  mean  free paths.[99, 100]  The same quantitation was done on the Si(100) 

surfaces treated with ODTS.  Figure 3.13 shows the resulting HfO2 uptake curves for the 

two ALD temperatures tested, 110 and 250 °C. It is clearly seen that the surfaces 

cleaned with UV/O3 display significantly faster rates of HfO2 deposition than those 

exposed to O3 alone, as mentioned above. This is true in both cases, with either HMDS 

or ODTS as the silylation agent. Indeed, both samples treated with UV/O3 display 

comparable film growth rates, approximately 0.5 and 0.8 Å/ALD cycle at 110 and 

250 °C,  respectively,  and  the  same,  within  experimental  error,  as  those  measured  

on  the  original oxide-covered silicon wafer (data not shown). By contrast, the surfaces 

exposed to O3 only are totally passivated and show no HfO2 deposition at all at 110° C.  

The fact that ozonolysis alone does not affect the silylation layer was also checked 

directly by XPS. In particular, the C 1s and O 1s XPS traces recorded for the silylated 

Si(100) wafers before and after ozonolysis looked the same, within experimental error; 

no indication of partial oxidation of the organic layer was ever seen in those data (not 

shown). 
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FIGURE 3.13 Average  thickness  of  HfO2 films  grown  on  Si(100)  via  ALD  as  a  function  
of the number of ALD cycles used, estimated from Hf 4f and Si 2p XPS data by assuming layer-
by-layer growth and published electron inelastic mean free paths. Two surfaces were tested here, 
silylated with either HMDS (left panel) or ODTS (right), and two sets of data are shown for each 
case, for the two half-surfaces exposed to O3 alone and to the UV/O3 combination, respectively. 
In addition, HfO2 uptakes are reported for ALD experiments carried out at two temperatures, 110 
and 250 °C, in each case. Much faster film growth is seen on the surface treated with the full 
UV/O3 procedure, and total inhibition is seen with the silylated surfaces for ALD at 110°C. (This 
figure is reproduced with permission from Ref.68, Copyright 2014, Nanotechnology, IOPscience) 
 
 

The boundary between the two areas (UV+O3 vs. O3 but no radiation) from a Si(100)  

surface silylated with HMDS, processed via the UV/O3 or O3-alone treatment, and  

exposed  to 100  cycles  of  HfO2 ALD, is shown by SEM in Figure 3.14(a).  After 100 
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cycles, a smooth and conformal layer of HfO2 is seen to have grown on the UV exposed 

HMDS/Si surface. The HfO2 layer was around 50 nm thick (after 100 cycles), with a 

growth rate around 0.5 nm/cycle. This result is in accordance with the growth rate 

calculated from the XPS data. A EDX line-scan profile performed through the whole 

surface, as shown in Figure 3.14(b), shows that half surface layer was composed of Hf 

and O while the other half was not. This result is also consistent with the XPS data 

shown before. 
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FIGURE 3.14  (a) Scanning electron microscopy image (SEM, top) and (b) energy dispersive 
X-ray microanalysis data (EDX, bottom) line-scan profile from a Si(100) surface silylated with  
HMDS, processed using the UV/O3 treatment, and exposed to 100 cycles of HfO2 ALD.   The 
boundary between the two areas (UV+O3 vs. O3 but no radiation) is evidenced by the SEM 
image. The pulse sequence used in the ALD in the sample this image was: 
TDMAHf/N2/H2O/N2=0.25s/25s/0.025s/25s, at 110°C. 
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It is interesting to note that there is some HfO2 deposition on the silylated surface at the 

ALD temperature of 250 °C. The final HfO2 layers on the covered side of the wafer after 

30 ALD cycles at 250°C are approximately 8 Å thick on average (as oppose to ~25 Å on 

the surfaces cleaned by UV/O3). Also, there seem to be an induction period before 

deposition starts in the early ALD cycles in those cases. It would appear that the 

silylation layer is not fully stable at such high  ALD  temperatures,  and  may  partially  

decompose  and  open  up nucleation sites  for ALD growth.  Scanning electron 

microscopy (SEM) images indicate that this is indeed the case.  An example is presented 

in Figure 3.15, for a HMDS-silylated Si(100) surface first treated with our UV/O3  

procedure  and  then  exposed  to  30  HfO2  ALD  cycles.   The bottom  image,  which 

corresponds  to  a  SEM  image  of  the  surface,  shows  the  formation  of  small  (2  -  3  

nm) nanoparticles  on  the  surface, whereas  the  data  on  the  top,  from an EDX 

analysis of the nanoparticles (left) and of the rest of the surface (right), indicate that 

those nanoparticles are composed of HfO2. Only a few dispersed nanoparticles were 

detected on the surfaces not exposed to the UV radiation.  Thick and contiguous HfO 2 

films are obtained at both 110 and 250 °C after extensive ALD growth (~30 cycles), 

after which no signal from the silicon substrate could be detected in the Si 2p XPS data. 
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FIGURE 3.15 SEM (bottom) and EDX (top) from a Si(100) surface silylated with HMDS, 
processed using a UV/O3 treatment, and exposed to 30 cycles of HfO2 ALD.  The initiation of th 
ALD process at surface nucleation sites is evidenced by the detection of small HfO2 
nanoparticles, the identity of which were corroborated by the detection of Hf and O in the EDX 
data on the left image (from the particles) but not on the right panel (from the flat surface). (This 
figure is reproduced with permission from Ref.68, Copyright 2014, Nanotechnology, IOPscience) 
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Table 3.3 summarizes additional ellipsometry data in the case of HMDS as the silylation 

agent.  These data are estimates of film thicknesses after each step, namely, after 

silylation, UV/ozonolysis (or ozonolysis without UV radiation), and 30-cycle HfO2 ALD. 

The amplitude and phase difference of the complex reflectance ratio as a function of 

photon energy were in the range between 1.5 and 4.2 eV.  They were fit to a model 

consisting of SiO2/HMDS/HfO2 stacked layers. The resulting data are summarized in 

Table 3.3. The native SiO2 layer in the initial Si(100) sample was estimated to be 

approximately 18.1 ± 0.1 Å in thickness, consistent with Si 2p and O 1s XPS data 

acquired for the initial substrates (not shown).  The organic layer grown upon HMDS 

silylation was estimated to add another 6.9 ± 0.1 Å. As can be seen in Table 3.3, the 

side of the silylated sample that was kept covered during the UV/ozonolysis process was 

not affected by any of the subsequent steps of our treatment, retaining both SiO 2 and 

HMDS-based layers basically intact, and showing virtually no HfO2 uptake during the 

ALD step (a HfO2 film thickness of 0.1 ± 0.1 Å was calculated in this case). On the 

other hand, the other half of the HMDS-treated Si(100) substrate, the one exposed to the 

full UV+O3 treatment, was fully cleaned of the HMDS based layer, and show a small 

increase in the thickness of the SiO2 layer (to a value of 22.0 ± 0.1Å). ALD on those 

surfaces resulted in the deposition of a 8.9 ± 0.1 Å thick HfO2 film after 30 cycles, a 

value somewhat smaller but in qualitative agreement with the XPS data. 
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Table 3.3 Average film thicknesses in Å, estimated from ellipsometry measurements, for Si(100) 
surfaces right after silylation with HMDS, UV/O3 treatment, and a 20 cycle HfO2 ALD. Two 
sets of data are provided, for the halves of the substrate covered and exposed to the UV radiation 
during UV/ozonolysis, respectively. The raw data were fitted to a model consisting of three flat 
and smooth layers, reported in the different rows of the table: the underlying SiO2 substrate, the 
HMDS-based silylation layer, and the ALD-grown HfO2. The behavior here qualitatively 
matches that extracted from the XPS studies. (This figure is adapted with permission from 
Ref.68, Copyright 2014, Nanotechnology, IOPscience) 
 
 

The same behavior was observed with the ODTS silylated Si samples, as indicated by 

the data shown in Table 3.4. 

 

Table 3.4 Average film thicknesses in Å, estimated from ellipsometry measurements, for Si(100) 
surfaces right after silylation with ODTS, UV/O3 treatment, and a 20 cycle HfO2 ALD. Two sets 
of data are provided, for the halves of the substrate covered and exposed to the UV radiation 
during UV/ozonolysis, respectively. The raw data were fitted to a model consisting of three flat 
and smooth layers, reported in the different rows of the table: the underlying SiO2 substrate, the 
ODTS-based silylation layer, and the ALD-grown HfO2. The behavior here qualitatively 
matches that extracted from the XPS studies. 
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Finally, a photomask was used to check if our selective ALD method is useful for more 

complex patterning.  A photomask instead of the Al mold was used during the 

UV/Ozone step. The photomask was place above the Si sample in the UV/Ozone 

instrument. All other experiment parameters were kept the same. In order to see the 

pattern clearly enough, a thick HfO2 film was grown in this sample by using 200 ALD 

cycles. Figure 3.16 shows the SEM image of a Hall bar pattern from the photomask after 

the 200 cycles of ALD. The length of the side of each of the squares is 200 µm, the 

width of the wider bar is 20 µm, and the narrow one is 10 µm. The lighter grey area is 

the place where the HMDS was removed from the Si surface by UV light. The rest, dark 

grey area was the part protected by photomask, so there was still a HMDS silylated layer 

on the Si surface which prevented the ALD growth. From the SEM image, the Hall Bar 

pattern can be repeated, with borders that were very sharp and clear. 
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FIGURE 3.16 SEM image from a Si(100) surface silylated with HMDS, processed using our 
UV/O3 treatment, and exposed to 200 cycles of HfO2 ALD. 

 
 

Two different types of “Hall Bar” patterns were used in the photomask. Figure 3.17 

shows a different pattern from the same photomask (the pattern in Figure 3.16 is also 

from this photomask).  The squares are the same size as mentioned in the previous figure, 

200 by 200 μm, but there are extra bars connecting each pair of squares. The surface 

layer composition was further confirmed by EDX. Figure 3.17(c) shows the EDX data 

taken on the light grey square area, and indicates that this area is composed of Si, Hf and 

O, confirming that the surface layer is covered with HfO2.  Figure 3.17(d) displays the 

EDX data taken at the remaining dark grey area, and shows a strong Si peak and 

decreased oxygen peak intensity because of the absence of HfO2. Figure 3.18 shows an 

EDX line-profile across the bar, and  indicates that only the bar area is composed of HfO2 

while the rest is composed mostly of silicon (and some oxygen). Both SEM and EDX 

200μm 
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data further confirm that our selective ALD process is suitable for high-resolution 

patterning on Si related substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 3.17 SEM image (a)  and  energy  dispersive  X-ray microanalysis  data  (b, c and d)  
from  a  Si(100)  surface  silylated  with  HMDS, patterned  using  our  UV/O3 treatment and a 
mask, and  exposed  to  200  cycles  of  HfO2 ALD. 

(d) EDX analysis, Spectrum 2 

(c) EDX analysis, Spectrum 1 

(a) 

(b) 
(c) EDX analysis, Spectrum 1 
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FIGURE 3.18 EDX line-profile from the photomask. 

 

3.6 Conclusions 

A simple approach (Figure 3.19) has been developed and tested to modify the chemistry 

of silicon surfaces. Emphasis has been placed on the surface reactivity toward the 

metalorganic precursors that are used in the chemical deposition of thin solid films. A 

thin native silicon oxide film is always present on silicon wafers, normally around 1-2 

nm thick, because of their handling under atmospheric environments. Starting from this 
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substrate, the hydroxo groups on those surfaces are capable of covalently reacting with a 

number of metalorganic compounds, facilitating their dissociative adsorption and 

initiating chemically based film deposition processes. These native oxide also increase 

the hydrophillicity of the Si(100) surface, a property that was evaluated here by 

measuring the contact angle between the surface and a droplet of water deposited on top. 

 

Our research corroborated known behavior of these surfaces in terms of standard 

cleaning and surface processing procedures. First, surface hydrophilicity may be 

enhanced by using reported RCA cleaning steps. RCA cleaning is a treatment that 

presumably increases the surface concentration of hydroxo moieties.  Conversely, 

hydrophobicity can be introduced by silylation using any of many viable silanes, 

including HMDS, ODTS, and TMCS, (the ones tested here).  Due to the blocking of the 

OH groups by alkyl fragments, the contact angle increases after silylation, as 

corroborated in our infrared absorption spectroscopy study with HMDS.  The organic 

layer was next shown to be removable by using a combination of ozonolysis and UV 

radiation. Both O3 and 185 nm-wavelength UV radiation were shown to be required for 

this process. In addition, the combination of 185 and 254 nm radiation was proven to 

help enhance the removal of the silylation layer.  Also, because of the "softness" of the 

organic layer, the surface roughness was determined to increase somewhat after  

silylation,  but  the  original  smoothness  was restored once  that  layer  is  removed  via 

UV/ozonolysis.  
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The UV/O3 treatment of the silylated Si(100) wafers regains back their original  

hydrophilicity, and may even produce more hydrophilic surfaces than the original native 

oxide. This was tested by evaluating the rate of growth of HfO2 films via atomic layer 

deposition (ALD) using TDMAHf and water.  It was found that the silylated layer does 

completely block the film growth at lower temperatures, especially in the early cycles of 

ALD. However, there is still some HfO2 deposition detected on the silylated side if ALD 

is carried out at high temperatures, because of the partial decomposition of the silylation 

layer and the formation of nucleation sites on the surface, as suggested by SEM. Overall, 

the sequence of silylation and UV/ozonolysis treatments described in this chapter 

provides an easy way to process silicon surfaces with spatial resolution for the selective 

deposition of solid films. 

It should be said that the initial test used for the effectiveness of our procedure to 

achieve selective ALD,  the  growth  of  HfO2  films  on  SiO2/Si(100)  surfaces, may  

not  be  a  good  choice  for microelectronic applications. Future work will be directed to 

test the deposition of metals such as Cu for interconnects, a case for which selectivity in 

deposition may be simpler to achieve, and of high k dielectrics such as HfO2 on H-

terminated silicon substrates, for which hydrosilylation may be required. 
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FIGURE 3.19 Schematic of our selective ALD process (This figure is reproduced with 
permission from Ref.68, Copyright 2014, Nanotechnology, IOPscience) 
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Selective ALD on IBM wafers by combining silylation and 
UV/Ozonolysis 

4.1 Introduction 

The wafers used in the experiments in this chapter were provided by IBM. The 

motivation for this work regarding the application of our selective ALD process on IBM 

wafers is to test if our method is effective for industrial applications, for deposition on 

ultra-low K dielectrics.   

The information about the characteristics of the four wafers is listed in Table 4.1.  

Table 4.1 Information on the characteristics of the wafers offered by IBM. 

From tests of the four types of wafers by contact angle measurement, it was found that 

the IBM-1 and IBM-3 samples were hydrophobic, while IBM-2 and IBM-4 were 

hydrophilic. We had only limited information on the compositions of these four types of 

wafers, but know that they are representative of the ultralow dielectric constants (ulk) 

pSiCOH films, composed of Si, C, O, and H atoms, developed by IBM, which are 

typically prepared by plasma-assisted chemical vapor deposition (PECVD). 

 

 

Name Wafer ID 

 

Surface modification ThK 

(A) 

RI GOF Std 

(%) 

IBM-1 46AK6071MMA2 Blanket Control 2003 1.4193 0.9926 1.9015 

IBM-2 46AK6070MMD3 Chemical Mechanical Polish 

(CMP) 

1819 1.4189 0.9922 2.9917 

IBM-3 462A0S8ASEB0 Blanket Control 2037 1.3796 0.9934 1.2611 

IBM-4 462A0S89SED7 Chemical Mechanical Polish 

(CMP) 

1697 1.385 0.9927 2.4381 
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4.2 Experiment details 

4.2.1 Sample preparation 

The IBM wafers (IBM) were cut into 1 x 1 cm2 pieces. Then, the IBM 2 and IBM 4 

samples were soaked in different silylation solutions.  For instance, for 

hexamethyldisilazane (HMDS, Sigma-Aldrich, 99.9% purity) silyaltion, the samples 

were immersed in pure HMDS, in a dry N2 environment, at T = 112°C for 24 hours; 

 

UV/Ozonolysis : This is the step to make a half-half pattern of the silane on the Si 

surface. The instrument used for the UV radiation is a Spectrolinker XL-1500 UV 

crosslinker equipped with both its original λ (wavelength) = 254 nm lamp and an 

additional λ = 185 nm. UV power was set to 10,000 μW/cm2, and UV/O3 exposures for 

1500 s were used for both HMDS and ODTS silylated samples. Since the thickness of 

the IBM wafer was larger than the Si(100) wafers, another Al mold was made to cover 

the IBM wafers. The mold was placed close to the wafer surface without touching it, as 

with the other samples. The UV radiation could be blocked by this mold; however the 

ozone produced could still disperse into the space between the mold and covered 

substrate wafer. 

 

HfO2 ALD : Atomic layer depositions (ALD) of HfO2 thin films were carried out by 

using a commercial Savannah, Ultratech/Cambridge Nanotech instrument. The ALD 

cycles were set for sequential exposures to the TDMAHf (TDMAHf, [(CH3)2N]4Hf, 

Sigma- Aldrich, 99%) and water precursors, with dry N2 purging in between. The time 

sequence of the exposure and gas purging used was: 
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TDMAHf/N2/H2O/N2=0.25s/45s/0.025s/35s. The chamber temperature was set to 110°C. 

The TDMAHf precursor was kept at 75°C and delivered using a bubbler (the gas lines 

were kept at 115°C to avoid condensation), and N2 was used as a continuous carrier gas, 

at a rate of 20 sccm. The sample was loaded in the center of the chamber.  

 

4.2.2 Characterization  

ATR-IR Absorption Spectroscopy : Attenuated total reflection (ATR) infrared 

absorption spectra were acquired by using a Tensor 27 Bruker FTIR spectrometer with a 

deuterated triglycine sulfate (DTGS) detector and a commercial Harrick Scientific 

horizontal reflection Ge attenuated total reflection semispherical accessory (GATR, 65° 

incidence angle). All spectra were taken by averaging 1024 scans taken at 4 cm-1. The 

spectra of the treated all IBM samples were reference to air background.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

 

Water Contact Angles: A Kruss Easy Drop instrument was used to measure the contact 

angle of the water droplets on the top of the surface of the samples. The hydrophobicity 

or hydrophilicity of the surfaces was evaluated using the contact angle data. Contact 

angles were calculated with an accuracy of 0.1° by the instrument's software. However, 

an overall measurement error of ± 3° was estimated by averaging six to twelve 

measurements with different samples. All samples were prepared starting with the 

original IBM 1 to 4 wafers to include any errors introduced in the preparation 

procedures. 
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 AFM: Surface roughness was estimated by using atomic force microscopy (AFM). A 

Nanoscope IIIa Digital Instrument was employed for these measurements. They were 

carried out in tapping mode, using n-type silicon tips. Scanning was carried out at a rate 

of 1.0 Hz, typically over an area of 1 x 1 μm2. Surface roughness was estimated by 

calculating the root-mean-square (RMS) variation in height over the entire area scanned. 

 

XPS: X-ray photoelectron spectroscopy (XPS) was used to monitor the deposition of 

HfO2. A Kratos analytical AXIS instrument equipped with a 165-mm mean radius 

semihemispherical electron energy analyzer and a 120-element delay line detector was 

used. A monochromatized Al-anode X-ray gun was used as the excitation source. An 

electron flood source was used as needed to compensate for sample charging. The Hf 4f 

and Si 2p data were acquired using spectrometer constant pass energy of 20 eV, 0.1 eV 

energy steps, and a 200 ms dwell time. Film thicknesses were estimated by using a 

homogeneous layer model and exponential signal decay versus film thickness, using 

reported electron inelastic mean free paths[101]. 

 

4.3 Results and data analysis 

ATR was used to characterize the four IBM samples, since no information was disclosed 

by IBM on how the wafers were made or what was the composition of the surface layers 

of each wafer.  IBM 1 was the blanket control of IBM 2, since IBM 2 was obtained from 

IBM 1 after CMP. The same applies for IBM 3 and 4; IBM 3 is the blanket control of 
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IBM 4.  In our data analysis, IBM 1 and 2 were placed together as one set, and IBM 3 

and 4 as the second set. 

The ATR results, shown in Figure 4.1, show no difference between each set. The ATR 

of IBM 1 and 2 look exactly the same. The adsorption peak at ~798cm-1 indicates Si-C 

bonding on the wafer surface, the adsorption peak at ~1029 cm-1 is assigned to the 

vibrational stretch of C-C bods, and the small peak at 1270 cm-1 indicates the presence 

of CH3 groups. There is no big difference between the ATR spectra of the native IBM 1 

and 2 samples. Further, comparison of the ATR data from HMDS-silylated IBM 2 with 

the native IBM 2 indicated no differences. UV/ozonolysis treatment of the IBM 1 

sample also lead to no changes. No further information about the nature of these 

surfaces could be extracted from the ATR traces.  ATR data for the native IBM 3 and 4 

samples led to a similar lack of insight as with IBM 1 and 2. 

 

 

 

 

 

 

FIGURE 4.1 ATR traces for native IBM 1, 2 3 and 4 wafers 
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Additional separate studies were done on each set of the four wafers. It was found that 

the native IBM 1 is hydrophobic, and that silylation of IBM 2 with HMDS makes the 

surface hydrophobic. UV/Ozonolysis treatments can restore the hydrophilicity of the 

silylated IBM 2 wafers by removal of the organic surface layers. UV/ozonolysis can also 

remove the surface layer of the native IBM 1 and change its surface to hydrophilic for 

ALD deposition. Figure 4.2 shows examples of the changes in contact angles induced by 

such treatment for the native IBM 1 (left) and the HMDS-IBM 2 (right) surfaces as a 

function of time. Each picture shows two water droplets: one on the right for the surface 

exposed to the full UV/O3 treatment, and a second on the left where the UV radiation 

was blocked by the Al mold and the surface was only exposed to ozone.  These images 

offer clear visual evidence for the need to add UV radiation to the ozonolysis treatment 

to modify the surface and reach hydrophilicity. It took approximately half an hour to 

reach full restoration of the hydrophilicity of the clean surface took under the conditions 

used in our experiments. 
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FIGURE 4.2 Pictures of water droplets on the surfaces of the native IBM 1(left) and HMDS 
silylated IBM 2 (right) wafers as a function of time of exposure to our UV/O3 treatment.  The 
left half of these surfaces was covered to prevent direct exposure to the UV radiation. It can be 
seen that the initial silylated surfaces are quite hydrophobic, and also that their native 
hydrophobic layer or silylation layer can be removed in approximately 1/2 hour by treatment 
with a combination of UV and O3 (but not by O3 alone), a process that induces hydrophilicity in 
the films. 
 

Figure 4.3 shows the AFM image of the IBM 1 surface before and after UV/Ozone 

treatment and the native IBM 2 and HMDS/IBM 2 before and after UV/Ozone.  Figures 

4.3(a) and (d) show the surface image of the native IBM 1 before and after UV/Ozone. 

There is almost no difference between these two images, even if the contact angles 
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decreased significantly after 35 minutes of UV/ozone exposure. Figure 4.3(b) shows the 

AFM image of the native IBM 2 surface, and shows that it is smoother compared to 

native IBM 1. This is because native IBM 2 is the result of IBM 1 after CMP. After 

silylating IBM 2 with HMDS, the surface became rougher (Figure 4.3(c)), but after 

UV/ozonolysis treatment, it turned smooth again. However, the other half of the 

HMDS/IBM 2 sample, which was covered by the Al mold during UV/ozone exposure, 

retains the same roughness as before (Figure 3.4(f)).  Both the contact angle and AFM 

figures indicate that our selective ALD method may be used to make clear patterns 

without sacrificing on substrate surface roughness.  

 

 

 

 

 

 

 

 

FIGURE 4.3 AFM images from (a) native IBM 1, (b) native IBM 2, (c) HMDS/IBM 2, (d) UV-

exposed IBM 1, (e) UV-exposed HMDS/IBM2, (f) Covered HMDS/IBM 2. 
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Similarly, native IBM 3 is hydrophobic, but silylation of IBM 4 with HMDS makes the 

surface turns hydrophobic. UV/ozonolysis treatments can restore the hydrophilicity of 

the silylated IBM 4 wafers by removal of the organic surface layers. UV/ozonolysis can 

also remove the surface layer of native IBM 3 and make its surface hydrophilic. Figure 

4.4 shows examples of the changes in contact angles induced by such treatment for 

native IBM 3 (left) and HMDS-IBM 4 (right) surfaces as a function of time. Each 

picture shows two water droplets, one on the right half, exposed to the full UV/O3 

treatment, and the second on the left where the UV radiation was blocked by the Al 

mold and the surface only exposed to ozone.  These images offer clear visual evidence 

for the need to add UV radiation to the ozonolysis treatment to modify the surface and 

reach hydrophilicity. It took approximately 35 mins to reach full restoration of the 

hydrophilicity of the clean surface took under the conditions used in our experiments. 
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FIGURE 4.4 Pictures of water droplets on native IBM 3(left) and HMDS silylated IBM 4 (right) 
as a function of time of exposure to our UV/O3 treatment.  The left half of these surfaces was 
covered to prevent direct exposure to the UV radiation. It can be seen that the initial silylated 
surfaces are quite hydrophobic, and also that their native hydrophobic layer or silylation layer 
can be removed in approximately 35 minutes by treatment with a combination of UV and O3 
(but not by O3 alone). 
 
 

Figure 4.5 provides the AFM images of the IBM 3 surface before and after 

UV/ozonolysis, and of native IBM 4 and HMDS/IBM 4 before and after UV/ozonolysis.  

Figures 4.5(a) and (d) show the surface image of native IBM 3 before and after 
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UV/ozonolysis. There is almost no difference between these two images, even if the 

contact angles decreased after 35 minutes of UV/O3 exposure. Figure 4.5(b) shows the 

AFM image of the native IBM 4 surface, and indicates that it is smoother than native 1. 

After silylating IBM 4 with HMDS, the surface became rougher (Figure 4.5(c)), but 

after UV/O3 treatment, the surface of HMDS/IBM 4 turned smooth again. However the 

other half HMDS/IBM 4, which was covered under the Al mold during the UV/Ozone 

exposure, remained the same as before (Figure 4.5(f)).  

 

 

 

 

 

 

 

 

 

 

FIGURE 4.5 AFM images of (a) native IBM 3, (b) native IBM 4, (c) HMD /IBM 4, (d) UV-

exposed IBM 3, (e) UV-exposed HMDS/IBM4, (f) Covered HMDS/IBM 4 surfaces. 

Figure 4.6 summarizes the kinetics of the modification of the hydrophobicity of the 

surfaces in the form of plots of contact angles versus time of exposure to either O3 alone 

or UV/O3 combinations. Data are provided for the native IBM 1 and 3 surfaces as well 
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as for IBM 2 and 4 surfaces silylated with HMDS. Small differences are seen among 

each different sample in terms of the initial contact angles and the rate at which the 

silylation layers are removed, but the general trends are similar in all cases. 30 minutes 

UV radiation is enough to returns the hydrophilicity of IBM 1 and HMDS/IBM 2 

surfaces. For the set of IBM 3 and HMDS/IBM 4 wafers, it took almost 35 minutes to 

restore the hydrophilicity.  

 

 

 

 

 

 

 

 

FIGURE 4.6 Summary of contact angle data obtained as a function of UV/O3 exposure time 

for the original native IBM 1 (left panel) and 3(right panel) substrates and for IBM 2( left 

panel) and 4( right panel) surfaces silylated with HMDS. Two sets of data are shown in each 

case, for surfaces exposed to O3 alone and to the UV/O3 combination, respectively. The 

trends observed are qualitatively similar with all the silylation agents tested in this work: the 

initial high hydrophobicity of the silylated surface, manifested by contact angles around 90 - 
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110°, is removed after ~ 30 min of UV/O3 treatment, at which point the surfaces become 

highly hydrophilic (contact angles ~ 10 - 12°).  In contrast, no changes in behavior were 

seen on the surfaces where the UV radiation was blocked. 

 

 

 

 

 

 

 

 

 

FIGURE 4.7 Summary of contact angle data obtained as a function of UV/O3 exposure time for 
the IBM 2 and 4 surfaces silylated with ODTS. Two sets of data are shown in each case, for 
surfaces exposed to O3 alone and to the UV/O3 combination, respectively. The trends observed 
are qualitatively similar with all the silylation agents tested in this work: the initial high 
hydrophobicity of the silylated surface, manifested by contact angles around 95 - 110°, is 
removed after ~ 30 min of UV/O3 treatment, at which point the surfaces become highly 
hydrophilic (contact angles  ~  10 - 15°).  In contrast, no changes in behavior were seen on the 

surfaces where the UV radiation was blocked. 

 

Figure 4.8 shows that after the UV/Ozone exposure, the ODTS silylated Si IBM 2 and 4 

surfaces can regain their smooth texture.  
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FIGURE 4.8  AFM images of (a) ODTS IBM 2, (b) UV-exposed ODTS IBM 2, (c) Covered 
ODTS IBM 2, (d) ODTS IBM 4, (e) UV-exposed OTDS/IBM4, (f) Covered ODTS/ IBM 4 
surfaces. 

 

From Table 4.2, it is clear that the surface roughness of IBM 2 and 4 decreases 

significantly, to 0.11 and 0.15Å, respectively, after chemical mechanical polishing, 

comparing to that of the blanket controls of native IBM 1 (0.38Å) and native IBM 3 

(0.35Å). The UV/ozone treatment can return the smooth character of the HMDS or 

ODTS silylated surfaces. The AFM data confirms again that our selective ALD method 

should be able to achieve successful patterning without sacrificing the surface roughness.  
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Table 4.2 Surface roughness, in nm, of the IBM 1 and 3 samples before and after silane, and 
UV/Ozone treatments, respectively. Also reported are the surface roughness of IBM 2 and 4 

before and after HMDS or ODTS silylation and UV/Ozone, respectively.  

 

Lastly, the chemical selectivity of the UV/O3-treated IBM 1 surface toward ALD of 

HfO2 thin films was tested. Figure 4.9 shows selected Hf 4f XPS data acquired as a 

function of ALD cycles at 110°C for the IBM 1 sample. These surfaces were treated 

with the UV/O3 procedure prior to the HfO2 ALD, with one half covered to prevent its 

direct exposure to the UV radiation. The traces corresponding to the surface exposed to 

the UV/O3 treatment show Hf 4f7/2 peaks centered at a binding energy of 17.5 eV, a 

value typical for HfO2, and the doublets expected from Hf 4f spin splitting,[99] and their 

signal intensities grow with increasing number of ALD cycles, indicating Hf deposition. 

By contrast, no Hf deposition is seen on the covered side of the sample, the one not 

exposed to UV radiation during ozonolysis. As indicated before, this prevents the 

surface layer from being removed (the half exposed to the UV radiation is cleaned from 

all organic matter on the surface, and has the hydrophilic surface exposed for reaction). 

The differences in ALD deposition seen between the two halves of the IBM 1 substrate 

indicate that the hydrophobic half layer is effective in inhibiting the deposition of the 

HfO2 layer. 

 

IBM1 IBM2 IBM-3 IBM-4 

 
HMDS ODTS --- HMDS ODTS 

Native 0.38 0.11 --- 0.35 0.15 --- 

UV/Ozone 0.34 --- --- 0.31 --- --- 

Silane --- 0.3 0.31 --- 0.21 0.29 

UV-Silane/IBM --- 0.13 0.15 --- 0.13 0.19 

Covered under UV 0.37 0.29 --- 0.19 0.33 0.27 
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FIGURE 4.9 Hf 4f XPS from IBM 1 surfaces after the growth of HfO2 films via TDMAHf + 
H2O ALD at 110 °C. Two sets of data are reported, from surfaces treated with O3 alone (left), 
and with the UV/O3 combination (right). The XPS peak positions indicate the formation of fully 
oxidized HfO2 films, and the increase in signal intensities with increasing number of ALD cycles 
for the UV/O3-treated surface point to the continuous growth of the oxide film.  In contrast, no 
HfO2 at all is deposited on the original IBM 1 surface not directly exposed to the UV radiation 

during ozonolysis. 
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The chemical selectivity of the UV/O3 treated HMDS/IBM 2 surfaces toward ALD of 

HfO2 thin films was tested next. Figure 4.10 shows selected Hf 4f XPS data acquired as 

a function of ALD cycles at 110°C for HMDS silylated IBM 2 surfaces. These surfaces 

were treated with the UV/O3 procedure prior to the HfO2 ALD, with one half covered to 

prevent its direct exposure to the UV radiation. The traces corresponding to the surface 

exposed to the UV/O3 treatment show Hf 4f7/2 peaks centered at a binding energy of 17.5 

eV, a value typical of HfO2, and the doublets expected from Hf 4f spin splitting,[99] and 

their signal intensities grow with increasing number of ALD cycles, indicating Hf 

deposition. By contrast, no Hf deposition is seen on the covered side of the sample, the 

one not exposed to UV radiation during ozonolysis. As indicated before, this prevents 

the surface layer from been removed (the half exposed to the UV radiation is cleaned 

from all organic matter on the surface, and the hydrophilic surface re-exposed for 

reaction). The differences in ALD deposition seen between the two halves of the IBM 2 

substrate indicate that the HMDS-based layer is effective in inhibiting the deposition of 

the HfO2 layer. 
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FIGURE 4.10 Hf 4f XPS from HMDS/IBM 2 surfaces after the growth of HfO2 films via 
TDMAHf + H2O ALD at 110 °C. Two sets of data are reported, from surfaces treated with O3 
alone (left), and with the UV/O3 combination (right). The XPS peak positions indicate the 
formation of fully oxidized HfO2 films, and the increase in signal intensities with increasing 
number of ALD cycles for the UV/O3-treated surface point to the continuous growth of the oxide 
film.  In contrast, no HfO2 at all is deposited on the silylated IBM 2 surface not directly exposed 

to the UV radiation during ozonolysis. 

 

The chemical selectivity of UV/O3 treated IBM 3 surfaces toward ALD of HfO2 thin 

films was tested. Figure 4.11 shows selected Hf 4f XPS data acquired as a function of 

ALD cycles at 110°C for IBM 3 surfaces. These surfaces were treated with the UV/O3 

procedure prior to the HfO2 ALD, with one half covered to prevent its direct exposure to 

the UV radiation. The traces corresponding to the surface exposed to the UV/O 3 

treatment show Hf 4f7/2 peaks centered at a binding energy of 17.5 eV, a value typical of 
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HfO2, and the doublets expected from Hf 4f spin splitting,[99] and their signal 

intensities grow with increasing number of ALD cycles, indicating Hf deposition. By 

contrast, no Hf deposition is seen on the covered side of the sample, the one not exposed 

to UV radiation during ozonolysis. As indicated before, this prevents the surface layer 

from been removed (the half exposed to the UV radiation is cleaned from all organic 

matter on the surface, and has the hydrophilic surface exposed for reaction). The 

differences in ALD deposition seen between the two halves of the IBM 3 substrate 

indicate that the hydrophobic half layer is effective in inhibiting the deposition of the 

HfO2 layer. 
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FIGURE 4.11 Hf 4f XPS from IBM 3 surfaces after the growth of HfO2 films via TDMAHf + 
H2O ALD at 110 °C. Two sets of data are reported, from surfaces treated with O3 alone (left), 
and with the UV/O3 combination (right). The XPS peak positions indicate the formation of fully 
oxidized HfO2 films, and the increase in signal intensities with increasing number of ALD cycles 
for the UV/O3-treated surface point to the continuous growth of the oxide film.  In contrast, no 
HfO2 at all is deposited on the native IBM 3 surface not directly exposed to the UV radiation 

during ozonolysis. 

 

The chemical selectivity of UV/O3 treated HMDS/IBM 4 surfaces toward ALD of HfO2 

thin films was tested. Figure 4.12 shows selected Hf 4f XPS data acquired as a function 

of ALD cycles at 110°C for HMDS silylated IBM 4 surfaces. These surfaces were 

treated with the UV/O3 procedure prior to the HfO2 ALD, with one half covered to 

prevent its direct exposure to the UV radiation. The traces corresponding to the surface 
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exposed to the UV/O3 treatment show Hf 4f7/2 peaks centered at a binding energy of 17.5 

eV, a value typical of HfO2, and the doublets expected from Hf 4f spin splitting,[99] and 

their signal intensities grow with increasing number of ALD cycles, indicating Hf 

deposition. By contrast, no Hf deposition is seen on the covered side of the sample, the 

one not exposed to UV radiation during ozonolysis. As indicated before, this prevents 

the surface layer from been removed (the half exposed to the UV radiation is cleaned 

from all organic matter on the surface, and the hydrophilic surface re-exposed for 

reaction). The differences in ALD deposition seen between the two halves of the IBM 4 

substrate indicate that the HMDS-based layer is effective in inhibiting the deposition of 

the HfO2 layer. 
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FIGURE 4.12 Hf 4f XPS from HMDS silylated IBM 4 surfaces after the growth of HfO2 films 
via TDMAHf + H2O ALD at 110 °C. Two sets of data are reported, from surfaces treated with 
O3 alone (left), and with the UV/O3 combination (right). The XPS peak positions indicate the 
formation of fully oxidized HfO2 films, and the increase in signal intensities with increasing 
number of ALD cycles for the UV/O3-treated surface point to the continuous growth of the oxide 
film.  In contrast, no HfO2 at all is deposited on the native IBM 4 surface not directly exposed to 
the UV radiation during ozonolysis. 

 

The ALD growth rates on the IBM 1 and 3 surfaces and IBM 2 and 4 silylated with  

HMDS and then treated with either O3 alone (covered  half) or UV/O3 (exposed  half), 

were quantified by processing the signal intensities from the Hf 4f and Si 2p XPS 

spectra. Figure 4.13 shows the resulting HfO2 uptake curves reported at 110°C. Clearly, 
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the surfaces cleaned with UV/O3 display significantly faster rates of HfO2 deposition 

than those exposed to O3 alone, as mentioned above. This is true in both cases (IBM 2 

and 4), with HMDS as the silylation agent. Indeed, the UV/ozone-exposed half of IBM 1 

shows the fastest growth rate, around 0.8 Å/ALD cycle at 110 °C. By contrast, the 

surfaces exposed to O3 only are totally passivated and show no HfO2 deposition at all at 

110°C.  However, the growth rate on the UV/ozone-exposed half of HMDS/IBM 2 is 0.6 

Å/cycle; no HfO2 deposition is observed on the HMDS blocking side.  

 

The HfO2 growth rate on the UV/ozone-exposed half of IBM 3 is around 0.6 Å/cycle; 

while there is no deposition on the surface exposed to ozone only. The HfO2 growth rate 

on the UV/ozone-exposed half of HMDS/IBM 4 is around 0.5 Å/cycle, and no 

deposition occurs on the surface exposed to ozone only.  The growth rate on the 

different substrates is different, since ALD is a surface sensitive deposition technique. 

The different substrate surface properties will influence the growth rate of HfO 2 ALD. 

All these data confirm that our selective ALD process has good applications on ultra-

low K dielectrics for patterning.  
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FIGURE 4.13  Average  thickness  of  HfO2 films  grown  on  the IBM 1 to 4 series of wafers 
via ALD as a function of the number of cycles used, estimated from Hf 4f and Si 2p XPS data by 
assuming layer-by-layer growth and published electron inelastic mean free paths. Four surfaces 
were tested here; IBM 1 and HMDS/IBM 2 (Left), IBM 3 and HMDS/IBM 4 (Right). Two sets 
of data are shown for each case, for the two half-surfaces exposed to O3 alone and to the UV/O3 
combination, respectively. In addition, HfO2 uptakes are reported for ALD experiments carried 
out at 110 °C, in each case. Much faster film growth is seen on the surface treated with the full 
UV/O3 procedure, and total inhibition is seen with the silylated surfaces for ALD at 110°C 
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4.4 Conclusions 

Our selective ALD approach has been tested on the IBM 1 to 4 series of wafer surfaces, 

which are ultra- low dielectrics for industrial applications. Emphasis has been placed on 

the surface reactivity toward the metalorganic precursors which are used in the chemical 

deposition of thin solid films. Native IBM 2 and 4 are hydrophilic; starting from this 

substrate, the hydroxo groups on the surface are capable of covalently reacting with a 

number of metalorganic compounds, facilitating their dissociative adsorption and 

initiating chemically based film deposition processes. IBM 1 and 3 are natively 

hydrophobic; hence UV/ozonolysis can restore the hydrophilicity of those surfaces, so 

ALD growth can be carried out. These hydrophobic and hydrophilic properties were 

evaluated here by means of contact angle measurements between the surface and a 

droplet of water deposited on top. 

 

The UV/O3 treatment of the silylated IBM 2 and 4 wafers returns their original 

hydrophilicity. This was tested by evaluating the rate of growth of HfO2 films via ALD 

using TDMAHf and water. Overall, the sequence of silylation and UV/ozonolysis 

treatments described here for selective ALD process indicates good performance on 

industrial wafers.  
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It should be said that this selective ALD process is a good way to achieve patterning for 

microelectronics industry applications.  It can achieve selective ALD without sacrificing 

surface roughness.  
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