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ABSTRACT

Many groups1"9 have reported the “photooxidation” o f self-assembled alkanethiols on 

metal surfaces. It has been suggested that both ozone and ultraviolet light are necessary for 

the oxidation o f the thiols. This same phenomenon can also be observed with alkylsiloxanes 

on silicon. Modification o f the monolayer can occur and this process can be studied with a 

variety o f techniques. Photopatterning o f self-assembled monolayers has far-reaching 

applications in biology, surface science, and chemistry, as well as in the liquid crystal and 

high tech industries. In order to determine the active agent for photooxidation, ozone or 

ultraviolet light, alkylsiloxanes on silicon were investigated. The siloxane layers were 

exposed to varying combinations o f ultraviolet light and ozone, and then the layers were 

characterized using techniques such as contact angle measurements, ellipsemetry, and sum 

frequency generation. It was found that the modification o f the monolayers is most efficient in 

the presence o f both ultraviolet light and ozone.
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1.0 INTRODUCTION

Many groups1"9 have reported the “photooxidation” of self-assembled alkanethiols 

on metal surfaces. It has been suggested that both ozone and ultraviolet light are 

necessary for the oxidation of the thiols. Rowlen et al . 10 suggest that ozone is the active 

oxidant rather than the UV light. Bohn et. a l11, also looked at the photooxidation 

processes o f alkanethiols on metal surfaces. Even though the Bohn group was studying a 

system similar to the Rowlen group, they came to a different conclusion. Their 

conclusion was that ozonolysis, from UV photosynthesized ozone, is the primary cause of 

the UV oxidation o f self-assembled hexadecanethiol (HDT) monolayers. A similar 

system to the alkanethiols is self-assembled octadecyltriethoxysilane, a saturated 

hydrocarbon, on silicon. These layers have been studied especially with respect to the 

processes o f UV-Ozone cleaning o f organic contamination. One such study by Moon et. 

a l13 suggests that a combination of UV and ozone exposure is necessary for the efficient 

removal o f saturated hydrocarbons from the surface. This presents the following 

question, what agent is the active oxidant for the photooxidation process?

Ozone can be formed as a result o f exposure to ultraviolet light at less than 200 

nm23. Ozone can also be converted into atomic and molecular oxygen.

O3 => O + O2 (1)

The atomic oxygen is a reactive species that could react with the saturated C-C bonds as 

well as the Si-C bond to break the alkane chain22 23. Thus, when octadecylsiloxane (ODS) 

on the silicon surface is exposed to a combination of ultraviolet light and ozone, the long 

alkane chain could be broken, and the layer modified. The layer should be modified at the 

Si-C bond because this bond has a higher chemical reactivity as well as a lower bond 

dissociation energy than the C-C bond23.
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1.1 MOTIVATION

Self-assembled monolayers have been studied with respect to photooxidation for 

more than a dozen years because they can be patterned easily with UV irradiation and 

thus are amenable to numerous technological applications. Some o f those applications 

include: thin-film optics, sensors and transducers, protective layers, high-resolution 

imaging materials, and fimctionalized surfaces with specific chemical, biological, or 

adhesive properties44. Patterning o f organic layers also has utility in the alignment of 

liquid crystalline layers (LCD’s), contact printing, biotechnology, as well as conventional 

and ultrahigh spatial resolution lithography10’11,13. As will be discussed in later sections, 

there are numerous ways to pattern organic layers and as many explanations for the 

mechanism o f the photooxidation which produces those patterns.

In order to get a better understanding o f this mechanism and to determine what agent, 

or agents, is responsible for the oxidation, monolayers o f octadecyltriethoxysilane 

(OTES) on silicon-silicon dioxide substrates were studied. This investigation was 

designed to determine if both UV light and ozone are necessary for modification of the 

octadecylsiloxane (ODS) layer, and that the modification will take place at the Si-C bond 

near the surface o f the substrate. The experiments outlined in the following sections are 

designed to look at how much UV and ozone are necessary to effect a change in the layer, 

and whether the fragments o f the alkane chain can be collected and measured. If the 

fragments can be measured it might provide information about where the modification o f 

the layer takes place. Additional experiments were performed with the intent o f 

monitoring the modification, but before the experimental work can be discussed, the 

relevant literature should be discussed along with the role of ozone and photochemistry in 

the oxidation o f the ODS layer.
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2.0 BACKGROUND

2.1 LITERATURE REVIEW

A combination o f three papers by Rowlen et. a l10, Bohn et. al11, and Moon et. a l13 are 

the basis for this investigation. In addition to those papers, a number of other significant 

papers were reviewed in order to gain background information about relevant topics such 

as the ODS silation mechanism, general information about self-assembled monolayer 

(SAM) growth, ellipsometry, photooxidation, and photopatterning.

2.1.1 ROWLEN INVESTIGATION

Rowlen et. a l10 studied the effect o f ozone on the photooxidation of self

assembled alkanethiols on SERS (surface enhanced Raman spectroscopy) active Ag. This 

group suggested that photooxidation, where the UV radiation leads directly to the 

photoproduct11, does accurately describe the modification o f the thiols. By using SERS to 

study the mechanism of “photooxidation” the Rowlen group was able to determine that 

ozone was necessary for the oxidation of the thiol. Direct exposure of self-assembled 

decanethiol to light from a low-pressure Hg lamp under ambient conditions, resulted in 

adsorbed oxidized sulfur species. The amount o f ozone generated by the lamp was 

determined using absorbance spectroscopy. When the decanethiol samples were exposed 

to the same amount o f 254nm light but were environmentally isolated, so as to protect the 

sample from ozone exposure, no oxidation was observed. Additionally, when the 

decanethiol samples were exposed to an equivalent amount o f electrically generated 

ozone, in the absence o f the 254nm light, the SERS oxidation product spectra were 

identical to those generated by the lamp under ambient conditions. Rowlen et. al 

quantified the amount o f product by using the SERS spectra, an ozone-time profile and 

the oxidation products’ generation or destruction was monitored with XPS. Chain length 

effects in the oxidation o f this thiol system were not studied. The conclusion reached by
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the Rowlen group was that ozone was the active oxidant in the “photooxidation” of 

alkanethiols on Ag.

2.1.2 BOHN INVESTIGATION

Bohn et. al11 also studied self-assembled monolayers (SAMs) o f alkanethiols, but 

on Au rather than Ag. UV irradiation o f an alkanethiol SAM on Au in air has been shown 

to form alkylsulfonates. Prior studies did not distinguish between photooxidation, UV 

radiation leading directly to modification, and chemical oxidation where photolysis leads 

to a reactive oxygen species that subsequently participates in the sulfonation reaction. 

Bohn’s group found that the labilization (or stripping) o f hexadecanethiol SAM’s on Au 

under low-irradiance conditions, requires both O2 and UV irradiation at wavelengths 

competent for O3 formation, i.e. X < 200nm. It was found that ozonolysis, from UV- 

photosynthesized O3 , is the primary cause o f the UV oxidation o f self-assembled 

hexadecanethiol (HDT) monolayers. Their results are convincing evidence that UV 

photooxidation o f HDT SAMs proceeds principally by generation o f ozone and 

subsequent ozonolysis o f the sulfur head group. No chain length effects in the oxidation 

o f the HDT SAMs were mentioned.

2.1.3 MOON INVESTIGATION

Moon et. al13 describe the UV-ozone cleaning process o f organic surface 

contamination layers. Their study was focused on the cleaning efficacy o f the UV-ozone 

process. In order to characterize the ability o f the UV-ozone process to clean surface 

contamination, the Moon group investigated adventitious hydrocarbon layers on Si 

wafers, and two well-defined organic layers, GTS (octadecyltrichlorosilane) on Si, and 

self-assembled C6oH-(CH2)i2-SH monolayers on Au. These two layers were chosen 

because the GTS is a saturated hydrocarbon layer, and the Gao layer has unsaturated C 

bonds. By using 254nm light from a Xe-Hg lamp, O radicals were produced from the 

dissociation o f O3 . The ozone jet, described elsewhere14, was applied to the samples to
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determine how well the jet cleaned the surface. It was found, by the Moon group, that 

there were two kinds o f hydrocarbons, one that reacts with O3 and is cleaned efficiently at 

room temperature, and one that reacts slowly with O3 but very rapidly with UV-O3 . They 

suggest that the carbon atoms are oxidized to carbonyl and carboxyl groups before 

desorbing probably as CO2 . The OTS layers, which are similar to octadecylsiloxane 

(ODS) layers, changed very little with O3 exposure for long times (>100min). On the 

other hand, exposure to UV-O3 resulted in rapid change with almost complete 

disappearance after 85 min. The C-C single bonds in the surface alkyl groups are not 

attacked by O3 but are dissociated very efficiently with UV-O3 cleaning.

Moon et. al also suggest that the role o f the UV photons in the cleaning process is 

the dissociation o f O3 molecules into oxygen molecules and reactive oxygen radicals. 

Those reactive oxygen radicals can then attack the C-C single bonds in the OTS organic 

thin films and clean the Si surface. It was found that the surface Si alkyl groups are not 

cleaned at all or are at least very slowly removed by O3 molecules without UV radiation. 

After the UV-O3 cleaning process, the Moon group found the presence of residual carbon 

in an amount equal to approximately 10-20% of the initial amount. The residual carbon 

was speculated to be the result o f cross-linked carbon atoms formed during the UV-O3 jet 

cleaning process. Chain length effects were not studied, rather the group looked at the 

differences between saturated and unsaturated hydrocarbons. Their overall conclusion 

was that the UV-O3 cleaning process was very effective and efficient for removing 

organic surface contamination.

2.1.4 SILATION MECHANISM

According to Ulman56 and Blitz et. al54 , the silation mechanism of 

octadecyltriethoxysilane on silicon-silicon dioxide substrates is not fully understood. It is 

known that the n-butylamine catalyst that is present in the organic deposition solution
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plays a rather large role in the formation of the self-assembled monolayer. Blitz, et. al 

suggest that it is the catalyst that binds to surface silanols, becoming protonated in the 

case where the amine catalyst is “seeking” another hydrogen group. It is this step that 

appears to allow the trialkoxysilane to attach to the surface sites on the substrate. The 

silation reaction produces one bond or less, between the trialkoxysilane and the surface, 

likely because the other two bonds are involved in forming a polymer-like network to the 

nearest neighbors. A series o f reactions shown in Figure 1 below depict such a process. In 

the first step the hydrogen is removed by the catalyst leaving a reactive oxygen on the 

surface. The oxygen can then react with octadecyltriethoxysilane (OTES) molecules in 

the deposition solution, concurrently regenerating the butyl amine catalyst and producing 

ethanol. Once more than one OTES molecule has been bound to the surface, neighboring 

groups can react to form a polymer-like network. This process continues until an entire 

octadecylsiloxane (ODS) layer has been deposited onto the substrate.

OH O-
| + r n h 2  ► I + r n h 3+

R
OEt |

°" | OEt -  Si—  OEt
| + R -  Si— OEt ------------► |

| O
 1____  + EtO" RNH3+

EtO- RNH3+ 
R

E to n  + r n h 2 

R R
R

OEt —  Si -

O

OEt OEt -  S i -  O- OEt -  S,i—  OEt 

O

— —  r»c+ OEt —  Si

O O

R

Si -  OEt
I

O
+ RNH,

+ RNH3+ EtO

RNR, + EtOH

Figure 1. Silation Reactions
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Pictorially, at the end o f the reaction, the layer would look like the sketch in figure 2 

below, where R symbolizes the long alkane chain.

R R R

Si
o-

Si
O

Si

O O o

Figure 2. Sketch o f ODS layer on Si surface

An obvious question would be, where will the chain be broken after it is exposed to either 

UV light, ozone or a combination o f the two? If the chain were to break at the Si-C bond 

and the remaining Si groups oxidized in the air or ozone, then a new layer o f silicon 

dioxide would be formed. This would be a way to build multilayers of silicon dioxide by 

an epitaxial growth mechanism. At 8 8  kcal/mol bond strength22, the Si-C bond is the 

weakest in the system described above so it would make sense that the UV light or ozone 

oxidation would supply enough energy to break that bond and perhaps many o f the 

surrounding bonds as well.

2.1.5 SELF-ASSEMBLED MONOLAYERS (SAM’S)

In 1978, Sagiv35 published a paper that discussed the formation of mixed 

monolayers on solid surfaces. Sagiv studied the formation o f monolayers from organic 

solutions through an irreversible adsorption and the active silane molecules were shown



to covalently bond to the surface o f the substrate. Octadecyltrichlorosilane molecules 

were studied, and as a result a very good method for SAM preparation o f alkylsiloxanes 

was developed. Sagiv’s results proved that adsorption from organic solutions on polar 

solid surfaces can be used to produce homogeneous, compact monolayers containing 

more than one component. Once it was known that these monolayers could be grown 

easily and with a high degree o f reproducibility, the next step was to investigate the 

growth process.

A commonly held position about the formation and growth o f self-assembled 

monolayers is that the layers form through a process o f nucléation, growth and 

coalescence o f islands on the surface. Many different groups have studied this process 

and the related kinetics o f growth36"42. They have determined that the process begins with 

the nucléation o f submonolayer islands that grow and coalesce as time goes on. For 

example, Doudevski, et. al39, in 1998, showed that the growth process can be 

quantitatively explained by a kinetic theory o f 2D cluster growth typically used to 

describe vapor phase molecular beam epitaxy. Alkyltrichlorosilanes and alkylsilanes are 

common in this type o f interrupted growth studies because they are relatively easy to 

work with and are fairly well characterized.

In 1996, Ulman43 wrote an overall review o f the formation and structure o f self

assembled monolayers. This review provides detailed information about multiple kinds o f 

self-assembled monolayers such as fatty acids, organosilicon derivatives, organosulfur 

adsorbates on metal and semiconductor surfaces, alkyl monolayers on silicon, and 

multilayers o f diphosphates. As well as providing information about the types o f SAM’s, 

Ulman reviews the competing interactions in the formation o f self-assembled 

monolayers. The article provides a good base level o f knowledge about the chemistry, 

formation, and structure o f monolayers.
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2.1.6 PHOTOPATTERNING

Photopatterning, as a technique, is becoming more and more important in many 

applications. These applications can include thin-film optics, sensors, imaging materials, 

and fimctionalized surfaces. Self-assembled monolayers have been heavily investigated 

for the last decade as suitable materials for photopatterning. In particular one group, 

Dulcey et. al44, showed that deep UV irradiation, using pulsed krypton fluoride (248 nm) 

and argon fluoride (193 nm) excimer lasers as sources, can modify organosilane SAM 

films by a photocleavage mechanism, which renders the surface amenable to further 

SAM modification. This group used patterned UV exposure to create alternating regions 

o f SAM and bare substrate. Phenyltrichlorosilane (PTCS), a molecule that binds to the 

surface in much the same way as a siloxane, was chosen and used a test molecule for this 

procedure. Through S i-0  bonds, the PTCS is anchored both to the surface and to the 

surrounding molecules in much the same way as a siloxane molecule. According to 

Dulcey, when the layer is masked, then exposed to UV, the photocleavage occurs at the 

Si-C bond because it is the weakest link in the molecule with a bond energy o f only 8 8  

kcal/mol. These exposed regions can then undergo a second chemisorption reaction to 

produce an assembly o f SAM’s. UV-patterned films o f this kind are used as templates for 

selective buildup of fiuorophores, metals and biological cells.

One o f the more prominent applications of these UV-pattemed films is in the field 

o f biology. Mooney et. al45, demonstrated that bovine serum albumin (ESA) could be 

attached to a patterned layer o f n-octadecyltrimethoxysilane (OTMS) on silicon dioxide. 

OTMS was deposited on the silicon dioxide and then selectively removed the monolayer 

by UV -photolithography with 193nm light. The BSA was then shown to attach molecules 

o f biotin and to allow the pattern to be replicated. In a similar study, Bhatia et. al48, 

showed that the oxidation o f the thiol terminus o f an organosilane SAM film by deep UV 

irradiation, at 193nm, would generate surfaces resistant to nonspecific protein adsorption.
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Yet another application o f photopattemed SAM’s is in the liquid crystal industry. 

In the last decade there has been a lot o f interest in developing noncontact alignment 

methods for liquid crystal displays which would replace the conventional, mechanical 

alignment procedures46*47,49. Newsome, et. al46 have studied laser etched gratings on 

polymer layers for the alignment o f liquid crystals in order to begin developing a 

noncontact alignment method for LCD’s. Four years earlier, Kawata, et. al47 used micro

groove patterns produced by photolithographic methods to align nematic liquid crystals. 

Alignment using photolithography methods is possible because stripes o f alternating 

height are produced which cause a stress field in the liquid crystal that responds by 

organizing so as to minimize the bulk stress energy. Another mechanism for alignment 

has been proposed where the edges of the bare areas next to the remaining part o f the 

stripe allow polar anchored liquid crystals to organize at a surface with a preferred 

orientation.

2.1.7 ELLIPSOMETRY

Ellipsometry has been proven to be a reliable technique with which to measure 

the thickness o f C10-C18 alkylsiloxane monolayers on silicon-silicon dioxide substrates. 

Wasserman et. al53, performed this kind of study and found that the thickness of the 

alkylsiloxane was approximately 20 angstroms. In 2000, Muese25 also looked at the 

thicknesses and molecular structure of alkanethiol monolayers using infrared 

spectroscopic ellipsometry and reported similar results. These kinds o f measurements 

prove that ellipsometry can be sensitive to layers that are small as compared to the 

thickness o f an oxide layer which can be on the order o f 70-100 nm. Bierbaum et. al37 

used ellipsometry to investigate the growth o f self-assembled n-alkyltrichlorosilane films 

on Si(100). The growth behavior o f n-octadecyltrichlorosilane (OTS), n- 

propyltrichlorosilane (PTS), and n-triacontyltrichlorosilane (TOTS) on hydroxylated 

Si(100) substrates were studied. Ellipsometry was used to monitor the growth o f the
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islands on the surface and to verify that the growth of the self-assembled film did indeed 

follow a model proposed by Wasserman et. al53. This model predicts that the OTS 

molecules are uniformly distributed over the substrate in a disordered manner. Bierbaum 

et. al37, found that the film thickness increased with the immersion time. They also found 

that self-assembled monolayers o f OTS on Si form by an island growth mechanism, in 

disagreement with previous studies, which support a “uniform” growth model.

2.1.8 SURFACE PREPARATION

The preparation o f the surfaces is crucial to the successful formation of good self

assembled monolayers. Preparation techniques and methods have been studied and 

reviewed by a number o f researchers and still there is no one common technique used to 

make these layers. Although the details o f the technique vary from group to group, a lot is 

known about the factors that influence the preparation o f the surfaces. For example, 

Silberzan, et. al50, studied the effects of temperature and water presence on the silanation 

o f silica surfaces and found experimental conditions and a mechanism which would 

produce high-quality monolayers o f long aliphatic chains. Parikh, et. al52 present a good, 

general guide for the preparation o f OTS (octadecyltrichlorosilane) monolayers as well as 

the ellipsometry on oxidized silicon. Their method for SAM preparation converts easily 

to the OTES molecules. Granick, et. al51 published a paper concerning the preparation of 

glass and silicon surfaces for silane deposition. These three groups are just a few of the 

many who have discovered a wealth o f information regarding surface preparations for 

self-assembled monolayers.

2.2 OZONE

Ozone is both formed and destroyed by light. There are many reaction pathways, 

determined by the wavelength and the corresponding energy of the light. For example,
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the formation o f ozone by ultraviolet radiation at a wavelength less than 2 0 0  nm proceeds 

via the following reactions, with an oxygen diradical intermediate.

O2  + /zv = > 2  -O  (2)

•O* + O2 => O3 (3)

Ozone absorbs radiation from 200 to 360 nm. This leads partly to a reversal o f 

reaction (3) and thus a steady state concentration is established. The range o f effective 

wavelengths for ozone formation and destruction is from ~130nm to 1180nm15' 19. As 

shown in the equations above, ozone formation is usually a product o f the photolysis o f 

molecular oxygen that produces atomic oxygen that combines with other oxygen 

molecules. In the experiments, ozone was generated by a home built ozone generator and 

then flowed into the sample chamber. The ozone concentration was controlled by needle 

valves along the gas lines in order to provide enough ozone for the oxidation to occur. 

Although ozone can react with water in the air in the sample chamber the amount of 

water is probably small enough, provided that the relative humidity in the chamber is less 

than or equal to the ambient conditions that it will not affect the experiments. More 

detailed discussions o f the ozone generation and the sample chamber can be found in 

later sections.

2.3 PHOTOCHEMISTRY

In photochemistry, UV light can dissociate the ozone into molecular oxygen and 

reactive atomic oxygen species22’23. The UV light was generated by a 100W Hg lamp, 

where the most useful wavelengths are 254nm, which destroys ozone, and 185nm light, 

which creates ozone. There are four possible reaction pathways for the modification o f 

the ODS layer. Reaction of the ODS layer can occur when exposed to ozone, ultraviolet
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light, or a combination. In the first pathway, the octadecylsiloxane (ODS) layer is

exposed to ozone in the absence of light. A diradical oxygen, in the triplet state, is formed

by thermal dissociation via the following reaction22

O3 => O2 + O- (4)

The first propagation step, in the radical reaction mechanism, is shown below

O» + CigHsySi —> -CigHsôSi + OH (5)

This leaves a radical on the alkane chain that can react further with oxygen (O2 ) or 

another OH radical, thus incorporating an oxygen atom into the chain. Once the oxygen is 

present on the chain it makes the bonds surrounding the C -0  group more reactive and 

more susceptible to further radical attack. Such a mechanism would break the alkane 

chain into shorter carbon chains, modifying the ODS layer. These reactions, and this 

radical mechanism, are typical o f oxygen chemistry reactions2 6 and the process stops 

when all o f the radicals have been terminated.

The first reaction pathway, as described above, would lead to the removal o f some 

part o f the long carbon chain so that one o f the products is a short carbon chain species. 

An overall reaction might look as follows

O3 + CigHsySi => CaHbSi + CxHy + O3 (6 )

In equation 6 , a, b, x, and y are shown as the subscripts of the reaction products due to 

the fact that it is not possible to predict how much o f the carbon chain will be broken by 

the ozone without more information about the length of time of the reaction and the rate 

o f reaction. It is only possible to speculate that the chain will be broken some where
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along its length thus producing shorter chains that are potentially volatile depending on 

the number o f carbons present.

The second pathway would be the reaction o f the ODS layer and ultraviolet light, 

in the absence o f air or ozone. The reaction of light with the ODS can be shown generally 

as follows

CigTWSi + hv => very slow (7)

This reaction is slow22, when compared to the reaction o f ODS with an oxygen diradical, 

and hence can be considered to not react. In this pathway, the UV light does not have air 

or ozone available for the formation o f oxygen radicals thus, the light itself reacts with 

the alkane chain to break the bonds and modify the layer. This process is slow because 

the modification is dependant upon photons reacting with the ODS layer to transfer the 

energy o f the light and thus break the bonds but this in turn, depends on each photon 

reacting with the ODS. In other words, the exposure o f ODS to the light may not lead to 

the significant formation of reaction products.

A third pathway is the reaction o f the ODS layer with air and ultraviolet light.

This reaction pathway differs from the second pathway by the presence of air during the 

reaction. Oxygen in the air is exposed to the ultraviolet light that can produce an oxygen 

diradical22.

O2 + /zv => 2  *0 * (8 )

The oxygen diradicals would then be available to modify the ODS layer by the same 

radical mechanism as shown in the first pathway by equations 5 and 6 . However, in this 

pathway the population o f oxygen radicals may be greater than that produced by the 

thermal dissociation of ozone as a result o f the highly energetic ultraviolet light. The UV
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would enhance the conversion from oxygen or ozone to oxygen radicals. A larger 

population of the oxygen radicals would allow for a more effective modification. Shorter 

carbon chains would be left on the surface at the end of the reaction.

A fourth pathway would involve the reaction o f the ODS layer with both ozone 

and ultraviolet light. In this case, ozone is added directly to the layer in the presence of 

UV light. Oxygen diradicals would be produced, as shown below22

The modification would again proceed by a free radical mechanism, as described by 

equations 5 and 6 . In this pathway, the population o f oxygen radicals may be greater than 

in the first or third pathways due to the presence of ozone during the reaction. By adding 

ozone directly to the reaction system a greater number of molecules are available to be 

converted to oxygen radicals by the UV light. Although there are a greater number of 

molecules in the system, the amount o f oxygen radicals will depend upon the steady state 

balance o f the ozone removal caused by the UV light, which decreases the oxygen radical 

concentration, and the production o f oxygen radicals as described by equation 9. An 

increased number of radicals would allow the modification to be more effective, perhaps 

removing the alkane chain completely.

In all o f the alkane removal mechanisms, silicon radicals would be left on the 

surface and could become silanols or silicon dioxide through the following reactions.

O3 + hv —> O2  + *0 * (9)

•Si + OH => Si-OH (10)

where the OH could come from water in the air, or

•Si + O2 —> O-Si + O* (11)
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by reacting with oxygen in the air. A polymer-like network o f SiO] would eventually be 

formed after further reaction and possibly some rearrangement reactions.

These four reaction pathways form the basis o f the investigation to determine 

whether ozone, ultraviolet light, or both are necessary for the modification and removal 

o f the ODS layer.

3.0 EXPERIMENTAL PROCEDURE

The following experimental sections outline the techniques used to characterize 

the oxidation o f the ODS layers. Each section describes the technique chosen and why it 

was chosen. Section 4.0 will report the results o f the experiments, and section 5.0 will 

suggest interpretations o f those results.

3.1 SAMPLES

The Si wafer substrates were obtained from Virginia Semiconductor, Inc .24 and 

were prepared according to the following procedure. First the silicon wafers were cleaved 

into small pieces32, then rinsed with DI water. In order to ensure a clean starting surface, 

the silicon pieces were treated with a buffered oxide etch. Buffered oxide etch (BOE) is 

used to remove SiD^. BOE is a very selective etch, meaning that it stops at the silicon and 

does not etch further. The etching solution was 50:1 DI water to hydrofluoric acid (HF)33. 

Next, an oxide layer was grown on the wafers. An oxide layer should be well defined and 

continuous, so the layers were grown by a dry oxidation method that produces a better 

quality oxide than a wet oxidation. The wafers were then placed in a furnace which was 

programmed to ramp up to 1000 0 C, over 20 min., hold the temperature at 1000°C for 

120 min, and then cool down. Using the Deal-Grove model for silicon oxidation, it was 

determined that a dwell time o f 120 min. at 1000° C should produce a 100-nm thick 

oxide34.
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At this point, ellipsometiy and contact angle measurements were performed on 

the wafers. By characterizing the quality o f the oxide layer, the effect of the UV or ozone 

exposure could be more accurately determined. Once a reference point for the wafers was 

determined, the next step in the sample preparation could be performed. Before the ODS 

layer was deposited onto the surface the wafers needed to be cleaned. This cleaning was 

accomplished using the RCA cleaning process20,21’31. The RCA cleaning procedure has 

three major steps used sequentially:

I. Organic Clean: Removal o f insoluble organic contaminants with a 5:1:1 

H2 0 :H2 0 2 .‘NH4 0 H solution.

II. Oxide Strip: Removal o f a thin silicon dioxide layer where metallic contaminants 

may accumulated as a result o f (I), using a diluted 50:1 %  0:H F solution.

III. Ionic Clean: Removal o f ionic and heavy metal atomic contaminants using a 

solution o f 6:1:1 H2 0 :H2 0 2 : HC1.

The RCA cleaning technique does not attack silicon, and only a very thin layer o f silicon 

dioxide is removed (in II) in the process. The procedure was also designed to prevent 

replating o f metal contaminants from solution back to the wafer's surface31. At this point 

in the sample preparation, the thickness and properties o f the oxide layers were 

characterized with ellipsometry, as reported in section 4.0, and contact angle 

measurements, as reported in section 4.1.

After the RCA clean was completed, the next step was to deposit the 

octadecyltriethoxysilane (OTES) molecules onto the surface o f the oxide. The deposition 

method used is a modified version o f the procedure developed at the University of 

Colorado at Boulder30. The Si wafers were dipped into a solution of 

octadecyltriethoxysilane (3% by weight) and n-butylamine (-0.5%  by weight) in toluene 

at a temperature o f 50°C. The deposition solution was in an open container that was 

placed in a water bath at 50°C. After 30-45 minutes, the samples were pulled out of the
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ODS solution, rinsed with toluene and annealed for 20 minutes at 160-170° C. At this 

point the contact angle o f each sample was measured as well as the ellipsometry. After 

annealing, the wafers were once again characterized with both ellipsometry and contact 

angle measurements. By performing these characterizations at each step in the 

experiments, the quality o f the layers could be monitored, shown in sections 4.1 and 4.3.

A good layer o f OTES molecules is defined as one that is well packed and 

organized. The degree o f packing and organization can be determined by the static 

contact angle measurement o f the ODS layer. A value o f 110° or better measured for an 

ODS layer constitutes a “good” layer56.

3.2 EXPERIMENTAL SETUP

A sample chamber was designed to house a 2.5cm x 2.5cm piece o f Si coated 

with ODS. The chamber itself, is a 10.16cm x 5.08 cm (4in. x 2in.) container with an 

inlet and an outlet for gas lines, and a quartz window that allows the UV light to shine 

into the chamber and onto the sample. The gas can be flowed through the chamber via the 

inlet & outlet, see figure 3, top view, and figure 4, side view below.

Quartz Window

r

© ©

<C
Gas Outlet

Gas Inlet

Figure 3. Sample Chamber, top view
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Quartz WindowI

Gas Outlet

<C Sample

Chamber Lid

Gas Inlet 

< ^ =

Figure 4. Sample Chamber, side view

The samples were mounted onto two glass slides, where the slides and the sample 

were held together using double-sided scotch tape. Masks for the exposure were made 

from brass shim stock. The open areas o f the mask were designed to be wide enough to 

encompass the spot size o f the ellipsometer. Clips, made o f thin stainless steel were used 

to hold the mask in place during the exposures. Figure 5 below shows a top and side view 

o f the sample, slides, and mask setup.
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Brass MaskGlass slides

Wafer with ODS layer Exposed areas

Sample Mask

Glass Slides Clips

Figure 5. Top and side view o f sample configuration

Ozone is introduced into the sample chamber through the inlet valve, and the 

exhaust is vented out o f the chamber into the fume hood. A home-built ozone generator
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produced the ozone, see Figure 6  below12. The materials chosen for the gas handling 

routes, such as Teflon tubing and metal connections, were selected for their inertness to 

ozone and potential ultraviolet exposure. A quartz window was selected for the sample 

chamber. A transmission spectrum o f the quartz window was obtained using an 

ultraviolet/visible spectrometer to ensure that the relevant wavelengths o f the UV lamp, 

254nm and 185nm, would pass through to the sample. The transmission spectrum of the 

window is included in appendix A.

Teflon end cap Copper outer tube electrode
-Teflon end cap

Copper central 
electrode

Glass tube Air & Ozone out
HV outputAir in

Variable 0-120 AC
0-12000V
AC

120 AC

Figure 6 . Schematic of Ozone Generator

A schematic o f the overall UV/Ozone system is shown in Figure 7 below. A 100 W Hg 

lamp was selected for the UV exposures. This lamp was positioned so that the path length 

o f the UV light was approximately 140 mm (5.5 inches), as shown in Figure 8 .
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50.8mm

Ozone

Figure 7. Schematic o f UV/Ozone system

U V l a m p

14 0 m m

S a m p l e  C h a m b e r

S a m p l e

Figure 8 . Configuration o f UV lamp and sample chamber

3.3 CONTACT ANGLE MEASUREMENTS

A contact angle measurement is a simple test that provides information about the 

surface energy. Surface energy is related to the contact angle by Young’s equation27

Yl v  c o s  0  -  y s v  -  Ysl (12)
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In this equation ysv describes the surface o f a solid in equilibrium with the vapor of a 

liquid. To describe a solid in equilibrium with its own vapor, the term ys° is often used 

and the difference between the two tensions is accounted for by adsorption. Adsorption, 

in this context, describes the attachment o f molecules from the vapor phase onto the solid 

surface and always leads to a decrease in y. Therefore,

ys0-ysv  = p7Te (13)

Where 7ie is the equilibrium film pressure. The word equilibrium in this designation refers 

explicitly to the fact that adsorbed molecules are in equilibrium with a drop of bulk 

liquid. Equations 12 and 13 can be combined to give

yLvcos 9 = ys°-7Te -  ysL (14)

Figure 9 below shows the relationship among ys0, ysv, and ne.
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Vapor

Liquid

Solid

ysL ysv

Figure 9. Components o f interfacial tension needed to derive Young’s equation [27]

Although the value o f 0 might be quite different between equilibrium and nonequilibrium 

situations, depending on the value o f ne , it is generally assumed that ne = 0 , due to lack o f 

suitable data27.

Generally, the larger the value o f the contact angle, the more hydrophobic the 

surface becomes, which causes the drop o f water to become more and more spherical. 

Thus, a larger value o f the contact angle means a more closely packed layer o f ODS. A 

well packed layer o f ODS has more methyl groups at the surface and thus, a greater value 

of ysL causing the drop to become more spherical. Because the contact angle is sensitive 

to the degree o f hydrophobicity o f the layer, it is possible to observe changes in the layer 

as a result o f the UV/Ozone exposures. For this reason, the contact angles were measured 

before and after each step in the experiments.
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Contact angles were measured with a home-built goniometer, as shown in Figure 

10 below. The goniometer was built using a telescope lens, adjustable mounts, a lamp, 

filter, and a variable autotransformer. Values for the contact angles can be read off o f the 

scale on the telescope lens to an accuracy o f +/- 1 degree.

M icropipet
Telescope Paper Covered Filter

Light
Cross-hair
goniometer

Optical Rail
Adjustable Stage

Figure 10. Schematic o f Contact Angle Goniometer

3.4 UV/OZONE MEASUREMENTS

At the heart o f this investigation was the exposure o f the samples to UV and 

ozone. The UV and ozone system was described in section 3.2. This system was used to 

expose the samples to varying amounts o f both UV and ozone and to perform the time 

exposure series.
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3.4.1 EXPERIMENTAL MATRIX

The different types of exposures performed are summarized in table 1 below.

Table 1. Experimental Matrix 

Experimental Matrix

Trial UV exposure Ozone exposure Both UV & Ozone Air Mask
1 X X
2 X X X
3 X X
4 X X
5 X
6 X
7 X X
8 X X X
9 X X
10 X X
11 X
12 X

The trials listed above represent different categories of experiments, such as 

looking at the importance o f exposing the sample with or without a mask, or determining 

a minimum exposure time. Trials 1-7 represent the experiments designed to look at the 

differences in modification o f the ODS layer due to UV exposure, ozone exposure, or to 

UV and ozone exposure. Within this set o f experiments, other factors were looked at to 

see what influence they might have on the layer modification. Those factors were the 

presence or absence o f air or a mask during the exposure. Multiple sets o f data were 

collected for each trial in order to ensure reproducibility and to determine if  the exposures 

actually have an effect on the ODS layers. A 100 % dose was arbitrarily determined to 

be when the lamp was run at approximately 95 W, 5.5 inches away from the sample, and 

the light was shone through the quartz window. A similar determination was made for the
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ozone. When the generator was running with the variable autotransformer set at 90, 

whatever portion of the ozone that was delivered through the gas lines & flowed across 

the sample was considered to be a 1 0 0  % dose.

Trials 8  through 12 are the exposures that were done with varying amounts of 

time, from 1 min. to 60 min. in order to determine a minimum exposure time that would 

affect the removal of the ODS layer. In all o f the other trials, the time was held constant 

at 45 minutes. By the variation o f the conditions in the experimental matrix, it should be 

possible to learn more about the oxidation process. Results o f the exposures can be found 

in the sections about the different characterization techniques, contact angles, GC/MS 

and rinsing tests, ellipsometry, and SFG.

3.5 GAS CHROMATOGRAPHY/MASS SPECTROSCOPY

In order to gain a better understanding o f the oxidation process, fragments of the 

exposed layers were captured in solution and analyzed by GC/MS. By performing this 

analysis, it was thought that the oxidation products could be determined. The expected 

products are long chain (i.e. 16-18 carbon) alkanes. The gas chromatograph vaporizes the 

solution, then the mass spectrometer analyzes the components. A mass spectrometer 

bombards molecules in the vapor phase with a high-energy electron beam and records the 

result o f electron impact as a spectrum of positive ions separated on the basis of 

mass/charge (m/z). Mass spectra are routinely obtained at an electron beam energy of 

70eV. The simplest event that occurs is the removal o f a single electron from the 

molecule in the gas phase by an electron of the electron beam to form the molecular ion, 

which is a radical cation. Because o f charge localization, the molecular ions continue to 

disintegrate into smaller fragments28. The spectrum is a representation of the masses of 

the positively charged fragments, with the most intense peak assigned a value of 1 0 0 % 

and the designation as the base peak. From the different m/z values presented on the
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spectrum, the molecular formula can be determined. In addition to the molecular formula, 

if  the number o f molecules can be obtained from the GC/MS results, it may then be 

possible to correlate that value to the monolayer coverage. GC/MS analysis can then 

provide some insight as to the nature o f the oxidation products and a better understanding 

of the modification process.

3.5.1 RINSING TESTS

After the UV/Ozone exposures, if  the contact angle was not changed, then the 

samples were rinsed with hexane or toluene. Rinsing the samples with an organic liquid 

should wash away the fragments o f the exposure if  those fragments are not bonded to the 

surrounding, unexposed molecules. These fragments will likely be long saturated carbon 

chains. The solutions were collected and then analyzed using gas chromatography/mass 

spectroscopy (GC/MS). GC/MS, as described above, is an analytical tool that can 

determine the type o f molecules present in the mixture. A Perkin-Elmer GC/MS was 

used to analyze the rinses from the exposures.

3.6 ELLIPSOMETRY

Ellipsometry, the main analytical tool for this project, is used to characterize the 

thickness and morphology o f thin films. Ellipsometry at a single wavelength cannot 

generally describe a thin film, as only two independent quantities (the relative amplitude 

and phase o f the polarized electric field vectors) are measured to describe three 

unknowns: the film thickness, the real, n, and imaginary, k, parts o f the complex index of 

refraction. The absorption coefficient is

a  = 4nk/X (15)
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By making spectroscopic measurements, this problem is overcome because for 

each wavelength, the film thickness is the same. The film properties are determined from 

ellipsometric data using electromagnetic wave theory and spectroscopic values of n and k 

in an iterative process. The theory is used to calculate the complex optical density 

function, D, for a proposed model25.

D=ln(po/p) (16)

Where p is defined as

p = tan (v|/) e lA (17)

tan \|/ and A refer, respectively, to the ratio of the relative intensity o f and the change in 

the phase difference between the parallel and the perpendicular components of the 

polarized electric field vector due to the interaction with the sample, p is a complex 

number for each possible wavelength, so it has an amplitude, which is tan \\f and a phase, 

which is A. The equation for p is

p =  (Ep'/Ep)/(Es'/Es) (18)

where Ep and Es refer to the p-polarized and s-polarized parts o f the incident electric field 

vector, and Ep' and Es' refer to the reflected electric field vector.

In order to eliminate sample to sample variations, as well as substrate variations, 

sample translation experiments were performed. These experiments are done with two 

samples sitting side by side on a translation stage. The ellipsometer is calibrated and then
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the measurements are taken on each sample. The stage is moved laterally to translate 

from one sample to another. All of the measurements were performed on a Gaertner 

Model L116C ellipsometer.

Three distinct sets o f ellipsometry data were collected which looked at a) the 

different combinations o f UV and ozone, b) the change in the thickness o f the ODS layer 

as a function o f position on the sample, and c) the translation experiments as described 

above.

3.7 SUM FREQUENCY GENERATION

Sum frequency generation, SFG, is a vibrational, optical spectroscopy technique 

that is sensitive to interfaces and surfaces. It is capable o f measuring very small changes 

in a layer, like self-assembled ODS. Through the combination, temporally and spatially, 

of an ultraviolet photon and a visible photon, a third photon (at a frequency that is the 

sum of the two incident photon frequencies) is produced. This third photon is the sum 

frequency signal. This signal can be collected, amplified, and recorded to measure 

specific properties o f the molecules and the layers. When the IR frequency and that o f a 

vibration in a surface molecule are matched, it produces a resonance condition that 

amplifies the SF signal. This helps to identify the type o f molecule at the surface, as well 

as its orientation. By measuring the ODS layer before and after UV/Ozone exposure it 

should be possible to see the modification, provided the fragments do not remain in place. 

No change in the sum frequency spectra would suggest that the fragments were not 

removed. In that case, the sample should be rinsed and the sum frequency spectra 

collected again to see what has changed.

This technique is non-destructive, can be performed in-situ, and is highly 

sensitive. However, due to its highly sensitive nature, alignment o f the samples is critical. 

Because the spot sizes of the incident beams are only 0.5 mm2 to 4.0 mm2, and they must
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be overlapped spatially, it is very difficult to reproduce the same spectra if  the sample is 

moved. This could result in the difference in spectra simply being a difference in 

alignment. In order to compensate for this difficulty, marks were made on the samples 

where the beams can be aligned in order to ensure that the spot being measured by SFG is 

the same as the spot measured with ellipsometry and contact angles.

4.0 EXPERIMENTAL RESULTS

Ellipsometry and contact angle measurements were used to characterize the 

quality of the oxide layers on the silicon substrates. An average thickness, as determined 

by ellipsometry, for the oxide layer was 80nm (+/-2). Although lOOnm was the desired 

thickness, the properties o f the furnace and the oxidation of the layer can lead to an actual 

oxide thickness that is less than the desired amount34. The contact angle measurements 

are described in section 4.1 below and the rest o f the experimental results are discussed in 

later sections.

4.1 CONTACT ANGLE RESULTS

An average value for the contact angle of a cleaned and oxidized silicon wafer is 

52 degrees (+/-1 ). This value is considered to be the baseline before any deposition or 

exposure is performed. After the ODS layer is deposited onto the wafers, the average 

value o f the contact angle increases to 102° (+/- 3). These layers are considered to be 

good, according to the criteria described in Ulman56, where it states that the “water 

contact angle for a smooth solid surface exposing closely packed methyl groups (-CH3) is 

111°-115°56. Average values for the different exposures are shown in Table 2 below.
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Table 2. Average Contact Angles for exposed ODS

Contact Anale Data

Trial Before Exposure Before Rinse: After Rinse:
Exposed Under Mask Exposed

UV, no 0 3, no air, no mask 100 97 99 93
UV, air, mask 100 98 99 93
UV, air, no mask 103 100 97
UV, 0 3, mask 102 98 96 57
UV, 0 3, no mask 101 98 62
0 3, no UV, no mask 100 97 85
0 3, no UV, mask 105 96 87

Under Mask
98
97

92

Time Series: (all exposures done on same wafer, different spots)

Trial Time (min) Before Exposure

UV, air, no 0 3, mask 1 108
5 108
10 108
15 108
30 108
60 108

UV, no air, no 0 3, no mask 1 100
5 100
10 100
15 100
30 100
60 100

UV, 0 3, mask 1 101
5 101
10 101
15 101
30 101
60 101

UV, 0 3, no mask 1 103
5 103
10 103
15 103
30 103
60 103

0 3, no UV 1 98
5 98
10 98
15 98
30 98
60 98

Before Rinse: Before Rinse: After Rinse: After Rim
Exposed Under Mask Exposed Under Ma

108 108 108 108
107 107 107 107
106 107 105 107
100 101 99 103
95 102 91 99
93 100 89 97
100 100
100 100
100 99
98 97
97 96
95 93
100 100 95 100
100 100 95 99
99 100 95 98
98 100 75 95
97 99 58 93
95 97 56 91
100 102 98 100
100 102 98 100
99 100 97 99

N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
98 98
97 96
95 95
95 95
85 83
83 81

The effect o f rinsing the ODS layers after exposure is outlined in the table above. 

The rest of the data suggest that the exposure of the ODS layers to UV and ozone 

simultaneously brings about the greatest change in the contact angle, whereas the change 

in the contact angle with regards to UV exposure or ozone exposure is not as great. If  the 

effectiveness of different types o f exposures were to be ranked according to this average
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contact angle data, the combination o f UV & Ozone would be the most effective, then 

ozone by itself and finally the UV light.

Also shown in Table 2 are the average contact angles for the time exposure 

experiments. These experiments were designed to determine the amount o f time 

necessary for layer modification with each type of exposure. From the values listed in the 

table, it appears that after 30 minutes o f exposure a saturation dose has been reached. The 

plots shown below are in the same order as listed in Table 2.

UV, air, no Ozone, mask
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Figure 11. Plot o f Contact Angle vs. Time, UV exposure
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Figure 12. Plot of Contact Angle vs. Time, UV exposure without a mask

These first two graphs show that the rinsing o f the layers after UV exposure was not 

effective and that the presence or absence o f a mask during exposure was not critical. 

However, figure 11 shows that in the presence o f air, the octadecylsiloxane layer is 

modified slightly as shown by the decrease in contact angle. Figure 13 below shows the 

effect o f UV and ozone exposure. The difference o f approximately 40 degrees, for the 

before and after rinsing trials, shows that rinsing was effective.
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Figure 13. Plot o f Contact Angle vs. Time, UV and Ozone exposure

In Figure 14 below, ozone is shown to modify the ODS layer although rinsing of the 

layer is not effective. The change in the contact angle for ozone exposure is not as great 

as that for a sample that has been exposed to both UV and ozone and rinsed.



36

Ozone, no UV, no mask

to
CD

2
C T >

CD
"O
CD

O)
C
<
o
Bc
o

O

1 2 0

100

80

60

40

20

0

20 40 60 800

- Before Exposure 

Before Rinse: Exposed  

After Rinse: Exposed

Time (min)

Figure 14. Plot o f Contact Angle vs. Time, Ozone exposure

4.2 GAS CHROMATOGRAPHY/MASS SPECTROSCOPY RESULTS

Many trials were performed on the rinses collected from the exposures o f the 

ODS layers. The spectra produced by the GC/MS showed only toluene or hexane peaks. 

In other words, the solvent peaks were so strong that any signal from the fragments was 

not detected. This lack o f signal could be due to a number of different reasons. First, the 

fragments could have a molecular weight similar to the solvent and therefore, be hidden 

by the solvent peak. Second, the concentration o f the fragments might be so low as to be 

undetectable. Finally, the fragments may not have been captured in the solution at all. In
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order to eliminate any of the possibilities just mentioned, a set o f experiments were 

designed and performed.

To rule out the first possibility, two different solvents were used in order to 

determine if  the fragments were indeed showing up in the spectra but were being 

overwhelmed by the presence of a particular solvent. Toluene has a molecular weight of 

92 g/mol30, and hexane has a molecular weight o f 8 6  g/mol30. This difference should be 

enough to see if  the fragments were showing up in the spectra. However, nothing other 

than the solvent peaks were observed after numerous attempts.

In order to rule out possibility number two the collected rinses were combined 

and some o f the solvent was evaporated to concentrate whatever might be present. This 

concentrated solution was again analyzed. Resulting spectra, like the previous trials, 

showed the solvent peak and no evidence o f a signal from any fragments that might be in 

the solution. The results of the GC/MS tests have been determined to be inconclusive.

4.3 ELLIPSOMETRY RESULTS

The ellipsometry measurements from the samples that were exposed only to 

ozone showed a change in the measured layer thickness. This difference between the 

before exposure measurement and the after exposure measurement was 0.06nm. On a 

sample where the layer is only 2nm thick, deposited on top o f an oxide layer that is 70- 

80nm thick, it was difficult to measure the change in the layer thickness.

Two o f the most useful graphs illustrate the effect of UV versus UV and ozone 

exposure for the removal o f the ODS layer. These graphs show a progression of data 

taken across a sample that had been exposed through a mask. The first data point was 

taken outside the exposed area o f the sample, then the ellipsometer beam was moved 

laterally by a small amount, 0.15 cm half o f the width o f the beam, and the measurement 

was repeated. By repeating this translation and measurement approximately twelve times.
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the change in the thickness o f the layer was obtained. The arrow in Figure 15 below 

shows the direction of the ellipsometry measurements across the samples.

0.3 cm

1.6 cm

Figure 15. Diagram of ellipsometry measurements

The mask as shown in Figure 15 above, was designed to have open stripes that matched 

the size o f the ellipsometer beam, 0.3 cm. The closed regions are also 0.3 cm in width. In 

figure 16 and 17 below the edges o f the mask are marked with solid blue vertical lines 

where the open stripes are from -0.450 to -0.150 and 0.150 to 0.450. The dashed vertical 

lines represent the center of each section o f the mask. The following graph shows this 

measurement on a sample that was exposed only to UV light, no ozone, and rinsed with 

toluene.
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Figure 16. Ellipsometry Thickness, UV exposure

Figure 16, shows no significant difference between the thickness o f the exposed regions 

versus the thickness o f the unexposed regions. The difference in thickness o f the film 

between the first exposed region and the first masked region is 0.7 angstroms, 0.07 nm. 

In the second exposed and second masked regions, the difference is -2.1 angstroms, -

0 .2 2 nm.

By comparison, the next graph shows the measurement o f a sample that was 

exposed to UV and ozone, then rinsed with toluene.
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Figure 17. Ellipsometry Thickness, UV and Ozone exposure

In Figure 17, the difference in thickness between the first exposed region and the first 

masked region is 191 angstroms, 1.91 nm. In the second exposed and second masked 

regions, the difference is 239 angstroms, 2.39 nm. The x-error bars in both graphs are 

indicative o f the amount of error when translating the sample stage, which was equal to 

one-half o f the width o f the laser beam spot size, 0.159cm. The y-error bars in both 

graphs correspond to the standard deviation in measuring the thickness o f the layer, 3.29 

angstroms or 0.033 nm.
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4.4 SUM FREQUENCY GENERATION RESULTS

SFG spectra were obtained from six representative exposures. The samples 

analyzed were chosen to represent the major types o f exposures performed. The samples 

chosen were a) an ODS layer that had not been exposed, b) a layer that had been exposed 

to UV light, no air, no ozone, no mask & was rinsed, c) a layer that had been exposed to 

UV light, air, no mask, rinsed, d) a layer exposed to UV light, air, mask, not rinsed, e) a 

layer that was exposed to UV light, ozone, mask, not rinsed, and f) a layer exposed to 

ozone only.

A good, reference spectrum of an ODS layer is shown in the figure below. The 

large peak at 2880cm'1 is the symmetric stretch mode o f the methyl group at the end of 

the alkane chain. The shoulder at 2960cm"1 is the stretch of the methyl group as it relates 

to the Fermi resonance level. Evidence of the methylene groups, peaks at -2850cm"1 and 

2940cm"1, are not seen in the spectra.

ODS layer unexposed

£
c3

03

2800 2850 2900 2950 3000

IR wavenumber ( cm"1 )

Figure 18. SFG spectrum of a good, unexposed ODS layer



42

The second spectrum is representative o f UV exposure only. This spectrum shows 

a rinsed sample, where the designations o f a & b refer to spectra taken in the exposed 

section and the unexposed section, respectively.

UV Exposure

( 0

</)c
Bc

2800 2850 2900 2950

IR Wavenumber (cm "1)

UV exp. (a) 
UV exp. (b)

3000

Figure 19. Spectra o f UV exposed ODS

Evidence of the ODS layer, especially in the unexposed sections, would be 

expected. However, when looking at figure 19, the “characteristic” methyl and methylene 

peaks at 2880 cm "1 and 2940 cm ' 1 respectively, are not clear. It could be argued that there 

is a peak at 2880 cm"1. By looking at the spectra, it is hard to determine any effect that 

was a result o f the sample being exposed to the UV light. There is a lot o f noise in the



43

spectra that could suggest disorganization on the surface, a result o f the layer deposition, 

or perhaps of some reaction due to the presence of the UV. The only interpretation that 

seems possible from this particular spectra is that the data is inconclusive as to an effect 

on the ODS layer due to UV exposure.

5.0 DISCUSSION

The purpose for designing this investigation to use multiple characterization 

methods was to have a number of independent ways to verify that an effect actually took 

place. In other words, the goal was to determine whether or not the exposure of ODS to 

UV light, ozone, or some combination would result in a modification of the layer. By 

looking at the four reaction pathways proposed in the photochemistry section, it is 

possible to draw some preliminary conclusions about the oxidation of an ODS layer.

The results o f the sum frequency generation (SFG) and gas chromatography/mass 

spectroscopy (GC/MS) were found to be inconclusive. The SFG spectra were noisy, and 

did not have the “characteristic” peaks associated with a close packed, well defined layer 

o f ODS. Noise in the background levels o f the spectra suggested that the layer was 

disorganized at the surface made up o f CH2 groups similar to the surface o f polyethylene. 

ODS layers exposed to UV light showed no difference in the exposed and unexposed 

regions of the SF spectra. While there was an observable change in intensity in the 

spectra for the UV and ozone exposure, it is difficult to assign the change to the removal 

of the ODS layer from the surface.

The SF spectra of an unexposed region o f ODS should resemble the spectra 

shown in Figure 18. None o f the samples that were exposed showed this kind of spectra 

even though the preparation method for the ODS layer that produced the spectra in Figure 

18 and the preparation method for the other exposed ODS layers were the same. All of 

the conditions and steps were repeated exactly between the two sets o f samples, so the 

difference in the spectra may not be due to the preparation of the samples. One possibility
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for the inconclusive spectra might be the time delay between when the sample is exposed 

and when the SF spectra are measured. If a long amount o f time lapses between the 

exposure and the measurement, it would be possible for rearrangement reactions to occur 

which would cause the layer to assume the lowest energy state. That state may be an 

organized CH2 , polyethylene like layer, which would give off a noisy SF spectra from the 

surface. A future investigation could look into the effects of time delays between the 

exposure and the measurements as well as the effects o f mechanical treatments o f the 

sample. Once such treatment is the act of rubbing the sample with a soft cloth to improve 

the quality o f the monolayer, and accordingly, the quality of the SF spectra.

The results o f the gas chromatography/mass spectroscopy (GC/MS) experiments 

were also inconclusive. Though many attempts were made to obtain spectra that would 

show the presence o f any compound other than the solvent. A number o f possibilities 

exist as to why there was no signal detected from the rinses o f the exposed ODS layers. 

One reason is that the concentration o f the fragments in the solution may be too low for 

the limit o f detection o f the instrument. The fragments may not be soluble in the solution, 

or the solvent peak might hide the fragments. Experiments were designed to test for these 

possibilities to see if  any o f them could reasonably be eliminated. The simplest test was 

to use a different solvent for the rinsing o f the exposed ODS layers. Hexane was chosen 

for use instead o f toluene. The two organic solutions have molecular weights that are far 

enough apart so as to be able to see if  there was a signal from a fragment molecule that 

was being overwhelmed by the presence o f the solvent. The GC/MS spectra o f the 

hexane rinses showed only the solvent with no detectable amount o f any other compound. 

Such a result would lead to the elimination o f the solvent as the problem in detecting the 

fragments.

Next was the attempt to concentrate the rinses in order to raise the amount of 

fragments present in solution to a detectable limit. Multiple rinses were collected and the 

solvent was partially evaporated before the GC/MS tests were performed. Even with a 

concentrated solution, only the solvent showed up in the spectra. This leads to the
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possibility that the fragments may not be in solution at all, in which case all that would be 

present in the spectra would be the solvent. Though this may be the case, it is not possible 

to predict whether the fragments are not in solution, or are there but in a concentration to 

low to detect.

Finally, the problem with detecting these fragments may be that the wrong 

technique was chosen. Perhaps GC/MS is not sensitive enough for the sample amounts 

from this type o f exposure. Switching to another spectroscopic technique like, SIMS, 

might be necessary in order to determine the nature o f the breakup due to UV and ozone 

exposure. Hence, the results o f the GC/MS tests were inconclusive.

Ozone reacting with ODS, pathway one, has been shown to be effective at 

removing part o f the adsorbed layer. This removal is demonstrated through the analysis 

o f the contact angle results and the ellipsometry results. Figure 14, in section 4.1, shows 

that there is a decrease in the contact angle as a result o f the ODS layer being exposed to 

ozone. Rinsing o f the layer, after exposure, was not shown to be effective, so the change 

in the layer was caused by the ozone only and the product o f the ozonolysis is stable to 

rinsing by an organic solvent such as toluene.

One possible mechanism is the breakup o f the C l 8  chain into smaller carbon 

chains that are volatile enough to be removed without the aid o f rinsing. By removing 

short carbon chains, 4 carbons or less, a hydrocarbon residue would be left on the surface 

of the silicon oxide. This hydrocarbon residue, and the resulting layer o f methylene (- 

CH2) groups, contributes to the contact angle o f 80 degrees after exposure. In this 

mechanism, there are few oxygen radicals formed in the absence of light. A lack of 

oxygen radicals makes an attack at the Si-C bond, near the surface of the oxide, less 

likely to happen. Although the bond energy o f Si-C, at 8 8  kcal/mol, is the weakest bond 

in the alkane chain, the bond energy o f CH2-CH2 is 92 kcal/mol. This difference is small 

enough that it would be difficult to predict where the ozone would attack the carbon 

chain.
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The results o f the ellipsometry measurements show that there is a change in the 

ODS layer thickness before and after exposure. It was hard to predict with certainty that 

the change observed in the layer thickness was due to the removal o f the exposed ODS 

layer or was simply a feature o f the roughness of the oxide layer. Although the roughness 

of the oxide layer was in the 0.05nm range, that is the same value as was measured for 

the change in thickness. If a short section o f the carbon chain was removed from the 

surface during the ozone exposure, and the thickness o f the layer changed by 0 . 1  nm or 

less, it would be difficult to tell whether the observed changes were real or a function of 

the sample being measured. This difficulty arises from the fact that this experiment is 

trying to measure the change in a layer that is 2 nm thick which is deposited on the top o f 

an oxide layer that is 70-80nm thick.

In pathway two, light does not significantly react with ODS to produce shorter 

carbon chains or to modify the layer. The energy o f a 185nm photon, 155 kcal/mol, is 

sufficient to break any o f the bonds in the molecule. Although the photons have enough 

energy to break the bonds, the modification o f the ODS layer in the other pathways 

appears to proceed by a radical reaction mechanism. In the absence o f air or ozone, no 

oxygen radicals are produced to initiate the radical reaction mechanism. Thus any 

reaction is the result o f the energy o f the photons breaking the bonds in the molecule, 

which would be slow due to the degree o f uncertainty in the number o f photons that 

actually react with the molecule. Thus the following results were observed. Contact angle 

measurements show only a minimal decrease as a result o f UV exposure. Rinsing is not 

effective in removing any fragments that were produced by the reaction o f the light with 

the ODS layer. The results o f the contact angle measurements suggest that UV alone is 

not effective in removing the layer from the surface. For example, in figure 12, the 

change in the contact angle is only 1 0  degrees or less, suggesting little or no change in the 

layer composition.

This conclusion is supported by the ellipsometry results. Figure 16 shows that the 

layer is not removed by UV exposure. The difference between the exposed region and the
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unexposed region is only 0 . 2  nm, a value that could be due to noise in the signal rather 

than an actual change in the film.

In the third pathway, light reacts with air to produce oxygen radicals that can then 

modify the ODS layer. The modification of the layer, however, is not significant as is 

shown by the small change in the value of the contact angle in Figure 11. Rinsing is not 

effective for removing any fragments that produced by the radicals. The number of 

oxygen radicals created by the exposure o f air to ultraviolet light is not great enough to 

affect a significant change in the ODS layer. This conclusion is supported by the 

ellipsometry results in Figure 16, as described in the second pathway.

In the fourth pathway ODS is exposed to both ozone and light in an effort to 

remove the layer. When the light reacts with the ozone, oxygen radicals are produced. 

Those oxygen radicals can then attack the alkane chain to remove the layer down to the 

Si-C bond right next to the surface o f the oxide. Rinsing of the layer after the exposure 

leads to a surface of Si atoms with “dangling” bonds. In the presence o f air, those bonds 

would be taken up with oxygen effectively forming a second layer o f silicon dioxide on 

top o f the layer grown by thermal oxidation.

Although both the third and fourth pathways lead to the production of oxygen 

radicals, the two mechanisms are different. The difference is a result o f the absorption 

cross section for each molecule and different effective wavelengths. UV light at less than 

200nm converts oxygen molecules to oxygen radicals. Although the Hg line at 184nm is 

the most effective wavelength, the intensity o f light that reaches the sample is very small. 

Thus, the conversion from oxygen molecules to oxygen radicals, along with a small 

absorption cross section, leads to a small number of radicals available to modify the ODS 

layer. In the fourth pathway, ozone is added directly to the system. The most effective 

wavelength for the conversion from ozone to oxygen radicals is at 256nm. The intensity 

o f the UV light at this wavelength is large and the absorption cross section for ozone is 

higher than that o f oxygen, which when added to the greater amount o f effective UV light 

in the system would produce a larger number of oxygen radicals. Modification of the
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ODS layer then proceeds much more effectively due to a greater number o f radicals 

produced in the system.

The contact angle results show a large decrease in value but only after the layer 

has been rinsed with toluene. Because the rinsing step has an effect in this pathway, it 

suggests that a different mechanism for the modification is taking place as opposed to the 

mechanism for modification in the presence o f ozone alone. Rinsing is effective in 

decreasing the contact angle from near 100 degrees to approximately 52 degrees, the 

value for silicon dioxide. That suggests the complete removal o f the alkane chain, after 

rinse, in the areas o f the layer that have been exposed to both UV and ozone. The rinsing 

step may either dissolve the fragments o f the alkane chain or it may simply dislodge the 

fragments from the surrounding network o f molecules, therefore breaking any hydrogen 

bonding between neighboring chains. Breaking the chains may lead to a stable, wax-like 

layer, that is not attached to the surface and would not be soluble in the rinse, although 

the concentration o f chains would be so small as to be nearly impossible to detect, at least 

with the GC/MS.

The ellipsometry results also show that the thickness o f the ODS layer changes as 

a result o f exposure to UV, ozone, and rinsing with toluene. The thickness measurements 

that were done as a progression across the sample are the most convincing evidence of 

this change. Figure 17 shows the change in the layer thickness as a function o f the 

exposed and unexposed regions of the sample. The difference between the exposed and 

unexposed regions o f the ODS layer is 2.1 (+/-0.2nm). A monolayer o f ODS is 

approximately 2nm thick. Therefore, a change in layer thickness by 2nm is indicative o f 

the complete removal of the alkane layer in the exposed areas and the creation o f a Si rich 

surface that would likely be oxidized by the surrounding air.

The reaction o f ozone with ODS may also be a consideration in this pathway. 

Although this reaction is possible in the absence o f light, once the ozone is exposed to the 

UV light the dissociation to form oxygen and oxygen radicals would proceed faster and 

more effectively, and the reactive oxygen radicals would react with the ODS layer. This
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set o f reactions would dominate the mechanism of oxidation and perhaps the alkane 

chains would be broken up along the chain as well as at the surface.

After looking at these four pathways for the oxidation o f ODS on silicon, it is 

evident that more than one mechanism for removing the alkane chains is possible. The 

dominant mechanism appears to be dependent upon the reaction conditions, or more 

specifically upon the presence or absence o f UV light. When UV light is not present, the 

reaction of ozone with the ODS to produce a short, hydrocarbon residue on the surface 

will take place. However, if  any UV light is present, oxygen radicals will be produced 

and then the radicals will attack the alkane chains down to the Si-C bond. With the aid of 

a rinsing step, this reaction generates a Si-rich surface that would be quickly oxidized in 

the surrounding air to form a second silicon dioxide layer on top o f the silicon substrate.

In the future studies about the oxidation o f ODS, or other organic monolayers, it 

would be useful to look more carefully at the dependence upon the presence of UV light 

for effective removal of the layer. By using a method, like sum-frequency generation or 

another spectroscopy tool, it could be possible to determine what the ODS layer looks 

like after UV and ozone exposure, before it is rinsed. This would allow for the 

determination o f whether the chains are broken and removed individually or if  the chains 

are broken and removed as a stable, wax-like layer because o f hydrogen bonding between 

the neighboring chains in the exposed areas. If the chains are removed as an intact layer 

by rinsing with toluene, it would be interesting to find out whether the same effect could 

be generated with a nitrogen stream or another gentle disruption of the surface.
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6.0 CONCLUSION

The purpose o f this study was to prove or disprove the statement that both UV 

and ozone will be necessary for the modification o f the ODS layer and that the 

modification will take place at the Si-C bond near the surface o f the substrate. Results 

from the ellipsometry and the contact angle measurements provided enough evidence to 

suggest that there are two mechanisms responsible for the oxidation o f ODS on silicon. 

These two mechanisms, oxidation by oxygen radicals to remove a short or a long carbon 

chain, appeared to be dependent upon the presence o f light. In the case that light was 

absent from the experiments, oxidation by ozone which produced a short, hydrocarbon 

residue on the surface o f the silicon was the dominant mechanism. On the other hand, 

when light was directly involved in the experiments, the ODS layer was modified by a 

larger population o f oxygen radicals leaving a Si-rich surface. This Si-rich surface could 

then oxidize to form silicon dioxide or a silanol layer. Both mechanisms were effective at 

removing the layer, although oxidation by oxygen radicals as produced by UV light, 

appeared to be the more efficient method. Therefore UV and ozone exposure proved to 

be the most effective and most efficient method o f removing the ODS layer at the Si-C 

bond near the surface o f the oxide layer.
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APPENDIX A

Ultraviolet/Visible Spectra



250 300
Wavelength (nm)


