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Silicon �100� surfaces were converted to a hydrophilic state with a water contact angle of �5° by
treatment with a radio frequency, atmospheric pressure helium, and oxygen plasma. A 2 in. wide
plasma beam, operating at 250 W, 1.0 l/min O2, 30 l/min He, and a source-to-sample distance of
3�0.1 mm, was scanned over the sample at 100�2 mm /s. Plasma oxidation of HF-etched silicon
caused the dispersive component of the surface energy to decrease from 55.1 to 25.8 dyn/cm,
whereas the polar component of the surface energy increased from 0.3 to 42.1 dyn/cm. X-ray
photoelectron spectroscopy revealed that the treatment generated a monolayer of covalently bonded
oxygen on the Si�100� surface 0.15�0.10 nm thick. The surface oxidation kinetics have been
measured by monitoring the change in water contact angle with treatment time, and are consistent
with a process that is limited by the mass transfer of ground-state oxygen atoms to the silicon

surface. © 2010 American Vacuum Society. �DOI: 10.1116/1.3374738�
I. INTRODUCTION

Silicon is the material of choice for fabricating a wide
variety of products, including integrated circuits, solar cells,
and microelectromechanical systems. The silicon surface
plays a crucial role in the many process steps used to make
these devices. For example, solar cells are produced from
single crystal, polycrystalline, and amorphous silicon.1–4 The
surface must be carefully cleaned prior to growing an oxide
mask layer, or depositing an antireflection coating.4–9 In the
case of microelectromechanical systems, one may treat the
interior surfaces to make them hydrophilic for wetting in
microfluidic devices, or hydrophobic for nonsticking in mi-
cromechanical devices. The use of an atmospheric pressure
oxygen plasma could provide a convenient, in-line treatment
process for cleaning and activating the silicon surface.10,11

In this study, we have examined the treatment of clean
and HF-etched silicon �100� with an atmospheric pressure
helium and oxygen plasma. The water contact angle has been
measured as a function of exposure time to the plasma beam
as well as aging in ambient conditions afterwards. Contact
angle measurements have been made with diiodomethane
and glycerol to determine the surface free energy. X-ray pho-
toelectron spectroscopy has been used to measure the thick-
ness of the oxide layer before and after treatment. It has been
found that atmospheric plasma oxidation is an extremely fast
process, and that on HF-etched silicon it generates approxi-
mately 1 ML �monolayer� of bound oxygen 0.15�0.10 nm
thick.

The way that the atmospheric pressure plasma treats the
surface is unique, in that a beam of reactive species is pro-
duced that scans across the wafer. The surface oxidation rate
depends on the density of oxidizing species in the plasma
beam, the beam size, and the scan rate.11 In this study, we
have also investigated the kinetics of the atmospheric plasma

a�Author to whom correspondence should be addressed; electronic mail:

rhicks@ucla.edu

476 J. Vac. Sci. Technol. A 28„3…, May/Jun 2010 0734-2101/2010
oxidation of silicon �100�. A numerical model of the plasma
chemistry has been developed in order to correlate the con-
centrations of reactive species in the plasma beam with the
surface oxidation rate.

II. EXPERIMENT

Shown in Fig. 1 is a schematic of the experimental appa-
ratus. A 2 in. wide, atmospheric pressure plasma source
�Atomflo 500 L, Surfx Technologies� was mounted on a ro-
bot �I&J Fisnar model 2300 N� that scanned over the silicon
samples at varying speeds. The plasma was generated inside
the source, and activated neutral species exited out of the
device as the afterglow and impinged on the wafer surface.
The plasma gas beam had a length of 50.8 mm and a width
of 0.8 mm at the exit of the plasma source. The gas flow was
laminar with a velocity of 12 m/s �at 25 °C and 1 atm�.
Unless otherwise noted, the operating parameters were a feed
rate of 1.0 l/min of oxygen, 30 l/min of ultrahigh purity
helium �99.9999%�, 250 W of radio frequency power at
27.12 MHz, a source-to-sample distance of 3.0 mm, and a
scan speed of 100 mm/s. According to the robot specifica-
tions, the accuracy of the source-to-sample distance and the
scan speed were �0.1 mm and �2 mm/s, respectively. A
detailed description of the apparatus is presented
elsewhere.11

Boron-doped silicon �100� wafers, 4 in. diam., with a re-
sistivity of 1–5 � were obtained from TechGophers Co.
The native oxide present on these wafers was 1.0�0.5 nm
in thickness.12 An “isopropyl alcohol �IPA� control” sample
was prepared by rinsing the wafer with isopropyl alcohol
followed by drying in hot air. A “HF control” sample was
prepared by etching the silicon surface with an aqueous so-
lution of hydrofluoric acid �1% in water� for 30 s. The same
cleaning procedures were used for the plasma treated
samples, and these samples are designated as “IPA+plasma”

and “HF+plasma.”

476/28„3…/476/10/$30.00 ©2010 American Vacuum Society



477 Habib, Gonzalez II, and Hicks: Atmospheric oxygen plasma activation of silicon „100… surfaces 477
Contact angle measurements were performed with a
Krüss EasyDrop goniometer, using distilled water, di-
iodomethane, and glycerol. Measurements were taken at
regular intervals between 0.1 and 100 h following HF etch-
ing of the native oxide and plasma treatment. The average
contact angle was determined from 10 to 15 droplets per
sample, and 50–100 automated measurements per droplet.
The error in each average value was estimated by calculating
the standard deviation of the data.

The plasma exposure time was determined using experi-
ments following the procedure of Gonzalez et al.11 With the
xyz robot, the plasma source was dropped down toward the
substrate at 250 mm/s until a source-to-substrate separation
of 8.0�0.1 mm was obtained. A source-to-substrate dis-
tance of 8.0�0.1 mm was used in order to slow down the
surface activation rate. The substrate was treated for 2 s, and
then the plasma source was moved away at 250 mm/s. Water
contact angle measurements were taken perpendicular to the
2 in. wide strips treated by the plasma beam. The change in
the water contact angle was plotted versus the position, and a
Lorentzian curve was determined as shown in Fig. 2. The
effective plasma beam width, L, was determined by integrat-
ing the area under the Lorentzian curve and diving by half of
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FIG. 1. Plasma source schematic.
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FIG. 2. Dependence of the water contact angle on the distance from the

beam center after plasma exposure.
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the maximum peak height �12.6°�. The value for L was cal-
culated to be 3.3�0.05 cm. The exposure time was calcu-
lated by dividing L by the scan speed. The exposure time
data were collected at varying input power and oxygen flow
rates on HF-etched silicon samples.

The composition of the Si �100� surfaces was analyzed by
x-ray photoelectron spectroscopy �XPS�. Core level photo-
emission spectra were collected with a Physical Electronics
3057 spectrometer using Al K� x rays at 1486.6 eV. All mea-
surements were taken in small area mode with a 7° accep-
tance angle and 23.5 eV pass energy. The detection angle
with respect to the surface was 47°. All peak positions were
referenced to the Si 2p binding energy for zero-valent silicon
at 99.2 eV. The surface atomic percentages were determined
from the integrated intensity of the Si 2p, O 1s, C 1s, and F
1s photoemission peaks, divided by their sensitivity factors
of 0.34, 0.71, 0.30, and 1.0, respectively.

III. NUMERICAL MODEL OF THE PLASMA

The plasma used to treat the silicon wafers was modeled
numerically following the method outlined by Moravej et
al.13 The plasma region consisted of the gas volume between
the powered and grounded electrodes inside the source. He-
lium and oxygen flowed through this region and became
weakly ionized by the application of rf power to the cathode.
In the model of the plasma, the following chemical species
were included: O atoms, ozone, metastable molecules, and
atoms �O2�1�g�, O2�1�g

+�, O�1D�, He�, He��, and He2
��, ions

�O2
+, O2

−, O−, O+, He2
+, and He+�, and free electrons. A plug-

flow model was used in which the change in concentration of
a species as it passed through the zone of ionization was
equal to its net rate of consumption, or production, by each
of the elementary reactions in the mechanism. The material
balance used for each species in the model was

v0
dCi

dz
= � Rj , �1�

where Ci is the concentration of species i, z is distance �cen-
timeter�, v0 is the gas velocity �cm/s�, and Rj is the rate of
reaction j that either produces or consumes species i
�moles /cm3 s�. The set of coupled-first order differential
equations was solved using POLYMATH software.

The reaction mechanism is presented in Table I. The rate
expressions were obtained from literature as shown. For re-
actions involving free electrons, the plasma density �ne� and
the electron temperature �Te� are assumed to be average val-
ues taken for the plasma as a whole, and are inputs into the
model. The input parameters to the numerical model are
listed in Table II. The neutral gas temperature at the plasma
exit was measured experimentally to be 350�15 K at 100
W and 385�15 K at 150 W. The electron temperature was
assumed to be 1.5 eV, which is the average of the values
reported in literature for atmospheric pressure, radio fre-
quency, and capacitive discharges �ranging from 1.2 to 1.8
eV�.13,15,17 The electron concentration used in the model was
varied between 1�1010 and 1�1012 cm−3.13 For calcula-

tions with a specific electron concentration, an ne value of
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TABLE I. Reactions and rate constants for the helium and oxygen plasma.

Reaction
Rate constant

�cm3 /s� Footnote Reference

Reactions among e, O2, O2
+, O−, O+, and O

R1 e+O2→O+O+e 4.2�10−9e−5.6/Te 14
R2 e+O2→O2

++2e 9.0�10−10Te
0.5e−12.6/Te 14

R3 e+O2→O−+O 8.8�10−11e−4.4/Te 14
R4 e+O2→O−+O++e 7.1�10−11Te

0.5e−17/Te 14
R5 e+O2→O+O++2e 5.3�10−10Te

0.9e−20/Te 14
R6 e+O2

+→O+O 5.6�10−9 /Te 15
R7 e+O−→O+2e 2.0�10−7e−5.5/Te 15
R8 e+O→O++2e 9.0�10−9Te

0.7e−13.6/Te 14
R9 O2

−+O→O−+O2 3.31�10−10 16
R10 O2

−+O→O3+e 3.0�10−10 16
R11 O2

−+O2→O2+O2+e 2.7�10−10�T /300�−0.5 16
R12 O2

−+O2
+→O2+O2 2.0�10−7�300 /T�0.5 14

R13 O2
−+O2

+→O2+O+O 1.0�10−7 16
R14 O2

−+O+→O2+O 2.0�10−7�300 /T�0.5 14
R15 O−+O→2O 2.0�10−7�300 /T�0.5 14
R16 O−+O→O2+e 2.0�10−10 14
R17 O−+O2→O2

−+O 1.0�10−11 16
R18 O−+O2

+→O+O2 2.0�10−7�300 /T�0.5 14
R19 O−+O2

+→O+O+O 1.0�10−7 14
R20 O++O2→O+O2

+ 2.0�10−11�300 /T�0.5 14

Reactions among e, O2, O2
+, O−, O+, and O �third order�

R21 e+e+O2
+→e+O2 1.0�10−19�0.026 /Te�4.5 a 14

R22 e+e+O+→e+O 1.0�10−19�0.026 /Te�4.5 a 14
R23 e+O2+O2

+→O2+O2 6.0�10−27�0.026 /Te�1.5 a 14
R24 e+O2+O2→O2

−+O2 1.4�10−29�0.026 /Te�e100/T−0.061/Te a 14
R25 e+O2+O→O2

−+O 1.0�10−31 a 14
R26 e+O+O2→O−+O2 1.0�10−31 a 14
R27 e+O++O2→O+O2 6.0�10−27�0.026 /Te�1.5 a 14
R28 O2

−+O2
++O2→O2+O2+O2 2.0�10−25�300 /T�2.5 a 14

R29 O+O+O2→O2+O2 2.5�10−31T−0.63 a 16
R30 O+O+O→O2+O 6.2�10−32e−750/T a 14
R31 O−+O2

++O2→O+O2+O2 2.0�10−25�300 /T�2.5 a 14
R32 O−+O++O2→O2+O2 2.0�10−25�300 /T�2.5 a 14
R33 O−+O++M→O+O+M 2.0�10−25�300 /T�2.5 a 14
R34 O++O+O2→O2+O2

+ 1.0�10−29 a 14

Reactions among e, O2, O2 �1�g�, O�1D� O2 �1�g
+�, and O

R35 e+O2→O2�1�g�+e 1.7�10−9e−3.1/Te 14
R36 e+O2→O+O�1D�+e 5.0�10−8e−8.4/Te 14
R37 e+O2→O2�1�g

+�+e 8.14�10−11 16
R38 e+O2�1�g�→e+O2 5.6�10−9e−2.2/Te 14
R39 e+O2

+→O+O�1D� 2.0�10−7�T /300�−0.7 16
R40 e+O→O�1D�+e 4.2�10−9e−2.25/Te 14
R41 e+O�1D�→O+e 8.0�10−9 14
R42 e+O�1D�→O++2e 9.0�10−9Te

0.7e−11.6/Te 14
R43 O2�1�g�+O→O2+O 1.7�10−16 16
R44 O2�1�g�+M→O2+M 8.0�10−21 16
R45 O2�1�g�+O2�1�g�→O2�1�g

+�+O2 1.8�10−18�T /300�3.8e700/T 16
R46 O2�1�g�+O+→O2

++O 2.0�10−11 16
R47 O2

−+O2�1�g�→e+2O2 2.0�10−10 16
R48 O2�1�g�+O2→2O2 5.0�10−18e−280/T 16
R49 O−+O2�1�g�→O2

−+O 1.0�10−10 14
R50 O2

−+O2�1�g�→O2+O2+e 2.0�10−10 16
R51 O�1D�+O→2O 8.0�10−12 14
R52 O�1D�+O2→O+O2 7.0�10−12e67/T 14
R53 O�1D�+O2→O+O2�1�g� 1.0�10−12 14
R54 O�1D�+O2→O+O2�1�g

+� 2.56�10−11e67/T 16
R55 O2�1�g

+�+M→O2+M 4.0�10−17 16
R56 O−+O2�1�g

+�→O+O2+e 6.9�10−10 16
J. Vac. Sci. Technol. A, Vol. 28, No. 3, May/Jun 2010
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TABLE I. �Continued.�

Reaction
Rate constant

�cm3 /s� Footnote Reference

R57 O2�1�g
+�+O2→O2�1�g�+O2�1�g� 2.4�10−18�T /300�3.8e−3080/T 16

R58 O2�1�g
+�+O2

−→O2+O2+e 3.6�10−10 16

Reactions among e, O2, O2�1�g�, O�1D�, O2 �1�g
+�, and O �third order�

R59 e+O2�1�g�+O2→O2
−+O2 1.9�10−30 a 14

R60 e+O2�1�g�+O→O2
−+O 1.0�10−31 a 14

R61 O+O�1D�+O2→O2+O2 9.9�10−33 a 14

Reactions among e, O2, O2�1�g�, O�1D�, O2�1�g
+�, O, and O3

R62 e+O3→O+O2+e 6.0�10−10 16
R63 e+O3→O�1D�+O2�1�g�+e 4.4�10−9 16
R64 e+O3→O−+O2 5.0�10−12 16
R65 e+O3→O2

−+O 1.0�10−9 14
R66 O+O3→O2�1�g

+�+O2 2.8�10−15e−2300/T 16
R67 O+O3→O2�1�g�+O2 1.0�10−11e−2300/T 16
R68 O3+O→O2+O2 1.8�10−11e−2300/T 16
R69 O2�1�g�+O3→2O2+O 6.0�10−11e−2853/T 16
R70 O−+O2→O3+e 5.0�10−15 14
R71 O−+O2�1�g�→O3+e 3.0�10−10 14
R72 O�1D�+O3→O2+O2 1.2�10−10 15
R73 O�1D�+O3→O2+O+O 1.2�10−10

R74 O2�1�g
+�+O3→O2+O2+O 1.5�10−11 16

R75 O++O3→O2
++O2 1.0�10−10

R76 O3+O2→O2+O2+O 7.3�10−10e−11 400/T 14
R77 O3+M→O+O2+M 7.3�10−10e−11 400/T 16

Reactions among e, O2, O2�1�g�, O�1D�, O2�1�g
+�, O, and O3 �third order�

R78 O2
−+O++M→O3+M 2.0�10−25�300 /T�2.5 a 14

R79 O−+O2
++O2→O3+O2 2.0�10−25�300 /T�2.5 a 14

R80 O+O+O2→O3+O 2.15�10−34e345/T a 14
R81 O+O2+M→O3+M 1.9�10−35e1057/T a 16
R82 O+O2+O2→O3+O2 6.9�10−34�300 /T�1.25 a 16

Reactions among e, He, He+, He2
+, He�, He2

�, O, O2, O3, O+, and O2
+

R83 e+He→He++2e 2.6�10−12Te
0.68e−24.6/Te 15

R84 e+He→He�+e 2.3�10−10Te
0.31e−19.8/Te 15

R85 e+He�→He+e 1.1�10−11Te
0.31 15

R86 e+He2
�→He2

++2e 1.3�10−12Te
0.71e−3.4/Te 15

R87 e+He�→He++2e 4.7�10−10Te
0.6e−4.8/Te 15

R88 e+He2
+→He�+He 5.4�10−7Te

−0.5 15
R89 e+He→He��+e 7.7�10−9Te

0.31e−20.9/Te 14
R90 e+He�→He��+e 4.36�10−7Te

0.32e−1.14/Te 14
R91 He�+He�→He++He+e 2.7�10−10 15
R92 He�+O2→He+O2

++e 2.4�10−10 15
R93 He�+O→He+O++e 4.3�10−10 15
R94 He+O3→He+O2+O 2.3�10−26 15

Reactions among e, He, He�, He��, He+, He2
+, He2

�, O, O2, and O3 �third order�
R95 e+e+He�→He��+e 5.1�10−27Te

−4.5 a 14
R96 e+He++M→He��+M 9.3�10−23Te

−2.5 a 14
R97 He++He+He→He2

++He 2.0�10−31 a 15
R98 He�+He+He→He2

�+He 1.3�10−33 a 15
R99 He+O2+O→He+O3 6.3�10−34 a 15
R100 He+O+O→He+O2 1.04�10−33 a 15

a 6
Rate constant is in cm /s.

JVST A - Vacuum, Surfaces, and Films
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1�1011 cm−3 was used. The plasma gas velocity was calcu-
lated to be 1220 cm/s at 25 °C and 1 atm. The gas velocity
in the model was corrected for varying gas temperatures.

The afterglow, which is the reacting gas beam that flows
out of the exit of the plasma source, was also modeled using
Eq. �1� above and the reaction mechanism presented in Table
I. Except in this case, the concentrations of free electrons and
ions �O2

+, O2
−, O−, O+, He2

+, and He+� were assumed to be
negligible. This is a reasonable assumption given that these
species decay extremely rapidly upon exiting the gas space
between the electrodes.10,13 The gas temperature was mea-
sured experimentally as a function of distance from the
plasma exit, and this profile was incorporated into the model.
The concentrations of the reactive species exiting the plasma
source were used as the initial concentrations in the after-
glow. The above method of modeling the plasma and the
afterglow has been found to yield concentrations of reactive
species in the afterglow, e.g., O atoms, metastable O2 �1�g

and 1�g
+�, and ozone, that are in good agreement with experi-

mental measurements.10,13

IV. RESULTS

The effect of the plasma exposure time on the water con-
tact angles for HF-etched silicon �100� is shown in Fig. 3.
The samples were treated at different plasma source powers
and oxygen flow rates ranging from 80 to 150 W and 0.1–0.5
l/min and at a source-to-sample distance of 8.0�0.1 mm
and varying scan speeds. The initial contact angle of the
etched silicon surface is 96.1�6.7°. After a plasma exposure
time of less than 2 s, the surface is completely hydrophilic

TABLE II. Plasma model operating parameters.

Parameter Value

Gas temperature at 100 W �Tg� 350�15 K
Gas temperature at 150 W �Tg� 385�15 K
Electron temperature �Te� 1.5 eV
Electron concentration �ne� 1�1011 cm−3

Velocity of gas �Vo� 1220 cm/s
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FIG. 3. Dependence of water contact angle on exposure time for varying

plasma input powers and oxygen flow rates.
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for all conditions examined. The solid lines shown in Fig. 3
are the best fit of the water contact angle data to the follow-
ing function:11

WCA�t� = WCA��� + �WCA�0� − WCA����exp�− kexptt� ,

�2�

where WCA��� is the final water contact angle, WCA�0� is
the initial water contact angle, and kexpt is the experimental
reaction rate constant. The rate constants are 2.7 s−1 for 80
W and 0.3 l/min, 1.5 s−1 for 100 W and 0.1 l/min, 8.5 s−1

for 150 W and 0.4 l/min, and 22.7 s−1 for 150 W and 0.5
l/min. The uncertainty in the rate constants is estimated to be
�0.5 s−1. These data show that the rate of surface activation
is more strongly dependent on the oxygen flow rate than on
the plasma power.

Figure 4 shows the change in water contact angles for the
four samples during exposure to ambient conditions. For the
HF-etched silicon, the water contact angle follows an expo-
nential decay curve decreasing from 100° to 45° over a pe-
riod of about 40 h. The reverse trend is seen for the plasma
treated samples. The wafer contact angle rises rapidly from
0° to about 30° in 12 h, and then gradually levels off to 42°
over an additional 40 h. These data show that the hydrophilic
silicon surface gradually reverts back to its untreated state
with exposure to moisture and other contaminants present in
ambient air. If these samples were treated again with the
atmospheric pressure plasma, they quickly reverted back to
the hydrophilic state with a water contact angle below 5°.

In Table III, the water contact angles, surface energies,
and surface polarities of the four samples are presented. Sur-
face energy calculations were made using the data from three
fluids, de-ionized water, diiodomethane, and glycerol, and
performing linear regression in accordance with the Owen–

18,19
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FIG. 4. Water contact angle measurements of Si �100� versus ambient expo-
sure time ���� IPA control, ��� HF etched, ��� IPA+plasma, and ���
HF+plasma�.
Wendt–Rabel–Kaelble method,
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�1 + cos 	�
l

2�
l
D

= �
s
P�
l

P


l
D + �
s

D, �3�

where 
l and 
s are the liquid and solid surface energies,
respectively. The superscripts P and D denote the polar and
dispersive components of the surface energies, respectively,
and 	 is the contact angle of the liquid with the silicon sur-
face. It should be noted that the total surface energy of a
liquid or solid is equal to the sum of the dispersive and polar
components. For the IPA control sample the water contact
angle was 42°. Removing the oxide layer by HF treatment
increased the contact angle to 100°. By contrast the plasma
treated samples showed average angles of less than 5°, indi-
cating a hydrophilic surface. The surface energy of the con-
trol wafer has a dispersive fraction of 24.1 and a polar frac-
tion of 21.4 dyn/cm. After plasma treatment the dispersive
fraction remains relatively unchanged, whereas the polar
fraction increases to 34.6 dyn/cm. The HF-etched surface has
a dispersive fraction of 55.1 and a polar fraction of 0.31
dyn/cm. After plasma treatment of this surface, the disper-
sive fraction decreases to 25.8 and the polar fraction in-
creases to 42.1 dyn/cm. The aged plasma treated sample had
the same dispersive and polar fractions as well as the same
water contact angle as the original control sample.

Shown in Fig. 5 are the silicon 2p x-ray photoemission
spectra of the samples. The control sample has two distinct
peaks at 103.4 and 99.2 eV indicating presence of silicon
dioxide �Si+4�, and elemental bulk silicon �Si0�, respectively.

TABLE III. Surface energy and water contact angle of Si �100� samples.

Sample

Surface energy
�dyn/cm� Water contact

angle
�deg�

Surface
polarity

�%�Dispersive Polar

IPA control 24.1 21.4 42 47
HF etched 55.1 0.31 100 0.6
IPA+plasma 24.2 34.6 �5 59
HF+plasma 25.8 42.1 �5 62
Aged 23.0 25.0 42 52
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FIG. 5. Silicon 2p x-ray photoemission spectra of Si �100� surfaces.
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The control shows a significant amount of silicon dioxide on
the surface, whereas the HF-etched silicon does not have any
discernable silicon dioxide. Plasma treatment after HF etch-
ing increases the Si+4 peak by a small amount, suggesting
that a thin layer of SiO2 is generated on the surface. Plasma
treatment of the control surface does not change the thick-
ness of the silicon dioxide film significantly as judging by
the relative heights of the Si+4 and Si0 peaks.

Two different methods were used to calculate the thick-
ness of the oxide layer formed after plasma treatment, the
Finster–Schulze and Gusev methods.20,21 The oxide thick-
ness calculation using the Finster–Schulze method is

x = �SiO2
sin � ln� B

0.43
+ 1� , �4�

where B= ISiO2 / ISi. The escape depth, �SiO2
, and escape

angle, �, are taken to be 2.7 nm and 47°, respectively.22 Note
that in this equation, it is assumed that there is no suboxide at
the Si /SiO2 interface. The suboxide would have XPS 2p
peaks with binding energies between 99.2 and 103.4 eV.21

These peaks are not evident in Fig. 5.
The second method used to calculate oxide thickness is

the Gusev method,

x = �SiO2
ln�B�Io/I�� + 1� . �5�

Here �SiO2
is assumed to be 3 nm. The intensities, Io and I�,

are the Si 2p intensities for bulk silicon dioxide and silicon,
respectively. The ratio of Io / I� is assumed to be 1.22 for the
Al K� source.23

Table IV shows the silicon 2p area ratios and the silicon
dioxide layer thickness calculated from Eqs. �4� and �5�. The
silicon dioxide layer calculated from the Finster–Schulze and
Gusez methods shows that the native oxide is 1.1�0.1 nm
thick. There is no oxide layer present on the HF-etched sili-
con surface. Plasma treatment adds a thin oxide layer of
0.15�0.1 nm to the silicon surface. Native oxide values re-
ported in literature range from 1.0 to 2.5 nm.20–26 Differences
in humidity during storage and wafer manufacturing proce-
dures are responsible for the variables observed. The impor-
tant point is to compare the thickness of the native oxide to
that produced by atmospheric plasma oxidation of the HF

TABLE IV. Si 2p photoemission peak area ratio and calculated oxide film
thickness.

Sample
Si 2p area ratio

�Si+4 /Si0�

SiO2 thickness
�nm�

Finster–Schulze Gusez

IPA control 0.28�0.02 1.1�0.1 1.0�0.1
IPA+plasma 0.35�0.02 1.2�0.2 1.1�0.2
HF etched 0.01�0.02 0.0 0.0
HF+plasma 0.05�0.01 0.2�0.1 0.1�0.1
Aged 2 h 0.16�0.01 0.5�0.2 0.4�0.2
Aged 6 h 0.15�0.01 0.3�0.1 0.3�0.1
treated silicon. The oxygen plasma generates a significantly
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thinner hydrophilic oxide layer, between 0.1 and 0.2 nm
thick, which is essentially a monolayer of covalently bound
oxygen atoms.

The XPS spectra for oxygen 1s core level are presented in
Fig. 6. The oxygen spectrum shows a broad peak at 531.6 eV.
The HF-etched sample contains a small amount of absorbed
oxygen on the surface, �5%. With plasma treatment of the
HF-etched Si �100�, the amount of oxygen on the surface
increases to 27%. The HF-etched and plasma treated peak is
not symmetrical, suggesting the presence of different types
of oxygen bonds to the silicon atoms.

Figure 7 shows the carbon 1s XPS spectra. Plasma treat-
ment of the control sample removes most of the carbon from
the Si �100� surface. Following HF etching of the native
oxide, a significant amount of carbon remains on the surface.
Plasma treatment of the HF-etched sample removes nearly
all of this carbon. There is no evidence of carbonyl groups on
the Si �100� surfaces since these species would produce
peaks at 286–288 eV.25,26

The atomic percentages of oxygen, carbon, silicon, and
fluorine calculated from the XPS data are presented in Table
V. Fluorine is detected on the HF-etched sample before and
after atmospheric plasma treatment. As expected the amount
of carbon on the Si �100� surface decreases following plasma
oxidation. The HF+plasma treated sample has a carbon per-
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FIG. 6. Oxygen 1s x-ray photoemission spectra of Si �100� surfaces.
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FIG. 7. Carbon 1s x-ray photoemission spectra of Si �100� surfaces.
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centage of 11% and IPA+plasma has a carbon percentage of
16%. Both of these samples have a higher percentage of
oxygen, 45% and 27%, respectively.

V. NUMERICAL MODEL RESULTS

Shown in Fig. 8 is the dependence of the reactive oxygen
species in the afterglow upon the plasma density, ne, as pre-
dicted by the numerical model. The operating conditions
used in this simulation are a distance of 3 mm into the after-
glow, a plasma input power of 250 W, an oxygen flow rate of
1.0 l/min, and a helium flow rate of 30.0 l/min. Note that the
concentrations of O atoms, metastable O2 molecules and O3

stay relatively constant over the first 1.5 cm of the afterglow,
and thereafter are converted into O3 and ground-state O2.10

The most abundant species are the ground-state oxygen at-
oms and the singlet delta metastable oxygen molecules.
Their concentrations increase from 1�1016 to 1
�1017 cm−3 as the electron density increases from 1010 to
1012 cm−3. Ozone is one to two orders of magnitude less
than the oxygen atoms and metastable oxygen molecules.
Ozone remains constant at 2�1015 cm−3 then drops quickly
when the plasma density exceeds 7�1011 cm−3. The other
metastable oxygen molecule, O2 �1�g

+�, increases from 1
�1012 to 8�1015 cm−3 with the increase in ne from 1010 to
1012 cm−3.

Figure 9 shows the predicted concentrations of O atoms,
O2 �1�g� and O3 in the afterglow as a function of the oxygen
feed concentration. The plasma density used in these simu-
lations was 1�1011 cm−3. The figure shows that all three

TABLE V. Surface atomic percentages from the O 1s, C 1s, Si 2p, and F 2s
photoemission peaks.

Oxygen
�%�

Carbon
�%�

Silicon
�%�

Fluorine
�%�

IPA control 12 27 61 0
IPA+plasma 45 16 39 0
HF etched �5 17 77 1
HF+plasma 27 11 60 2
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FIG. 8. Predicted reactive species concentrations at 3 mm into the afterglow

as a function of plasma density.
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reactive species increase in concentration as more O2 is fed
to the plasma. The concentration of ground-state oxygen at-
oms varies from 1�1017 to 3�1017 cm−3. Whereas the
amount of singlet delta O2 increases from 2�1016 to 3
�1017 cm−3, and the amount of ozone increases from 1
�1013 to 2�1015 cm−3 over the same range. For operating
conditions of 1.0 l/min O2, 30 l/min He, and 385 K, the
oxygen feed concentration is 6.2�1017 cm−3. The numerical
model predicts that at these conditions the amount of O at-
oms in the afterglow is 1.0�1017 cm−3, corresponding to a
conversion of 8.0%.

Figure 10 relates the experimental rate constant, obtained
from the water contact angle measurements �Fig. 3�, to the
amount of O atoms in the afterglow at 3 mm downstream of
the plasma source exit. The results are shown for two differ-
ent plasma power levels. The best fit lines to these data yield
slopes of 0.9 at 100 W and 1.0 at 150 W, suggesting that the
reaction is first order in oxygen atoms.

VI. DISCUSSION

Atmospheric pressure oxygen plasma treatment of silicon
�100� rapidly converts the surface into a hydrophilic
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FIG. 9. Predicted reactive species concentrations at 3 mm into the afterglow
as a function of oxygen feed concentration.
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FIG. 10. Relationship between the experimental rate constant and the O

atom concentration predicted from the model.
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state.27–29 Silicon surfaces that contain a native oxide film
after storage at ambient conditions, or have been etched with
HF, can be plasma treated to create a hydrophilic surface
with a water contact angle less than 5°. As seen in Fig. 4, the
surface remains hydrophilic for up to 6 h after plasma treat-
ment. The surface free energies listed in Table III document
the changes in the silicon surface. The HF-etched sample
exhibits a small polar component of the surface energy, 0.3
dyn/cm, as compared to the control, which is 21.4 dyn/cm.
After plasma treatment of the HF-etched sample, the polar
component of the surface energy has increased to 42.1 dyn/
cm. The hydrophilic nature of the surface is derived prima-
rily from the polar fraction. Over prolonged exposure to am-
bient conditions, the surface polarity decreases back to the
original value, while the dispersive fraction of the surface
energy remains unchanged. Treating the silicon again with
the atmospheric pressure plasma converts the surface back to
the hydrophilic state. The total surface energy of the plasma
treated sample is 	70 dyn /cm, with a polarity of 60%. The
conversion to the hydrophilic state occurs in less than 1.0 s at
a plasma power of 150 W.

Vacuum plasma oxidation of silicon was studied by sev-
eral researchers.30–35 Kim et al.33 employed an electron cy-
clotron resonance plasma to generate an oxide layer on sili-
con. They observed an oxide layer of 4–10 nm thick on the
surface after a 30 min treatment. Farrens et al.34 used a re-
active ion etcher to produce a hydrophilic oxide film on sili-
con. The treatment time to produce the hydrophilic surface
was 1 h and the surface thickness, measured by XPS, was
1.0–1.5 nm. Madani and Ajmera31 used plasma corona dis-
charge to produce an oxide layer on silicon 6–22 nm thick.
The treatment time for the corona discharge process was 1 h,
with temperatures ranging from 25 to 500 °C.

The atmospheric pressure oxygen plasma used in this
study forms a single monolayer of bound oxygen 0.1–0.2 nm
thick on the HF-etched silicon. Additional oxide slowly
grows on this surface during subsequent exposure to ambient
air. In comparison to previous work, using vacuum plasmas,
the oxide made by the present methods is thinner and
achieves a self-limiting value in less than 1.0 s. This may be
compared to vacuum plasma oxidation in, for example, an
Applied Materials DPS-II plasma etcher, where the oxide
grows to a self-limiting thickness of 4.0–6.0 nm in 100–600
s.35

As can be seen in Fig. 3, the water contact angles follow
an exponential decay behavior that is indicative of the Lang-
muir adsorption kinetics.11,36 It may be assumed that oxygen
atoms produced by the plasma diffuse to the surface of the
silicon and react with the available sites. A mass balance on
the vacant surface sites is

�Ls�
d�	v�

dt
= − kads�O�	v, �6�

where kads is the adsorption rate constant �cm/s�, �O� is the
concentration of oxygen atoms above the surface �cm−3�,

−2
�Ls� is the surface site density �cm �, and 	v is the fraction
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of unreacted sites. Equation �6� can be solved to give the
expression

	v = exp�− �kads�O�/�Ls��t� . �7�

The fraction of unreacted sites is related to the water contact
angle by

	v =
WCA�t� − WCA���
WCA�0� − WCA���

. �8�

The experimental rate constant, kexpt, in Eq. �2� is related to
the adsorption rate constant, kads, in Eq. �7� by the following:

kexpt = kads�O�/�Ls� . �9�

The density of sites for Si �100� assuming a flat, single-
crystal surface is 6.8�1014 sites /cm2.37 The experimental
rate constant is plotted against the predicted O atom concen-
tration in Fig. 10. A first order dependence on the oxygen
atom concentration is observed in agreement with Eq. �9�.

Table VI presents a summary of the surface reaction ki-
netics, showing the values of the adsorption rate constant
obtained from Eq. �9�. The rate constant increases from 0.26
to 0.77 cm/s as the plasma power and oxygen flow rate in-
crease from 80 W and 0.3 l/min to 150 W and 0.5 l/min,
respectively. From collision theory, the adsorption rate con-
stant equals

kads = 1
4�oS , �10�

where S is the sticking coefficient and vo is the mean mo-
lecular speed, equal to vo=�8kT /m. Here, k is the Boltz-
mann constant and m equals the mass of the O atom. The
mean molecular speed is 70 000 cm/s at 385 K. The adsorp-
tion rate constant predicted from collision theory is 17 500
cm/s assuming that the sticking probability of the O atoms is
1.0. This number is about five orders of magnitude higher
than the adsorption rate constant given in Table VI.

At atmospheric pressure in laminar gas flow, the O atoms
must diffuse to the surface of the silicon through a “stagnant”
boundary layer. As they diffuse, the O atoms are consumed
by reaction with O2 molecules in the gas. This greatly re-
duces their concentration above the surface of the silicon. If
the rate of oxidation of the Si surface is limited by mass
transfer, then the adsorption rate constant should approxi-
mately equal the mass transfer coefficient, kmt. From film
theory, kmt can be estimated as the ratio of the diffusivity of
O atoms in helium divided by the thickness of the boundary
layer. Using the Chapman–Enskog equation, the diffusivity

2 36

TABLE VI. Summary of the surface activation kinetics.

Power
�W�

Oxygen flow rate
�l/min�

kexpt

�s−1�
�O�

�cm−3�
kads

�cm/s�

80 0.3 2.7 7�1015 0.26
100 0.1 1.5 3�1015 0.34
150 0.4 8.5 1�1016 0.58
150 0.5 22.7 2�1016 0.77
is calculated to be 1.5 cm /s at 385 K. If the boundary
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layer thickness is approximated as 2.0 mm, then kmt equals
7.5 cm/s. This value is only 10–30 times larger than the
adsorption rate constants listed in Table VI. Therefore, it is
concluded that couple reaction and diffusion of O atoms to
the silicon surface limits the rate of oxidation by the atmo-
spheric pressure plasma.

It remains to be considered how the atmospheric pressure
oxygen plasma converts the silicon �100� surface into a hy-
drophilic state with a water contact angle below 5°. The na-
tive oxide surface is initially covered with adsorbed water in
the form of hydroxyl groups, and most likely some organic
contamination. Assuming O atoms are the primary species
responsible for oxidation, then it is proposed that they dehy-
droxylate the surface by the following reaction:38–40

�11�

In this step, the Si surface becomes covered with a mono-
layer of bridged bonded oxygen atoms. These siloxane
groups are the key to the hydrophilic properties of the
surface.41 Evidently, some fraction of the Si–O–Si bonds are
highly strained and hence, are extremely reactive toward
water.39,40 When a water droplet is placed on the surface,
reaction occurs to relieve the strain in the bridge bonds,

�12�

For hydrogen-terminated Si �100�, the O atoms react with the
silicon hydrides and generate the siloxane-terminated surface
and water,

�13�

This surface is hydrophilic and reacts with water according
to Eq. �12�. Chiang et al.40 dehydroxylated the surface of a
silica �SiO2� thin film by heating the material in vacuum to
�1400 K. They reported that this surface was highly reac-
tive toward water. By contrast, the atmospheric plasma
process appears to drive this reaction at close to room
temperature.

Several interesting questions are raised by this study that
merit further research. For example, why is the atmospheric
pressure plasma oxidation of hydrogen-terminated silicon
self-limiting at a single layer of bound O atoms? How come
subsurface oxidation does not occur? Also, why does it take
6 h at ambient conditions to grow back the native oxide film?
Evidently, an important step in the growth of the native oxide
is the insertion of oxygen atoms into the Si–Si backbonds.41

According to Chabal et al.,38 this reaction has an activation
barrier of 	1.0 eV, which might partly explain the relatively

slow rate of sub-surface oxidation at room temperature.
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VII. CONCLUSIONS

Treatment of Si �100� with an atmospheric pressure he-
lium and oxygen plasma rapidly converts the surface into a
hydrophilic state with a water contact angle of less than 5°. A
rate constant of up to 22.7 s−1 was measured at 150 W, 0.5
l/min O2, 30.0 l/min He, a source-to-sample distance of
3.0�0.1 mm, and a scan speed of 100�2 mm /s. Plasma
treatment of HF-etched Si �100� yields a single layer of
bound oxygen 0.1–0.2 nm thick. Based on numerical model-
ing of the plasma and an analysis of the reaction kinetics, it
is concluded that the rate of surface oxidation is limited by
mass transfer of O atoms to the silicon surface.
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