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Aging mechanism of the native oxide on silicon (100) following atmospheric
oxygen plasma cleaning
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Silicon native oxide surfaces were cleaned with a radio frequency, atmospheric pressure helium

and oxygen plasma and with an RCA standard clean-1. Both processes create a hydrophilic state

with water contact angles of <5� and 16.2�6 1.7�, respectively. During subsequent storage in a

chamber purged with boil off from a liquid nitrogen tank, the water contact angle increased over

time at a rate dependent on the cleaning method used. Internal reflection infrared spectroscopy

revealed that the change in water contact angle was due to the adsorption of organic molecules

with an average hydrocarbon chain length of 10 6 2. The rate of the adsorption process decreased

with the fraction of hydrogen-bonded hydroxyl groups on the surface relative to those groups that

were isolated. On Si (100) surfaces that were cleaned by RCA standard clean-1 and then the

plasma, 95.8% of the silanol groups were hydrogen bonded. The first-order rate constant for

adsorption of the organic contaminant on this surface was 0.182 6 0.008 h�1. VC 2011 American
Vacuum Society. [DOI: 10.1116/1.3597436]

I. INTRODUCTION

Silicon surface cleaning is an important process in manu-

facturing integrated circuits,1–6 microfluidics, and microelec-

tromechanical systems (MEMS).7–9 It is also an important

step in direct wafer bonding for silicon-on-insulator sub-

strates.4,10–13 The wetting properties of the silicon surface

play an important role in the performance of these devices.

In MEMS, a hydrophobic surface is desired for nonsticking

behavior; whereas in microfluidics, a hydrophilic surface is

desired so that air bubbles are not trapped in the device

when it is filled with an aqueous solution. Direct wafer bond-

ing requires a mirror smooth, highly clean and hydroxyl-ter-

minated surface to be successful.

Upon exposure to air, the water contact angle (WKA) on

the native oxide of silicon has been found to drift upwards

with time under ambient conditions.14 This change can be

reversed by cleaning the silicon surface using a standard

RCA clean or exposing it to an oxygen plasma.15–17 The wet

chemical clean employs strong acids and bases along with

copious amounts of distilled water. To use the vacuum

plasma, one must place the substrate inside a chamber and

expose the surface directly to the energetic ionized gas for

cleaning to occur. By contrast, in an atmospheric pressure

plasma, the substrate is placed downstream of the discharge

so that it is only exposed to neutral reactive intermediates,

such as oxygen atoms. Furthermore, at atmospheric pressure

the reactive species have the unique ability to flow through

intricate microgeometries and activate all the surfaces

exposed to the gas.

Previous work has shown that the cleaned silicon surface is

terminated with siloxanes and two distinct types of silanol

groups: hydrogen-bonded (“bound”) and isolated (“unbound”)

Si–OH.18–25 The isolated silanol groups tend to be the sites

where selective adsorption takes place.26–28 Siloxane groups

are not implicated in the adsorption properties of silicas.20

Habib et al.14 have shown that the native oxide on silicon

exposed to the atmospheric pressure helium and oxygen

plasma exhibits hydrophilic behavior with a water contact

angle less than 5�. These authors hypothesized that the oxy-

gen atoms generated by the plasma are the primary species

responsible for reaction with the silicon dioxide surface.

This previous study raised several questions: (1) Why does it

take 6–10 h at ambient conditions for the water contact angle

return to its initial value of 42�? (2) What process is respon-

sible for the return of the silicon surface to its original semi-

hydrophobic state?

In this study, we report on the aging mechanism follow-

ing silicon surface cleaning with RCA standard clean-1 and

atmospheric pressure helium–oxygen plasma. Upon aging,

the water contact angle rises rapidly from 0� and then levels

off to a final value between 30� and 40�. Fourier transform

infrared spectroscopy (FTIR) has revealed the organic mole-

cules adsorb on the surface, reacting with the exposed

hydroxyl groups. Surfaces with a higher fraction of hydro-

gen-bonded hydroxyl groups, as opposed to isolated ones,

exhibited a slower rate of adsorption of organic molecules.

II. EXPERIMENT

The silicon (100) attenuated total reflection (ATR) crystals

used in this study were obtained from Harrick Scientific Cor-

poration. The dimensions of the ATR substrates were 51.7

mm long by 10.0 mm wide by 0.47 mm thick and with 45�

beveled edges. This geometry yielded 56 reflections off the

top surface of the internal reflection element (IRE). Water

contact angle measurements were made using boron-doped Sia)Electronic mail: rhicks@ucla.edu
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(100) test wafers, 100 mm in diameter, with a resistivity of

1–5 X. These substrates were purchased from Tech Gophers.

The native oxide present on these wafers was 1.0 6 0.5 nm in

thickness.29 De-ionized water was generated using a Millipore

Super-Q filtration system. Liquid nitrogen was purchased

from Praxair.

A schematic of the test apparatus is shown in Fig. 1. The

atmospheric pressure plasma system consisted of a 2-in.-

wide Atomflo 500L linear beam source from Surfx Technol-

ogies. The plasma was maintained using 30.0 L/min of

industrial grade helium (99.99%), and 0.8 L/min of ultrahigh

purity oxygen (99.9999%) struck with 200 W of radio fre-

quency (RF) power at 27.12 MHz. The RF power supply and

matching network were models RF-3X and AM-10 from RF

VII, Inc. An I&J Fisnar 7000C robot was used to reproduci-

bly translate the plasma source over the samples. A detailed

description of the plasma system and operating procedure is

presented in a previous publication.30

One set of silicon substrates was cleaned with the RCA

standard clean 1 (RCA SC-1), which removed the organic

contamination. The RCA SC-1 solution contains ammonium

hydroxide (30%), hydrogen peroxide (30%), and de-ionized

water in a 1:1:5 ratio.15,31,32 The standard procedure calls for

heating this solution to 75 �C, but due to safety concerns, the

solution was used at room temperature in an ultrasonic bath.

The substrates were placed in the solution for 10 min, then

rinsed in de-ionized water for 1 min, and dried using com-

pressed nitrogen.

A second set of silicon substrates was exposed to the

atmospheric pressure plasma system. In the case of water con-

tact angle measurements, the robot performed a single scan at

a 3 mm source-to-substrate distance and 100 mm/s scan

speed. The samples used for WCA measurements were

exposed to open air during plasma cleaning. However, they

were quickly transferred to the nitrogen purged sample cham-

ber following cleaning to prevent further contamination. For

the silicon IREs employed in the infrared measurements, the

plasma source was sealed in the spectrometer’s sample cham-

ber to avoid any exposure to air. For this method, the plasma

source was translated by hand at approximately 100 mm/s

using 3 mm spacers to separate the source from the sample.

A third set of samples was cleaned by the RCA SC-1 pro-

cedure followed by plasma activation as described earlier.

Finally, one set of control samples was prepared by rinsing

Si (100) wafers in an ultrasonic bath filled with de-ionized

water at room temperature for 10 min, followed by thorough

drying in flowing nitrogen.

Changes in the composition of the silicon surface with

time were monitored by attenuated total reflection infrared

spectroscopy, using a Bio-Rad FTS-40A spectrometer with a

liquid nitrogen cooled mercury cadmium telluride (MCT)

detector. Six hours prior to experimentation, the spectrome-

ter was purged with the boil off from a liquid nitrogen

Dewar. The purge was continued throughout the infrared

measurements to minimize contamination from carbon diox-

ide, moisture, and other impurities. Following cleaning, the

silicon IRE was immediately placed in the spectrometer to

begin acquiring infrared data. Reflectance spectra were pro-

duced by recording a single-beam spectrum of the crystal

and referencing it to the initial single beam taken immedi-

ately after cleaning. The spectra were collected at 4 cm�1

resolution in the range from 400 to 5300 cm�1 with signal-

averaging of 512 scans. Infrared spectra were taken at

regular intervals for up to 72 h in order to identify how the

surface ages during exposure to the nitrogen purge. Biorad

Win IR software was used to deconvolute the reflectance

spectra and calculate the area under the individual peaks.

Water contact angle measurements were performed with

a Krüss EasyDrop goniometer using distilled water. In order

to reproduce the conditions of the infrared study, the sample

chamber was purged with liquid nitrogen boil off for 6 h

before experimentation. The silicon samples were cleaned

and immediately placed in the sample chamber. Care was

taken to minimize the time required to transfer the sample.

The nitrogen purge was maintained throughout the experi-

ment while samples were removed at regular intervals for

water contact angle measurements. Water contact angles

were measured using 5–10 droplets on each sample and

using 50–100 automated measurements per droplet. The av-

erage value was taken and the measurement error was esti-

mated using 1 s.d. of the data points.

III. RESULTS

A. Surface composition

The time dependent infrared spectra of silicon cleaned

with RCA SC-1 and atmospheric plasma is shown in Fig. 2.

During aging, the reflectance spectra show the emergence of

three important features: a single band at 1730 cm�1, a group

of five overlapping peaks between 2750 and 3050 cm�1, and

a broad negative band between 3250 and 3850 cm�1. The

former two features increase in intensity fairly rapidly at

the beginning, and then saturate after about 20 h of aging.

The same trend is seen for the latter broad band, but with the

intensity increasing in the negative direction below the base-

line. The band at 1730 cm�1 corresponds to the C–O stretch

of a ketone group.33 The overlapping peaks between 2750

and 3050 cm–1 are due to C–H stretching vibrations from

adsorbed organic molecules. The broad negative bandFIG. 1. Schematic of the plasma cleaning apparatus.
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between 3250 and 3850 cm�1 is due to the O–H stretch of

surface silanol groups. Infrared spectra for silicon IREs

cleaned separately with the RCA SC-1 solution and with the

plasma exhibited the same features during aging.

Figure 3 shows the C–H stretching region following 60 h

of aging of the silicon native oxide cleaned with RCA SC-1

and the atmospheric plasma. The spectrum was deconvo-

luted into five peaks. The peaks at 2875 6 5 and 2960 6 5

cm�1 (Nos. 3 and 6) are assigned to the symmetric and

asymmetric C–H stretches of methyl groups (–CH3). The

peak at 2900 6 5 cm�1 (No. 4) is due to the C–H stretch of a

methyl group bound to a ketone, CH3–(C¼O).34 The bands

at 2855 6 5 and 2925 6 5 cm�1 (Nos. 2 and 5) are assigned

to the symmetric and asymmetric C–H stretches of methyl-

ene groups (–CH2–).33 However, there is useful information

that can be extracted from the peak area ratios of the CH2/

CH3 spectral features. The CH2/CH3 ratio calculated from

the asymmetric stretching bands on our spectra is �1.8–2.3.

This corresponds to a chain length of �8–12 carbon atoms.

The relative intensities of the infrared peaks due to the

methyl and methylene stretches are indicative of an organic

ketone with an average chain length of ten carbon atoms, for

example, 2-decanone.34

Infrared spectra for the O–H stretching region of the native

oxide on the silicon samples are presented in Fig. 4. These

data were acquired after 60 h of aging. Each spectrum was

deconvoluted into two separate peaks: a broad band at 3590

cm�1 (No. 7) due to hydrogen-bonded hydroxyl groups, and a

sharp peak at 3710 cm�1 (No. 8) due to isolated hydroxyl

groups.20,33,35 It should be noted that the spectra were

smoothed to remove interference from trace amounts of water

vapor present in the beam path. Upon comparing the three

infrared spectra in Fig. 4, one can see that the distribution of

hydroxyl bands changes with the cleaning method. The wet

clean produces relatively equal intensities of the bands for the

FIG. 2. Infrared reflectance spectra acquired during aging of the silicon

native oxide surface cleaned with RCA SC-1 and plasma.

FIG. 3. Infrared reflectance spectrum of the C–H stretching region for silicon

cleaned with plasma following 60 h of aging.

FIG. 4. Infrared reflectance spectra of the O–H stretching region for silicon

cleaned with (a) RCA SC-1, (b) plasma, and (c) RCA SC-1 with plasma.
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hydrogen-bonded and isolated hydroxyl groups, while the

RCA SC-1 clean plus plasma activation produces predomi-

nantly the one broad band for the hydrogen-bonded species.

Infrared data collected for silicon native oxide surfaces

after aging 36 h are summarized in Table I. Peak assign-

ments are given as well as the fraction of the total peak area

associated with each vibration. Note that the peak area per-

centages due to the C–H stretches and to the O–H stretches

separately sum to 100%. For the plasma activated surface,

the (–CH3) asymmetric stretching peak accounts for 22.7%

of the total C–H band area, while the (–CH3) symmetric

stretch is responsible for 7.6%. The (–CH2–) asymmetric

stretching band accounted for 52.0% of the total C–H band

area, while the (–CH2–) symmetric stretch made up 13.9%.

The intensity of the asymmetric stretch is larger than the

symmetric stretch, because the former vibration has a larger

change in dipole moment. The central peak at 2900 cm�1

due to the ketone accounted for 3.7% of the total C–H band

area. The silicon native oxide surfaces cleaned with RCA

SC-1 and with RCA SC-1 plus plasma displayed a compara-

ble distribution of C–H vibrational bands to that of the oxide

surface cleaned with the plasma only. The ratio of the peak

areas associated with the methyl and methylene groups can

be used to deduce the chain length of the adsorbed organic

molecule as will be discussed later.

Listed at the bottom of Table I are the results obtained for

the O–H stretching vibrations at the conclusion of the 36-h

aging period. Substrates cleaned with the RCA SC-1 solution

displayed a nearly 1:1 ratio of the peak areas for the hydro-

gen-bonded hydroxyl and the isolated hydroxyl groups. This

differs from the samples cleaned with the atmospheric

plasma, where the bands for the hydrogen-bonded and iso-

lated hydroxyls accounted for 85.4% and 14.6% of the total

area, respectively. For the sample cleaned with RCA SC-1

plus plasma, the area fraction due to the H-bonded OH

increased to 95.8%, while that for the isolated OH dropped

to 4.2%.

B. Water contact angle

The dependence of the water contact angle on aging time

under a nitrogen atmosphere can be seen in Fig. 5. The sam-

ples rinsed in the de-ionized water bath displayed a constant

WCA of 40.1�6 2.1� throughout. The native oxide surfaces

cleaned with the plasma or the RCA SC-1 followed by the

plasma exhibited an initial WCA below 5�. Over time, the

WCA values rose rapidly then leveled off at angles of

29.3�6 0.7� and 26.1�6 1.2�, respectively. The native oxide

surface cleaned with the RCA SC-1 solution only had an ini-

tial water contact angle of 16.2�6 1.7�, and rose over time

to a constant value of 35.3�6 1.7�. The time it took the

surfaces to reach their final aged state was close to 60 h for

the plasma activated samples, compared to 20 h for the sam-

ple that was wet chemically cleaned.

The data in Fig. 5 follow an exponential decay function

that is indicative of Langmuir adsorption kinetics.14,30,36 The

following equation was fitted to these results:

WCAðtÞ ¼WCAmaxþ ½ðWCA0�WCAmaxÞexpð�kWCAtÞ�;
(1)

where WCA0 is the initial water contact angle, WCAmax is

the final water contact angle, and kWCA is the first-order rate

constant. The solid lines in Fig. 5 represent the best fit of Eq.

(1) to the data. Table II lists the initial and final WCA values

as well as the rate constants for the different cleaning meth-

ods used. The kWCA obtained for the silicon native oxide

TABLE I. Properties of the infrared spectrum collected after 36 h of aging.

Fraction of total peak area (%)a

Peak No. Wave number (cm�1) Assignment RCA SC-1 Plasma RCA SC-1 and plasma

1 1730 6 20 � (C¼O) — — —

2 2855 6 5 �s(–CH2–) 13.4 13.9 13.4

3 2875 6 5 �s(–CH3) 13.1 7.6 13.6

4 2900 6 5 �s(CH3–(C¼O)) 5.5 3.7 4.7

5 2925 6 5 �as(–CH2–) 40.5 52.0 43.2

6 2960 6 5 �as(–CH3) 27.5 22.7 25.0

7 3710 6 20 Isolated (–OH) 50.9 14.6 4.2

8 3590 6 45 H-bonded (–OH) 49.1 85.4 95.8

aFractions of peaks 2–6 and 7, 8 are calculated independently.

FIG. 5. Dependence of the water contact angle on the time for the native

oxide of Si (100) aging under a nitrogen purge.
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cleaned with RCA SC-1 is nearly twice that obtained for the

oxide activated with the plasma and three times that for

the oxide cleaned with RCA SC-1 and then activated with

the plasma.

IV. DISCUSSION

Infrared spectroscopy of the silicon native oxide surfaces

reveals that the change in water contact angle observed dur-

ing aging in a nitrogen purge atmosphere is due to the

adsorption of organic molecules. These molecules contain a

ketone group with a hydrocarbon side chain that is approxi-

mately ten carbon atoms long. When the organic molecules

adsorb on the surface they displace the hydrogen-bonded

and isolated hydroxyl groups. The disappearance of these

hydroxyl groups during aging indicates that they serve as the

sites for adsorption. The fraction of vacant sites, hO–H, pres-

ent during aging may be calculated from the total area of the

O–H vibrational bands as follows:

hO�HðtÞ ¼
Areaf�AreaðtÞ

Areaf
; (2)

where Areaf is the final value of the O–H peak area and

Area(t) is the O–H peak area at a given time, t.
Figure 6 shows the dependence of the fraction of vacant

sites on time during sample aging in the nitrogen atmos-

phere. The number of these sites decays exponentially with

time for all the cleaning methods, and approaches zero at

about 10–20 h. The solid curves seen in Fig. 6 are the best fit

of the data to

hO�HðtÞ ¼ expð�kOHtÞ; (3)

where kOH is the first-order rate constant, and t is the aging

time. It should be noted that some of the data points in Fig. 6

occur below the x axis at long times.

The area of the C–H stretching bands between 2750 and

3050 cm�1 may be used to calculate the fraction of surface

sites covered with the organic molecules, hC–H, as follows:

hC�HðtÞ ¼
AreaðtÞ
Areaf

; (4)

where Areaf is the final C–H peak area value and Area(t) is

the integrated peak area at a given time. Figure 7 depicts the

time dependence of the fractional coverage of organic

groups on the silicon surface for samples cleaned with RCA

SC-1, plasma, and RCA SC-1 plus plasma. The adsorption

curves display a complex double exponential behavior with

two distinct time constants as described by

hC�HðtÞ ¼ ½1� expð�kCH;monotÞ� þ ½1� expð�kCH;multitÞ�;
(5)

where kCH,mono is the rate constant for the adsorption of the

first layer, and kCH,multi is the rate constant for adsorption of

subsequent layers. The solid lines in Fig. 7 are the best fit of

Eq. (5) to the data.

The reaction kinetics displayed by Eqs. (3) and (5) follow

the Langmuir adsorption model.14,38 An important figure of

merit is the background concentration of organic contamina-

tion necessary to drive the adsorption process. Following sil-

icon cleaning, organic contaminants diffuse to the substrate

and react with the available sites on the surface. A mass bal-

ance on the surface sites yields:

½L�dhO�H=dt¼ �kads½R�hO�H; (6)

where [L] is the density of hydroxyl surface sites, hO–H is the

fraction of vacant sites, kads is the adsorption rate constant,

and [R] is the concentration of organic molecules above the

silicon surface. Solving Eq. (6) gives

hO�H¼ expð�kads½R�t=½L�Þ: (7)

TABLE II. Rate parameters obtained by fitting Eq. (1) to the water contact

angle data.

Treatment method WCA0 (deg) WCAmax (deg) kWCA (h�1)

RCA SC-1 16.2 6 1.7 35.3 6 1.7 0.140 6 0.020

Plasma 0 29.3 6 0.7 0.082 6 0.008

RCA SC-1 and plasma 0 26.1 6 1.2 0.051 6 0.007

FIG. 6. Fraction of vacant sites corresponding to O–H groups during aging

of the silicon native oxide surface.

FIG. 7. Fractional coverage of C–H stretching groups during aging of the sil-

icon native oxide surface.
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A comparison to Eq. (3) reveals that the theoretical adsorp-

tion rate constant, kads, is related to the experimental rate

constant, kOH, through the following:

�kads½R�=½L� ¼kOH: (8)

In order to evaluate this expression, the value of the Lang-

muir adsorption constant, kads, must be calculated from colli-

sion theory,37,38

kads ¼ 1=4ð ÞvS0; (9)

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kT=pm

p
; (10)

where v is the mean molecular speed, S0 is the zero coverage

sticking probability, k is the Boltzmann constant, T is the

temperature in degrees Kelvin, and m is the mass of the gas

molecule. Equation (10) gives a mean molecular speed of

20,000 cm/s at 298 K, assuming a molecular weight of 150

g/mol for the organic molecules. Equation (9) then gives an

adsorption rate constant, kads, of 5,000 cm/s for a sticking

probability of 1.0. The site density has been estimated to be

5.0 per nm2 for a fully hydroxylated native oxide sur-

face.18,24,39 Solving for [R] in Eq. (8) yields a background

contamination level of �106 cm�3, or 0.1 parts per trillion at

atmospheric pressure. Higher concentrations would be

needed if the sticking probability is less than 1.0.

The kinetic rate constants obtained by fitting the infrared

data to Eqs. (3) and (5) are presented in Table III. The aging

rates of the silicon native oxide surfaces show a dependence

on the cleaning method used. The rate constant for the loss of

the vacant hydroxyl sites, kOH, is greatest for the silicon native

oxide cleaned with RCA SC-1, with a value of 0.30 6 0.02

h�1. By contrast, the kOH values for the samples cleaned with

plasma and cleaned with RCA SC-1 plus plasma equal

0.23 6 0.02 and 0.21 6 0.01 h�1, respectively. Note that the

first-order rate constants for adsorption of the organic mole-

cules, kCH,mono, follow the same trends with cleaning method

and agree with the kOH values to within 20%. These results

further demonstrate that the organic molecules react with the

silanol groups on the silicon dioxide surface.

Differences in the amount of time the native oxide is able

to remain contamination free and hydrophilic correlate with

the distribution of hydroxyl groups on the surface immedi-

ately following cleaning. This is born out by comparing the

trends in kWCA, kOH, and kCH,mono (Tables II and III) to the

distribution in isolated and hydrogen-bonded hydroxyl

groups (Table I). The percentage of the O–H infrared band

area due to the isolated hydroxyl groups falls from 50.9% for

the RCA SC-1 clean to 14.0% and 4.2% for plasma activa-

tion and the wet clean plus plasma activation. This suggests

that the isolated hydroxyl groups are more reactive toward

the organic molecules than the hydrogen-bonded hydroxyl

groups. A similar trend has been observed by Davydov

et al.18 and Eakins19 for the adsorption of trimethylchlorosi-

lane on silicon dioxide. They found that nearly all of the

isolated OH reacted with (CH3)3SiCl, while only a small per-

centage of hydrogen-bonded OH groups exhibited reactivity.

Whether the hydroxyl is hydrogen bonded or not depends

on its distance from a nearest neighbor oxygen atom.20 A

hydroxyl cannot undergo hydrogen bonding if it is separated

by a distance greater than 3.1 Å.18,20,40 Variations in the

hydrogen bond length give rise to the broad infrared band

associated with this species. The infrared data presented in

Fig. 4 indicate that both the isolated and the hydrogen-

bonded hydroxyl groups react with the organic molecules.

Presumably, the hydrogen bond to a neighboring oxygen

atom must be broken before reaction can occur. This energy

barrier would explain the reduced rate of adsorption on these

sites.

The contamination is likely due to a variety of different

organic compounds. However, there is useful information

which can be extracted from the CH2/CH3 peak ratio. The

data in Table I show that the CH2/CH3 ratio calculated from

the asymmetric stretching bands ranges from 1.8 to 2.3. This

corresponds to a chain length of �10 6 2 carbon atoms.41,42

This information along with the presence of the C¼O

stretching mode at 1730 6 20 cm�1 suggests that the average

molecular structure of the absorbate is closest to 2-dec-

anone.34 It should be emphasized that it is highly unlikely

that the contamination is due to a single molecule. Rather,

2-decanone represents an average overall structure for what

is likely a range of environmental contaminants. The source

of the contamination could be from the spectrometer walls,

or from the tubing that the liquid nitrogen boil-off flowed

through. As calculated earlier, the concentration of organic

species in the ambient necessary to drive the adsorption pro-

cess is only 0.1 parts per trillion. It is pretty unlikely that this

low level of contamination could be prevented in a storage

system held at atmospheric pressure. Gasoline emissions

from automobile exhaust are a likely source of volatile or-

ganic compounds. Extensive research has been done on the

combustion products of automobiles as well as the concen-

trations of hydrocarbons in the atmosphere over the Los

Angeles basin.43–47 Long chain alkenes are a common com-

ponent of automotive exhaust, and could be one of the poten-

tial sources of contamination.

V. SUMMARY AND CONCLUSIONS

The native oxide on silicon (100) has been cleaned using

an atmospheric pressure helium and oxygen plasma. This

process created a hydrophilic state with a water contact angle

of less than 5�. By comparison, traditional RCA SC-1 clean-

ing reduced the water contact angle to 16.2�6 1.7�. The

fraction of silanol groups in the hydrogen-bonded configura-

tion was much higher if plasma activation was carried out

following the wet clean. During storage in nitrogen gas, trace

TABLE III. Rate parameters obtained by fitting Eqs. (3) and (5) to the infra-

red data.

Cleaning method kOH (h�1) kC–H,mono (h�1) kC–H,multi (h�1)

RCA SC-1 0.30 6 0.02 0.378 6 0.011 0.060 6 0.007

Plasma 0.23 6 0.02 0.205 6 0.003 0.032 6 0.001

RCA SC-1 and plasma 0.21 6 0.01 0.182 6 0.008 0.042 6 0.003
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amounts of organic molecules, with a structure similar to

2-decanone, adsorbed onto the exposed silanol groups and

converted the surface into a more hydrophobic state with a

water contact angle between 30� and 40�. The rate of adsorp-

tion was slower on surfaces that had a higher fraction of

hydrogen-bonded hydroxyl groups.
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