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ABSTRACT

STUDYING AND ELIMINATING ADVENTITIOUS CARBON CONTAMINATION

ON SILICON WAFERS

Elisabeth Strein

Department of Physics and Astronomy

Bachelor of Science

Cleaning techniques for Si/SiO2 ultrathin films are presented. With the re-

moval of adventitious carbon on the surface, Si/SiO2 ultrathin films can serve

as calibration standards in vacuum ultraviolet reflectance characterization (the

range from 8 to 60 nm). Our group anticipates using these standards when

making a mirror that will be sent to the moon and will be used to study

the earth’s magnetosphere. Data are presented for the samples that demon-

strate the elimination of adventitious carbon contamination via oxygen rad-

icals and chemical treatments. Data are determined by x-ray photoelectron

spectroscopy (XPS) and spectroscopic ellipsometry. Additionally, I found that

the antechamber of the XPS system deposits hydrocarbon onto the surface of

samples. I adapted a plasma cleaner so that it minimized the effects of this

instrumental contamination. I found that samples must be cleaned with the

lamp for at least five minutes or cleaned with the two-step chemical RCA



clean. I found a correlation between the ellipsometry data and the XPS data.

Finally I stored samples and found that carbon begins to redeposit on the

sample surface within 2 hours of cleaning it. Storage data are presented.
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Chapter 1

Introduction

In 1998 BYU’s EUV/thin film group made a set of EUV (30.4 nm) mirrors for the

IMAGE space craft which was launched 25 March 2000 and circled the earth studying

the earth’s magnetosphere. Our group anticipates making another mirror because

several groups in the US and in China are contemplating sending Earth-observing

telescopes to the moon. The moon mirror would be used with other instruments to

map the earth’s magnetosphere by imaging the ionized helium caught in it.

We can image the ionized helium because radiation from the sun reflects from it,

causing a spectral line at 30.4 nm. We will design the aperiodic-multilayer mirror

to cause constructive interference at this wavelength. A second design criterion is

to force deconstructive interference at 58.4 nm, where there is a bright spectral line

created by that neutral helium found throughout the solar system. The spectral line

at 58.4 nm is so strong that without this deconstructive interference, the line at 30.4

nm is washed out and is impossible to image.

The two wavelengths of interest fall into the extreme ultraviolet range of the spec-

trum. This is a challenging energy range in which to make reflection measurements.

Surface contamination has a dramatic effect on reflection. This can be demonstrated

1
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Figure 1.1 Calculated reflectance for 41.3nm (30eV) light on a silicon wafer
with an oxide that is 1.8nm thick. The reflectance decreases as the adventi-
tious carbon on the surface increases. [1] [2]

with both theoretical calculations(see Fig. 1.1) and experimental data (see Fig. 1.2).

The experimental data comes from work done at NASA in the late 90s. They com-

pared reflection from two mirrors that both initially show high reflection from wave-

lengths ranging from 120 to 150 nm. One mirror was left in high vacuum at ≤ 1×10−7

Torr, the other found was contaminated with 2 nm of Hysol epoxy and photopolymer-

ized for 3.5 hours. Figure 1.2 demonstrates that surface contamination dramatically

reduces reflectivity at these wavelengths. The effects of organic contamination will

be all the more pronounced for our mirror since it will be designed for wavelengths

between 30 to 60 nm. The theoretical calculations at 41 nm show that even 1nm of

organic contamination changes the reflectivity of the sample.

Granted, once the mirror is on the moon, organic (adventitious carbon) contam-

ination from the ambient air will no longer be an issue, but during the process of
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Figure 1.2 In 1999 NASA reported that surface contamination on EUV
mirrors dramatically decreased the mirror’s reflectivity. Their data shows
the drastic difference in EUV reflectance between a mirror that was exposed
to adventitious carbon and one that was not. [3]
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making, characterizing, shipping, storing, and launching it is critical that we under-

stand this unavoidable contamination. Furthermore, contamination elimination has

applications for work beyond our moon mirror. For us to make meaningful contri-

butions towards determining optical constants in the EUV (which is the principal

goal of our group), we must have extremely accurate data in order for the third and

fourth decimal places of our calculated constants to be believable. Contamination

elimination is therefore critical. Finally, returning to the moon mirror project, in

order to make meaningful reflectance measurements with it, we must have calibration

standards to compare with the mirror. The work of this thesis focuses specifically

on cleaning and storing such a standard–a thermally grown oxide on silicon. Since

the presence of adventitious carbon changes the way silicon reflects in the EUV (see

Fig. 1.1), we need to ensure that apparent oxide on a silicon wafer is clean, stable,

smooth, and well characterized. Hyrdocarbon contamination needs to be eliminated.

Furthermore, we also need to assure that the surface of the mirror is smooth. Rough-

ness grossly decreases reflectance [4]. Thus, my aim was to study cleaning processes

that would eliminate advenitious carbon while maintaining a smooth surface.

Many people are aware of problems associated with hydrocarbon thin films in

because in the semiconducting industry they arise during device fabrication. For

example, organic contamination can mask surfaces causing poor adhesion when at-

tempting to deposit layers. Hydrofluoric acid (HF) is commonly used to ensure that

a surface is atomically clean. For our mirror however, HF is not a viable option be-

cause it would eliminate oxide on the mirror and the standard [5]. Another technique

commonly used in industry is the RCA clean This option is a wet chemistry cleaning

procedure that cleans hydrocarbon contamination while preserving the oxide layer.

The results of this technique were compared extensively with the results of cleaning

with a xenon excimer lamp. I also briefly studied cleaning via two versions of plasma
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cleaners, a Harrick plasma cleaner and an Evactron plasma cleaner. The lamp and

both plasma cleaners use oxygen radicals to oxidize the hyrocarbons and form volatile

oxide products. Due to their voltality, the oxide products interact with the carbon,

thus freeing the surface of organics.

I studied the effects of various cleaning treatments primarily with mulitwavelength

ellipsometry and with X-ray photoelectron spectroscopy (XPS)1. In addition to clean-

ing the samples I had to ensure that my analysis didn’t cause further contamination

to my surfaces. One of the plasma cleaners, the Evactron C, was tremendously use-

ful in eliminating contamination inside the XPS antechamber that deposited onto

the surface of the samples before I was able to analyze them. I regularly used the

Evactron plasma cleaner to clean the chamber prior to putting my samples in it. I

concluded that both the RCA clean and five to six minutes under the excimer lamp

eliminate a similar amount of carbon. The RCA leaves a thinner oxide layer than

the lamp. The Harrick plasma cleaner deposits a significant amount of fluorine on

the surface of samples but does an excellent job of rapidly eliminating carbon. The

Evactron plasma cleaner appears to eliminate carbon but at a much slower rate than

the other cleaning methods. It is better used as a way to clean the chamber rather

than a way to clean the samples.

In addition to studying ways of eliminate surface contamination while preserving

the oxide layer and minimizing surface roughness, I also studied different ways of

storing samples and looked at how quickly carbon contamination returns. I found that

even within the best storage conditions, for both the excimer lamp and the RCA clean,

1Occasionally I used the contact angle to verify that a sample had been contaminated. Clean

samples had a strongly hydrophilic surface: the droplet completely spread out and the contact

angle was very close to 0. Contaminated samples were still hydrophilic but less so then the cleaned

ones. Measuring the contact angle proved particularly useful when I had conflicting results from

ellipsometry and XPS.
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after two hours of being cleaned, the apparent oxide thickness consistantly grew by 0.1

to 0.2 nm. We presume that the majority of this growth is attributed to advenitious

carbon redepositing on the surface. Contamination accumulation over time occurs

on all samples but the growth is the most pronounced for samples that have been

recently cleaned. Over the long term cleaned samples will generally accumulate more

contamination than samples that were left untouched.

This thesis will discuss the details of the cleaning methods I used. It will discuss

the results of the cleaning and storage studies. I will discuss the details of cleaning

methods, the Evactron and its role in this research, and the details of storing the

samples. In the appendix I present the theory and fitting done by the ellipsometer.



Chapter 2

Details

In this chapter I will discuss my experimental work. In first section I present the

details of the equipment and instruments I used in this research. I will describe the

samples. I will also describe the two instruments I used to characterize samples (XPS

and the ellipsometer)and the two cleaning instruments I used to minimize adventitious

carbon contamination. For the vast majority of the studies, either the RCA clean

or the excimer lamp was used to clean samples and the Evactron plasma cleaner

was used to clean contamination in the XPS antechamber. In the second section I

will detail the cleaning procedures and equipment that I used. Control samples were

established with samples that were not exposed to any cleaning treatment. They

were characterized alongside the cleaned samples, using the same techniques and

instrumentation. Most experiments were repeated at least three times to ensure the

repetition of results.

7
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2.1 Instrumentation and Instrumentational Tech-

niques

I cleaned silicon samples cleaved from [1,0,0] silicon wafers. Prior to cleaning, these

wafers were stored in a variety of conditions; however, the vast majority of them

were cut from wafers that were stored vertically in the original factory packaging. All

samples started with an apparent oxide thickness of at least 2.1 nm and with an aver-

age thickness of 2.27±0.15 nm for 55 samples. I aimed to eliminate the adventitious

carbon on the surface of the SiO2 thus creating a silicon substrate capped only with

the native oxide layer (approximately 1.8 nm thick).

I used a J.A. Woollam spectroscopic ellipsometer (M2000) to detect a change in

thickness in the apparent oxide layer. Since we were interested in carbon elimination

it would seem more intuitive to measure the thickness of the adventitious carbon

layer on top of the oxide. It is, therefore, important to understand why I measured

the apparent oxide layer. Typically, the layer of adventitious carbon was thin enough

that the ellipsometer (using wavelengths of light from 191.72 to 989.29 nm) could

not distinguish a difference between the oxide and the carbon. However, despite

the ellipsometer’s inability to detect a carbon layer, I detected carbon with x-ray

photoelectron spectroscopy (XPS). I was able to get the ellipsometer to “detect” the

carbon with back-door modeling: I modeled the samples using an “oxide layer” on top

of a silicon substrate. The carbon-oxide layer change the polarization of the light and

from that change the WAVE program calculates a thickness for that “layer.” After I

cleaned the samples, I again used the ellipsometer to determine the new thickness of

the “oxide” layer. The “thickness” of the adventitious carbon layer is the difference

between the two thicknesses. Finally I used XPS to confirm that the decrease in the

apparent oxide thickness corresponded with a decrease in the carbon to silicon ratio.
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Figure 2.1 Apparent oxide layer vs time in the XPS antechamber. Note
that samples which spent the same amount of time in the chamber don’t
necessarily experience the same rate of carbon growth. Samples that were
repeatedly exposed to the chamber show a marked difference in the growth
rate from the samples that were exposed for one continuous run.

For more information as to how an ellipsometer works and how the data it collects is

correlated with a thickness measurement, please refer to the appendix.

For this research, x-ray photoelectron spectroscopy characterization was preformed

by a SSX-100 ESCA Spectrometer with a conventional Al Kα anode. All measure-

ments were taken at better than 2×10−8 Torr. The system was regularly calibrated

using the principal peaks for copper and gold. Binding energies were referenced

based on this calibration. In my use of this instrument, I discovered that the XPS

antechamber was a source of substantial carbon contamination. Before samples could

be introduced into the main chamber, the operating procedure dictated that they

needed to wait at least 30 minutes in the antechamber while it pumped down before

they could be introduced into the high vacuum environment of the main chamber.

Through XPS I observed a significant carbon presence. Using ellipsometry measure-

ments taken before and after chamber exposure I determined that the apparent oxide

layer grew 0.6 nm after it was exposed to the chamber for 30 minutes while one that

was cleaned and left in air grew by less than one angstrom (see Fig. 2.1). Furthermore,
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Figure 2.2 Schematic of the XPS antechamber with the addition of the
Evactron system. The volume of the antechamber is 22L.

after about ten minutes of being in the chamber the growth became linear and grew

at a rate of 0.02 nm/min. This discovery necessitated the use of an Evactron R© C

De-Contaminator RF Plasma Cleaning System. This device was designed to remove

hydrocarbon contamination from Scanning Electron Microscope (SEM) chambers via

neutral oxygen radicals. The Evactron follows the basic operating principles of plasma

ashing, a standard technique for removing a photoresist in semiconductor manufac-

turing. It creates oxygen radicals that oxidize the hydrocarbon contamination and

combine with the adventitious carbon in the chamber. These new oxides are then

removed by the antechamber’s turbo pump. For a diagram of how the Evactron was

integrated onto the XPS system please see fig 2.2. In principle, hydrocarbon con-

tamination could also be eliminated by baking the antechamber. The increased heat

would allow oxygen molecules (rather than the oxygen atoms in the plasma) to oxidize

the hydrocarbons. Unfortunately, the increased heat is significantly more difficult to

control. The oxygen atoms created by the Evactron are more reactive than oxygen
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molecules at room temperature and they provide stable and reproducible cleaning

results.

The Evactron operates by using the strong electromagnetic field produced with a

radio frequency (RF) potential to make a plasma. The potential accelerates oxygen

molecules causing them to break apart into monatomic form. This process is called

disassociation and it creates both plasma ions and neutral oxygen radicals. The

plasma ions are highly reactive and can be destructive to the chamber. They are also a

shorter-lived species than the neutral oxygen radicals. The Evactron takes advantage

of this by creating the plasma outside the chamber so only the neutral long-lived

radicals survive long enough to be introduced into the chamber. The neutral oxygen

atoms introduced into the chamber oxidize the adventitious carbon and the resulting

molecules are pumped out of the system.

We operated the Evactron when antechamber pressure was at 0.4 Torr. This

pressure was stabilized by adjusting the flow rate from the Oxygen Radical Source

(ORS) device on the Evactron to balance the pumping speed of the antechamber’s

turbo pump. The RF power was set at 12 Watts. We didn’t find it necessary to use

the optional nitrogen purge mode. For the majority of data presented in this thesis, I

used the Evactron on the chamber and on the stage before I introduced the samples

to them. Also I varied the time that I cleaned the chamber with the Evactron and

found that as long as the chamber was relatively clean 20 minutes was sufficient.

2.2 Cleaning Techniques

As mentioned previously, silicon wafers (100 orientation) have a native oxide that is

approximately 1.8 nm thick. My goal was to free the wafers of the hydrocarbons on

the surface and leave just the native oxide (SiO2) on the silicon substrate. I used the
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apparent oxide thickness from the ellipsometer to know that I had an apparent oxide

that matched the expected value of the native oxide at 1.8nm±0.03 nm and I used

XPS to confirm that 1.8 nm corresponds with a significant decrease in the presence

of carbon.

I used a variety of techniques to get the apparent oxide thickness to 1.8 nm. The

technique varied depending on what the storage conditions for the sample had been. I

always wore Latex Adenna Explorer gloves, samples were handled only with a specific

set of tweezers and I was very careful never to breathe over the samples. I used these

precautions because previous XPS measurements indicate that touching a surface

with a gloved hand or worse, with a bare hand significantly increased the apparent

oxide thickness [6].

I found that while the Evactron could clean the samples, the cleaning process took

a lot longer than the other cleaning techniques I tried so it was not a process that

I studied extensively. I also tried cleaning with a Harrick Plasma cleaner–a typical

version of small-scale plasma cleaners that creates plasma from air much in the same

way as the Evactron. Like the Evactron, I only cleaned a handful of samples with

this technique. Through XPS data I found that a significant amount of fluorine was

deposited onto the surface due to this process1. Thus, the cleaning techniques that I

studied extensively were the RCA clean and the excimer lamp.

The Radio Corporation of America (RCA) clean is a two-step chemical process2.

The first step is very basic (pH of 14) and is designed to remove organic film contami-

nation via oxidative breakdown. Hydrogen peroxide (30%) and ammonium hydroxide

(30%) are diluted in water in a 5:1:1 H2O:H2O2:NH4OH solution. This is heated to

1 Since other users clean their samples with HF prior to using the Harrick, I attribute the fluorine

presence to their samples
2The clean was developed by Werner Kern in 1965 while he was working for the Radio Corporation

of America, and from that the name of the clean arises
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70 − 85 ◦C and the sample is entirely submerged in the mixture for 10 minutes. At

the requisit cleaning temperature, the solution is boiling and evaporates over time.

It is important to ensure that there is enough to fully immerse the sample for the

entire ten minutes. The samples become tremendously contaminated if the solution is

allowed to evaporate off them. After the 10-minute first step, the sample is removed

with teflon tweezers and is rinsed with de-ionized water and blown dry with nitrogen

gas. The second step is very acidic (pH of 1) and is designed to remove alkali ions

and cations that form NH4OH-insoluble hydroxides in the first step. It is a mixture of

hydrogen peroxide (30%) and hydrochloric acid (37%) in water with the ratios 6:1:1

H2O:H2O2: HCl. It is also heated to 70− 85 ◦C and the sample is again immersed for

10 minutes whereupon it is rinsed and blown-dry as before. In the literature, there

various optional additions to this two-step process have been studied for samples that

were hugely contaminated (with a photoresist for, example). I did not explore any

of the optional steps since they involved HF and it was highly probable that such

treatment would etch the surface, contributing to surface roughness and doing far

more damage to surface reflectivity than the original contamination would.

I used an xenon excimer lamp made by Resonance LTD to clean other samples with

excimers arising from oxygen being bombarded with 7.2eV light. Although the lamp

was cooled with nitrogen and operated in a hood, the sample itself was cleaned in air

at ambient pressure. Samples were generally placed 1 cm from the lamp. Placement

lower then that resulted in lower levels of cleanliness. The lamp’s operating principle

is to create excimers–molecules formed from at least two atoms with at least one of

the atoms in an an excited state–that bind to the advenitious carbon. (A bi-product

of the lamp is ozone, and it is for this reason that it is requisite to operate it under

a hood.) I primarily studied optimal cleaning times with the lamp as well as what

kinds of carbon bonds are most strongly attacked with the excimers.
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Now, before moving on to the final chapter, I will follow the example of many of

my BYU professors and give the reader a short break by presenting them with my

favorite physics joke. Enjoy!

The following is a question on a physics exam at the University of Copenhagen:

“Describe how to determine the height of a skyscraper with a barometer.” One

student replied: “You tie a long piece of string to the neck of the barometer, then

lower the barometer from the roof of the skyscraper to the ground. The length of

the string plus the length of the barometer will equal the height of the building.”

This highly original answer so incensed the examiner that he failed the student who

immediately appealed on the grounds that his answer was indisputably. correct. The

university appointed an independent arbiter to decide the case. The arbiter ruled

that the answer was indeed correct, but did not display any noticeable knowledge of

physics. It was decided to call the student in and allow him six minutes in which to

provide a verbal answer which showed at least a minimal familiarity with the basic

principles of physics.

For five minutes the student sat in silence, forehead creased in thought. The

arbiter reminded him that time was running out, to which the student replied that

he had several extremely relevant answers, but couldn’t make up his mind which to

use. On being advised to hurry up the student replied: “First, you could take the

barometer up to the roof of the skyscraper, drop it over the edge, and measure the

time it takes to reach the ground. The height of the building can then be worked

out from this formula I have worked out for you on my text paper here.” Then the

student added, “But, Sir, I wouldn’t recommend it. Bad luck on the barometer.

Another alternative is this: If the sun is shining you could measure the height of

the barometer,then set it on end and measure the length of its shadow. Then you

measure the length of the skyscraper’s shadow, and thereafter it is a simple matter of
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proportional geometry to work out the height of the skyscraper. On the paper is the

formula for that as well . . . But, Sir, if you wanted to be highly scientific about it,

you could tie a short piece of string to the barometer and swing it like a pendulum,

first at ground level and then on the roof of the skyscraper. The height is worked out

by the difference in a gravitational formula, which I have determined here this time

on a long sheet of paper with a very long and complicated calculation. Or, Sir, here’s

another way, and not a bad one at all. If the skyscraper has an outside emergency

staircase, it would be easier to walk up it and mark off the height of the skyscraper

in barometer lengths, then add them up. But if you merely wanted to be very boring

and very orthodox about the answer you seem to seek, of course, you could use the

barometer to measure the air pressure on the roof, and on the ground, and then

convert the difference in millibars into feet to give the height of the building. But

since we are constantly being exhorted to exercise independence of mind and apply

scientific methods, undoubtedly the best way would be to knock on the janitor’s door

and say to him ‘If you would like a nice new barometer, I will give you this one if you

tell me the height of this skyscraper’.”

The student was Niels Bohr, the only Dane ever to win the Nobel Prize in physics.



Chapter 3

Results and Conclusion

As reported above, for the samples to have an apparent oxide thickness of 1.8 nm or

less, the samples must be either cleaned with the excimer lamp for at least 5 minutes

or go through both steps of the RCA clean. See Fig 3.1. The figure demonstrates

the general cleaning trend: “mostly clean” samples need at least five minutes of UV

irradiation exposure to return the sample surface to its native oxide. The mean

apparent oxide thickness for these 45 five-minute samples is 1.83±0.03 nm (pictured

as the white triangle) with only 15 of these samples measuring thicker than 1.83 nm.

The two outliers at five minutes are somewhat puzzling. It is very possible that the

sample with an apparent oxide thickness of 1.95 nm wasn’t positioned directly under

the lamp. Direct placement under the lamp is critical to the cleaning process (as

is ensuring that the sample is placed within 1 cm of the lamp). The outlier on the

other end is the sample that showed an apparent oxide of 1.76 nm. It happens that it

was cleaned slightly differently from most of the other samples. The majority of the

time, whenever the lamp was in operation the plasma source (a small component of

the lamp) was cooled with nitrogen. However for several samples a nitrogen hose was

attached to the lamp’s box allowing nitrogen to flow through the entire instrument

16
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Figure 3.1 Decrease in the thickness of the apparent oxide layer vs UV
exposure time. All of the data in this graph come from 59 samples that were
cleaned exclusively with the excimer lamp. 45 samples were cleaned for five
minutes. The white triangle on the graph represents the mean five-minute
thickness. Of these 45 samples, 30 lie at or below the mean. There is clearly
a trend in the data that supports the claim that 5 minutes under the lamp
will take a nearly clean sample and decrease the apparent oxide thickness by
several more angstroms.
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rather than just cooling the small component. Even though the sample was cleaned

slightly different from most of the other samples, this particular sample might just

be an anomaly since several samples were cleaned under the same conditions and it

was the only one to exhibit such a dramatic decrease in the apparent oxide thickness.

The data also show that optimal cleaning time varies somewhat from sample to

sample. In general, the dirtier a sample, the more UV irradiation time it needs. To

illustrate this point I will discuss my absolute dirtiest samples. They were created

when I was experimenting with various storage options. I thought that perhaps the

samples would remain free of carbon contamination if they were stored in a chemical

medium rather than the lab air. I found that I was wrong and the process of varying

the storage medium resulted in some very dirty samples. Six samples were first

cleaned with the lamp to 1.83±0.01 nm and then submerged in a bath of isopropenal

which was housed in glassware that I had prepared by washing it with methanol and

blow drying with nitrogen. A week in storage showed that some of the isopropenal

had evaporated and the apparent oxide layer for three of the samples had increased

to 3.8±0.2 nm. After three weeks, the isopropenal completely evaporated and thanks

to thin film interference, even a glancing visual inspection revealed that a film had

deposited on the surface of these samples. With the standard “apparent oxide” model,

these evaporated samples had an “apparent oxide” of 25-27 nm, but there was quite

a large error on the fit, with an MSE of 10.2,1 suggesting that for this much carbon,

the carbon layer needs to be modeled directly. However, for the purposes of seeing

the effect of the lamp on the sample, a qualitative description of the change in the

1A typical MSE for the ellipsometer is 1.8. A good fit was one with an MSE lower than 1.5. If

after repeated measurements and trying at least two samples, the MSE wouldn’t lower past 2.8, I

would stop taking data and rigourously realign the instrument. If that failed to work, I would try

turning everything off for awhile and then restart, making sure to allow the ellipsometer 20 minutes

to warmup.
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sample as measured by the ellipsometer was sufficient. For one of the dirty samples,

a five minute exposure to the lamp caused the “apparent oxide” to decrease by 17

nm. Again, the measured thickness had a larger error with an MSE of 4.2 because

it’s not a good model. It decreased an additional 5.4 nm after an additional five

minutes. The error on this final thickness was still high with an MSE of 3.7, but

it’s encouraging that the error decreases with thickness. These dirty samples provide

dramatic illustration of the lamp’s cleansing effect and demonstrate that the dirtier

the sample, the more lamp exposure time it needs. Most of the samples I studied

were not nearly so contaminated; however, I saw this same overall trend in all the

samples I studied.

Accurate surface characterization demands the use of multiple techniques. Con-

clusive results arise when there is agreement in the results between these different

techniques. In that spirit, one of the most important results of my research is that I

demonstrated that there is a direct correlation between an increase in “apparent oxide

thickness” (determined by ellipsometry) and an increase in the carbon(determined by

XPS). See Fig. 3.2. The carbon concentration was determined by XPS measurements

and normalized to the silicon concentration using an analysis package provided by

Surface Physics. In the XPS survey scans I always saw peaks corresponding to car-

bon, oxygen, and silicon. XPS results are inherently relative so to report the data,

I chose to compare carbon (which is the element of interest) to silicon. I chose this

primarily because oxygen is more of a variable: in addition to being part of the

SiO2 layer, it is part of the adventitious carbon and so, like carbon, it changes with

lamp exposure. The silicon concentration, however, remains constant during the UV

irradiation process; consequently I generally normalized the carbon to the silicon2.

2 The only exceptions were the dirtiest samples discussed previously. The carbon layer on these

samples was so thick that XPS failed to detect the presence of silicon on the surface. XPS penetration
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Figure 3.2 Correlation between the thickness of apparent oxide layer and
the carbon concentration determined Data show agreement between the in-
strumental characterization techniques of ellipsometry and XPS.

The data for Fig. 3.2 come from samples exposed to a variety of conditions. Of

particular interest is the data the show the difference between a UV irradiated sample

and an untreated sample. The following results come from samples that were put into

the XPS antechamber after it was plasma cleaned for about 45 minutes. They were

inside the chamber for approximately eight minutes total in an attempt to minimize

the carbon contamination from the chamber. Ellipsometry suggests that the apparent

oxide changed by 0.8±0.03 nm. Despite the slight contamination the results demon-

strate a distinct different between the two types of samples. An untreated sample

with an apparent oxide thickness of 2.17±0.02 nm gives the carbon concentration to

be 26.2% carbon to 73.8% silicon. A sample exposed to the lamp has an apparent

oxide thickness of 1.81±0.03 nm and 8.4% carbon to 91.6% silicon. (See Fig. 3.4a

depth is somewhat of a variable, but in general we assume that it sees about 5 nm into a surface [7].

The XPS data from the dirtiest samples suggest that 5 nm is approximately correct: for one of

the dirty samples the ellipsometer’s rough assessment of the “apparent oxide” was 5.4 nm and the

corresponding XPS data for that thickness was unable to detect silicon
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and Fig. 3.4b)

As long as the contamination from the antechamber was minimized with the

Evactron, all samples showed that the C (1s) peak significantly decreases relative

to the silicon peak for samples exposed to the excimer lamp for at least 5 minutes.

The peak fitting and line shape analysis of the C (1s) peak reveals how the excimer

lamp’s cleaning treatment affects the adventitious carbon [8] on the sample surface

(see fig. 5). I fit the data using a Shirley background and the peak fitting package

supplied by Surface Physics. To provide statistical analysis of the peak fit, I used the

Mathmatica 6.0 fitting package and fit the data to Gaussian and Lorentzian models.

The Gaussian was chosen to model the experimental aspect of the measurement (the

instrumental response, x-ray line-shape, Doppler broadening) and the Lorentzian to

model the broadening due to the uncertainty principle in the energy and lifetime of

the ejected electrons. Peak fitting the carbon peak on a dirty sample suggests that C-

H or carbon-only type bonds are the dominate feature. There is always some partially

oxidized adventitious carbon present (As discussed previously, it was for this reason

that carbon concentrations were normalized to the silicon rather than to the oxygen).

Cleaning with the lamp significantly decreases the carbon-only AC and the oxidized

carbon. (See Fig. 3.6)

Like cleaning with the lamp, an effective RCA clean effectively eliminates adven-

itious carbon contamination. The carbon to silicon ratios are comparable to those of

the lamp. The apparent oxide thickness after the RCA clean generally falls between

1.5-1.8 nm, which is less than what the lamp gets it to. But since the ratios of car-

bon to silicon are about the same, the thinner apparent oxide thickness suggests that

rather than entirely eliminating carbon, the RCA clean eventually begins to attack

the oxide layer on the silicon. It could also well be that the carbon detected in by

XPS is not left by the cleaning, but rather deposited on the surface by the antecham-
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Figure 3.3

(a) Survey scans for untreated wafers show a distinct
carbon peak. Note the small peak labeled C 1s here
at about 285 eV is missing in fig. 3.4b

(b) There is no distinct carbon peak at 285 eV in the
survey scans for the wafers exposed to excimer lamp
irradiation for 5 minutes
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Figure 3.4 The red line corresponds with a dirty sample while the blue line
corresponds with a sample cleaned with the excimer lamp.

ber. I haven’t been able to conclusively determine which is the case. Thanks to

the Evactron, the apparent oxide thickness no longer grows during a 10-20 minute

exposure to the antechamber–it either stays the same or decreases slightly. But since

at this level the carbon contamination is so slight, I don’t feel justified in dismissing

the chamber as a potential source of contamination despite the readings from the

ellipsometer. From a practical standpoint it is more challenging to control the RCA

clean and presumably this explains why there is such a range in the apparent oxide

thickness for the RCA cleaned samples. Furthermore, the cleaning technique worked

the majority of the time, but twice the apparent oxide thickness went down while

the carbon levels stayed high on the RCA cleaned samples (and decreased for lamp-

cleaned samples). It also occasionally appears to deposit trace amounts of lead and

iron onto the surface. Since the samples were cleaned in a shared chemistry lab, it is
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Figure 3.5

(a) C (1s) peak for untreated wafers show higher
levels of adventitious carbon contamination. From the
peak fit for this sample we see that the carbon-only
type bonds are the dominate feature. We also see two
statistically significant peaks of the OC type.

(b) C (1s) peak for wafers exposed to the excimer
lamp. The carbon peak is not as distinct. Statistically
speaking, the peak fit only recognizes the carbon-only
peak and one peak of the OC type.

Figure 3.6
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Figure 3.7 Compares the raw data for the carbon peaks measured by XPS
for samples cleaned with the RCA clean to those cleaned with the lamp.

possible that these defects are due the to lab conditions, but in the literature others

reported seeing iron on the surface as well [9]. (They suggested removal with a brief

rinse in HF.)

One more thing remains to be discussed: the conclusions from the storage study.

I begin by describe the sample set analyzed.

A total of 85 samples were stored and 208 data points were taken from these

samples. Statistical studies were preformed on the data using the regression tool in

Excel, the ANOVA package in Kaliograph and the R2 software package. The various

statistical studies all provided similar results. Data was studied in two different sets:

one data set included all 208 data points while the other included only 75 points.

This was done because I found that two samples cleaned at the same time, from

the same wafer the same apparent oxide thickness would have different amounts of

contamination on them over time if I measured one more than the other. This finding

makes sense since in measuring the samples, since I had to remove them from storage
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Figure 3.8 Tracks change in the apparent oxide thickness immediately
after being cleaned with the RCA lamp. The data from Sample 7-21d are
somewhat misleading because the sample was analyzed in all different spots.
Samples 7-28a and 7-25d where measured in the same spot, and the data are
more meaningful.

and thus change their storage conditions. By looking at all 208 data points, there is

more data collected for the samples with repeated measurements thus the data set

is skewed to favor the more contaminated samples. In an effort to adjust for this

effect while still maintaining a spread of measured time, I created a random number

generator and randomly selected one data point per sample, creating the second set

with 75 data points (10 samples either had slightly ambiguous inital starting data or

a confusing storage history, so I chose not to include them in the select set). From

these sets I used the aforementioned packages to analyze the data.

The statistical analysis says that initially the two factors that matter the most are

time stored and the manner in which the sample was clean. Incidentally, most of the

contamination growth occurs immediately after cleaning (regardless of the method).

Figure 3.8 shows the immediate effects of contamination redeposition following the

RCA cleaning treatment. I saw similar results with lamp-cleaned samples. Typically

with nonvacuum storage conditions, after two hours of being cleaned by any method,

0.1 to 0.2 nm of hydrocarbon reappear on the surface. For long term storage, the
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Figure 3.9 Measured apparent oxide thickness vs time. This storage data
comes from 85 samples with a total of 208 measurements. Storage time varied
from ten minutes to 279 days. Although the starting apparent oxide thick-
nesses varied over a 1 nm range, the data show that the samples accumulate
similar amount of avenitious carbon contamination over time.

Figure 3.10 Change in apparent oxide thickness vs time. This storage data
comes from 85 samples with a total of 208 measurements. Storage time varied
from ten minutes to 279 days. This demonstrates how that contamination
accumulation growth is different from samples that were never exposed to a
cleaning technique.
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storage location and initial contamination become statistically significant (see fig 3.9).

Whether or not the sample was cleaned also slightly affects contamination accumu-

lation. Cleaned samples generally collected slightly more than their accompanying

untouched “control” samples; furthermore, some of the untouched samples experi-

enced extraordinarily low contamination accumulation (see fig. 3.10). It is therefore,

instructive to look at the change in contamination which is determined by subtracting

the stored value for the apparent oxide thickness from the initial measured apparent

oxide thickness value. However, looking at the change only can distort the data. It

is, therefore, also instructive to study variations in the total measured apparent oxide

thickness. Compare figures 3.9and 3.10. The conclusions from the statistical study

are that the two most important factors in determining the total expected amount

of contamination over the long time is (1)the time it was stored and (2)how much

contamination it originally started out with.
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Appendix A

Ellipsometry

Scientists have all sorts of ways of probing things. One way is to observe how some-

thing changes as a result of interacting with whatever it is that you’re trying to

characterize. This method is particularly useful when the change is (1)quantifiable

and (2)material dependent. Ellipsometry fits the bill in both regards. The basic idea

is to detect how the light changes when it interacts with some material and then

use that data to distguish differences between samples. Data from the ellipsometer

can be used in conjuction with other characterization methods to determine abso-

lute thicknesses and optical constants (n and k). They can also be used to relative

determinations of the differences between samples.

Ellipsometry takes advantage of how polarization changes when a light wave inter-

acts with a new medium. This change occurs because the parallel and perpendicular

components of light don’t reflect from the boundary the same way [10].

The Fresnel coefficients are incredibly useful numbers that give the ratio of the

reflected and transmitted field and they are broken down in terms of s and p polariza-

tion (that means you have a Fresnel coefficient for the reflected s-polarized light and

a different one for the reflected p-polarized light). Each time the light encounters a

31
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Figure A.1 When light is reflected from a boundary the s-polarized light
stays the same, while the p-polarized light flips to match the direction of
wave propagation [11].

new medium, new values for the respective Fresnel coefficients arise. The ellipsometer

has light that interacts first with a controlled polarizer, then with the sample then

with a variable polarization analyzer1 and finally is collected with a photodetector.

So let’s talk about light . . . and think about what things we could measure as we

observe the light reflect off of something. Light is made up of electric and magnetic

waves. And two good ways to pin down details of a wave (aside from determining

how fast it’s propagating, which is c in the case of light) is to measure its amplitude

and its phase. The ellipsometer indirectly measures changes in these variables as light

encounters a new medium. One slightly confusing point stems from what-the-blast

the ellipsometer actually measures. It measures the “ellipsometric angles” psi and

delta . . . two quanities that are pretty abstract but ultimately use ratios between

the s and p components of the light to detect the differences in amplitude and phase

as these two components interact with the surface of the sample.

If we start from square one, we should start with what the ellipsometer knows:

1The angle of the analyzing polarizer rotates at a high speed and the time dependence of the

light reaching the detector is analyzed and correlated with the polarizer orientation [11].
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it knows the initial polarization of the light it shines onto the surface. It’s not a big

jump for us to say that the E-field of reflected light is related to the E-field from the

incident light. We relate it in the following manner

Er = R Ei (A.1)

where R in a Jones matrix that describes the effect of the boundary on the light and

establishes the relationship between the original E-field and the reflected E-field.

R =

∣∣∣∣∣∣∣
|Rpp|eiδpp 0

0 |Rss|eiδss

∣∣∣∣∣∣∣
Here |R| quantifies the amplitude and δ quantifies the phase and the subscript “pp”

goes with p-polarized light while “ss” relates to the s-polarized light.

As the ellipsometer measures polarization changes, it essentially is able to measure

the ratio of the reflection coefficients in R as is seen in the following equation.

|Rpp|
|Rss|

eiδpp−δss = ρ = tanψei∆ (A.2)

The value ρ is a significant value not only because it can be calculated from the

ellipsometer’s measurements but also because it is a quantity that we can calculate

using a theoretical model of the system. BYU’s ellipsometer uses a software package

called WAVES designed by the J.A. Woollam company. An outline for how the

modeling portion of the package works is laid out in an article in the Journal of Applied

Physics [12]. For the purposes of practical experimental use, creating the model is

a matter of building a stack that describes the layers of thin films on the sample.

After an initial fit, the model can be modified to include roughness, gradients in the

layers, etc. Since this thesis concerns a two-layer stack of SiO2 on Si, the following

is for a two-layer system 2 When the light first interacts with the SiO2, part of it is

reflected and part of it is refracted (see Fig. A.2). The part that is refracted goes on

2If you care to expand to a model with more layers, chapter 4 of Azzam [10] does a rigorous



APPENDIX A. ELLIPSOMETRY 34

Figure A.2

to the Si barrier where again part of it is reflected and part of it is refracted. Take

a second to note the notation on the Fresnel coefficients that I’m using in figure A.2:

“r01” is the Fresnel coefficient corresponding to reflected light at the SiO2 boundary,

therefore “r12” corresponds with reflection at the Si boundary. The Fresnel reflection

coefficients are given in terms of s and p polarization are defined with the following

two general equations:

r(αγ)p =
Nγcosφα −Nαcosφγ
Nγcosφα +Nαcosφγ

(A.3)

r(αγ)s =
Nαcosφα −Nγcosφγ
Nαcosφα +Nγcosφγ

(A.4)

The light can bounce around inside the film many times before it is either absorbed

by the Si layer or transmitted into the air. However, since the two boundaries are

not perfectly reflecting, over time this internal wave loses energy. We need to take

job. Just make sure that you realize that he uses the engineering convention where E = E0e
j(ωt−kx)

instead of the physics convention where E = E0e
i(kx−ωt). Or you can look at 6.8 of the BYU Optics

Textbook [11] if you prefer manipulating E-fields rather than the fresnel coefficients. If you care

to see the original work on reflectance in a two stack system, first learn to read German and then

consult Drude.
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this energy loss into account. The way that we do is to apply a decaying exponential

that includes a term that considers both the properties of the material (in this case,

SiO2), and also the energy (or wavelength) of the light. In the literature this term is

referred to as the film phase thickness and is given by

β = 2π
d

λ
N1cosφ1 (A.5)

This film phase thickness is of particular importance to us because it includes the film

thickness variable “d” which happens to be the variable we are ultimately interested

in determining. The ellipsometer measures the total reflection.

We can use the stack-model to calculate what this total reflection ought to be.

From the model, the first component of the reflected wave is the reflected light pic-

tured in figure A.2 and given by the r01 term. The next comes from light that is

transmitted into the SiO2, reflects off the Si and then is transmitted back through

the SiO2. This is given by the term t01t10r12e
i2β. To get the overall reflection of the

light we add up all the “partial” waves that describe all the possible ways the light

could reflect:

R = r01 + t01t10r12e
i2β + t01t10r10r

2
12e

i4β + t01t10r
2
10r

3
12e

i6β + ..., (A.6)

This looks like a mess, but if you realize that it’s a geometric series and apply the

general formula for a geometric series, it simplifies to

R = r01 +
t01t12r12e

i2β

1 + r01r2
02e

i2β
(A.7)

The other thing we can do to clean this up is to note that if you where to somehow

shine the light from inside the silicon (which is analogous to when the light travels

back after it reflects off the silicon substrate) the new reflection and transmission

coefficients are related to the “air based” reflection and transmission coefficients with
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the following two equations3

r10 = −r01 (A.8)

t10 =
(1− r2

01)

t01

(A.9)

By substituting these puppies into eq. A.7 out pops

R =
r01 + r12e

i2β

1 + r01r12ei2β
(A.10)

Now recall the equation for ρ (eq. A.11). On the one hand, it can be calculated from

the values for ψ and ∆–the values measured by ellipsometry. On the other hand it

can be calculated by knowing the ratio of the s and p polarized reflectances; and with

eq. A.10 we have a way to calculate these reflectances using values that come directly

from the two layer model we built. Thus,

ρ = tanψei∆ =
Rpp

Rss

=
r01p + r12pe

i2β

1 + r01pr12pei2β
× 1 + r01sr12se

i2β

r01s + r12sei2β
(A.11)

This relationship is golden. It is (more-or-less) what the ellipsometer uses when

its doing it’s fit. According to the paper on ellipsometry modeling, they use the

Levenberg-Marquardt algorithm in their fitting by minimizing the following equation

ξ2 =
1

2N −M

N∑
i=1

[(
ψmodi − ψexpi

σexpψ,i

)2

+

(
∆mod
i −∆exp

i

σexp∆,i

)2]
(A.12)

Which is equivalent to minimizing

ξ2 =
N∑
i=1

(ρmod − ρexp)2

σ2
i

(A.13)

or

MSE =
1

n− f
ξ2 (A.14)

Where the “n” stands for the number of measurements, “f” stands for the number

of fit parameters, and “MSE” stands for the mean squared error. The σ value in eq.

3You can prove these changing N0 for N1 in the standard Fresnel equations.
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A.13 is the uncertainty in the measured ρ. This value can be found in the following

manner [13]

σi =

√(
∂σ

∂ψ
σψi

)2

+

(
∂σ

∂∆
σ∆i

)2

(A.15)

So, with all the pieces in place, the general idea is to adjust the parameters in

the model until the model is as close as possible to the value the data calculate.

Levenberg-Marquardt is an iterative process that uses nonlinear regression to fit mul-

tiple parameters4. To minimize ξ2 take the derivative with respect to each parameter.

The partial derivatives form a set of equations that can be adjusted iteratively until

they are all simultaneously as close to zero as possible. In the case of fitting for thick-

ness, the Levenberg-Marquardt technique is overkill since there is only one parameter

that needs to be fit. A good initial guess and the “fminsearch command” in matlab

are sufficient to determine what thickness is best to minimize ξ2. (Use of Levenberg-

Marquardt is needed if ellipsometric data is being used to determine optical constants

rather than thickness.)

On a practical note, when BYU’s ellipsometer takes data, it reports all the val-

ues needed in order to minimize ξ2 in matlab. In other words, it tracks ψ, ∆, the

uncertainties in these constants along with the tables of optical constants it uses in

it’s fitting5 When using the instrument, it is important to use multiple angles around

Brewster’s angle. At Brewster’s angle there is the largest difference in reflection be-

tween the s and p polarized light. For the p-polarized light at Brewster’s angle, which

incidentally is defined as tanφB = n1

n2
, there is a phase shift at the boundary and cor-

respondingly the amplitude of the reflected light must be zero. For the s-polarized

4This Levenberg-Marquardt process is absolutely brilliant and an outstanding explanation for

how it works can be found in chapter 14 of Numerical Recipes: The Art of Scientific Computing [14]
5Some of these optical constants come from Pallik [15], and some appear to come from their own

measurements.
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Figure A.3 variation in Brewster’s angle for silicon for the wavelengths
measured with the ellipsometer.

light, there is no phase shift at the boundary and the amplitude of reflection simply

continues to increase. Thus, the ratios measured by the ellipsometer are the most

distinct around Brewster’s angle. Since n and k vary with wavelength, brewster’s

angle also varies over the range (see fig. A.3) however for about two thirds of the

wavelengths, the angle is very close to 75 ◦. Thus I chose to measure thickness with

the following five angles: 70 ◦, 72 ◦, 74 ◦, 76 ◦,and 78 ◦. (The multiple angles are helpful

in creating an independent system of equations when we go to minimize ξ2, although

by way of cautionary note, please realize that just adding angles won’t always provide

data to help minimize ξ2. If on preforming a parameter correlation test, you find that

the measurements are interdependent then you haven’t actually provided additional

data by measuring multiple angles.)

Finally, I have two more practical bits of advice. The first is to let the ellipsometer

warm up for 10-20 minutes before using it. Why it needs this long, I’m not sure. I do

know, however, that it doesn’t give reproducible data for the first little bit that it’s

turned on. The second thing is to realize that a sample with a uniformly thick film
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is the exception rather than the rule–the larger the sample, the more measurements

(in different spots) need to be made. For this reason I tended to cut relatively small

samples.
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