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Oxygen Plasma and Humidity Dependent Surface Analysis
of Silicon, Silicon Dioxide and Glass for Direct Wafer Bonding
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Surface and interface characteristics of substrates are critical for reliable wafer bonding. Understanding the elemental and com-
positional states of surfaces after various processing conditions is necessary when bonding dissimilar materials. Therefore, we
investigated the elemental and compositional states of silicon (Si), silicon dioxide (SiO2) and glass surfaces exposed to oxygen
reactive ion etching (O2 RIE) plasma followed by storage in controlled humidity and/or ambient atmospheric conditions to under-
stand the chemical mechanisms in the direct wafer bonding. High-resolution X-ray Photoelectron Spectroscopy (XPS) spectra of
O2 RIE treated Si, SiO2 and glass showed the presence of Si(-O)2 resulting in highly reactive surfaces. A considerable shift in the
binding energies of Si(-O)2, Si(-O)4 and Si(-OH)x were observed only in Si due to plasma oxidation of the surface. The humidity
and ambient storage of plasma activated Si and SiO2 increased Si(-OH)x due to enhanced sorption of hydroxyls. The amounts of
Si(-O)2 and Si(-OH)x of Si varied in different humidity storage conditions which are attributed to crystal-orientation dependent
surface morphology and oxidation. The O2 RIE plasma induced high surface reactivity and humidity induced Si(-OH)x can play an
important role in the hydrophilic wafer bonding with low temperature heating.
© 2013 The Electrochemical Society. [DOI: 10.1149/2.007312jss] All rights reserved.
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Emerging nanoelectronics, micro-electromechanical systems
(MEMS) and microfluidic devices1–5 require the integration of differ-
ent substrates such as silicon (Si),6 silicon dioxide (SiO2)7 and glass.8

Direct bonding of these materials onto a common substrate requires
proper surface treatments9–13 to maintain desirable mechanical, elec-
trical and chemical properties. Plasma surface activation using oxygen
reactive ion etching (O2 RIE)14 is one of the most attractive surface
treatment methods which eliminates high temperature annealing in
wafer bonding. The surface elemental and compositional state de-
pendent hydrophilicity (OH groups)/ hydrophobicity (H groups) and
other physical properties such as morphology of the O2 RIE treated
surfaces play an important role in hydrophilic wafer bonding of Si/Si,
Si/SiO2, Si/glass.15–17 For example, hydrophilic wafers might contain
a monolayer of water when stored at a RH (relative humidity) of
50%, attached via hydrogen bonding to the surface OH groups.18 The
hydrogen bonding between adsorbed water molecules on the two sur-
faces makes the Si—OH · · (H2O) · · OH—Si in Si wafer bonding.18

X-ray photoelectron spectroscopy (XPS) is a versatile technique to
analyze the elemental compositions and chemicals states of materials
surfaces.

Previous XPS studies of Si included investigations of binding en-
ergy shift in ambient-exposed Si due to different chemical groups,19

oxygen radical plasma activated Si/Ge bonded interface,20 oxide layer
thickness in oxygen plasma activated surfaces,21 oxidized Si with ion-
implanted oxygen,22 contaminants (C1s peak) and oxides (O1s peak)
in hydrogen plasma treated polycrystalline Si,23 and high oxygen-
to-silicon ratio in oxygen plasma treated Si generated by electron
cyclotron resonance.24 Similarly, the XPS analysis of SiO2 included
investigations of compositional stability after plasma treatments and
aging,25 crystal orientation dependent chemical shift due to distri-
bution electric dipole moment at the interface of ultra-thin silicon
oxide,26 and different oxidation states of Si0+, Si1+, Si2+, Si3+ and
Si4+ after plasma anodization and rapid thermal annealing of Si.27

Also XPS studies of glass included investigations of O1s spectra in
sodium silicate glass that indicated an increase in the ratio of non-
bonding oxygen due to increase of iron concentration,28 the presence
of Si-CH bond (different from the Si-O bond) in silane-treated mi-
croscope glass slide surfaces,29 drifting of oxygen from the Pyrex
glass toward Si in Si/Pyrex glass laser bonding that controlled the
bond strength,30,31 and the O1s spectra of silica and soda lime glasses
at room temperature and humidity (RH:64%) which revealed that the
nanoindentation hardness was dependent on the ratio of cuprous (Cu+)
and cupric (Cu2+) ions.32
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The majority of XPS studies on wafers discussed in the previous
paragraph focused on plasma processing parameters not directly re-
lated to the bonding and packaging of microelectronic, MEMS and mi-
crofluidic devices. A literature survey showed that the plasma power
that critically impact in the formation of OH and H ranges from
10–300 W with the activation time of up to 300 s and chamber pres-
sure of up to 100 Pa.14,33,34 Recently, we have investigated the surface
activated bonding of Si, SiO2 and glass treated by O2 RIE without el-
emental and compositional analysis.10,35,36 In all the cases of bonding,
the bonding strength has been of paramount concern, but not much
is known about the chemical state of Si, SiO2 and glass after their
surface treatments. Also, bonding of such materials for mass produc-
tion may go through different ambient and humidity conditions which
may influence their bondability.37 Thus, an analysis of the chemical
states and elemental compositions of the treated surfaces (with short
and long activation times) to identify the role of plasma, ambient and
humidity storage on the surfaces is needed.

In this paper, we investigated the chemical state and elemental
composition of the surfaces of Si, SiO2 and glass that were treated by
oxygen reactive ion etching (O2 RIE) plasma and humidity/ambient
to identify the role on their bondability. The plasma-activated surfaces
were treated in 15◦C and 98% relative humidity with or without am-
bient storage in a cleanroom. These treatments enabled us to study
the role of the plasma and humidity on the hydrophilic wafer bonding
of these substrates. Wide scan and narrow scan X-ray photoelectron
spectroscopy (XPS) spectra of the treated surfaces were acquired.
The surface properties were analyzed by examining their binding en-
ergy shift, full-width-half-maximum (FWHM), and the amount of the
chemical components.

Materials and Methods

The chemical analysis was done for three types of materials: (i)
one-side mirror polished p-type 2-inch Si(100) wafers of 450 µm
thickness, (ii) 2-inch SiO2-on-Si wafers with 50 nm thick thermal
oxides and (iii) 2-inch Glass (Pyrex from Schott, US) wafers. The
glass wafers may contain alkaline elements similar to standard Pyrex
glass. The as-received Si surface may have native oxides of less than
5 nm thicknesses.38 For each experiment (i.e., surface activation and
storage), three identical samples were used. These samples were cut
from same lot of the wafers into 10×10 mm2 pieces using a dia-
mond needle. The surfaces were activated with O2 oxygen reactive
ion etching (RIE) plasma. The RIE plasma was produced in a chamber
background pressure of 10 Pa at 13.85 MHz radio frequency in Hy-
brid Plasma Bonder (HPB) from Bondtech Corporation.39 Different
plasma activation times were selected such as 60, 150, 300, 600 and
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Table I. Description of the materials, their surface activation and storage conditions with their corresponding acronyms.

Acronyms Surface Activation Storage Conditions Materials

Si:O2RIE O2 RIE plasma No storage Si

Si:O2RIE+20RH O2 RIE plasma 20 days of storage in 98% RH and 15◦C temperature Si

Si:O2RIE:20D+20RH O2 RIE plasma 20 days of storage in class 1000 cleanroom ambient and 20 days in 98%

RH and 15◦C temperature

Si

SiO2:O2RIE O2 RIE plasma No storage SiO2

SiO2:O2RIE+20RH O2 RIE plasma 20 days of storage in 98% RH and 15◦C temperature SiO2

SiO2:O2RIE+20D+20RH O2 RIE plasma 20 days of storage in class 1000 cleanroom ambient and 20 days in 98%

RH and 15◦C temperature

SiO2

Glass:O2RIE O2 RIE plasma No storage Glass

1200 s. The plasma power was 300 W and the pressure during plasma
glow was 200 Pa.

The activated Si and SiO2 wafers were then kept in humidity
and/or ambient storage. Table I shows the details of different types of
plasma activation and storage conditions with their acronyms that will
be used later in this paper. During storage in the humidity chamber
(from ESPEC), the temperature and the relative humidity (RH) were
held constant at 15◦C and 98% RH, respectively. JPS-9200 from
JEOL was used to acquire X-ray photoelectron spectroscopy (XPS)
spectra for chemical analysis of the as-received, plasma activated
and humidity/ambient treated surfaces. The Magnesium X-ray source
with 12 kV and 15 mA was used for acquiring wide-scan and narrow-
scan spectra with binding energy resolution of 0.1 eV. Also, the Ar-
ion etching (with 3 keV) was done with 0.08 Pa pressure. The XPS
instrument was calibrated using an Au sample.

In addition to the surface chemical analysis of Si, SiO2, and glass,
we have further investigated the role of their surface roughness, contact
angle and hardness on direct wafer bonding.40 To focus the work and
have a reasonable length of the manuscript, the surface chemical
analysis is studied in detail in this paper.

Results

Silicon.— The chemical states of the Si surfaces treated with O2

RIE plasma activation and/or different storage conditions are shown
in Figure 1. Charge correction was done by shifting the position of
the Si2p peak binding energy at 99.0 eV, since there was no significant

Carbon (C) peak.25 The wide-scan XPS spectra of as-received Si
(Figure 1a) showed peaks at 100, 150, 284 and 532 eV for Si2p, Si2s, C
and O1s, respectively.19,41 The wide-scan spectra of plasma-activated
Si showed additional peaks of fluorine at 688 eV and CuLVV at 600
eV. However, 40 s etching of the plasma-activated surfaces using
Ar-ion removed the fluorine peaks. Strong peaks for Si2p and Si2s

were observed. High-resolution XPS spectra of O1s and Si2p peaks are
shown in Figure 1b–1d and 1e–1f, respectively for different storage
conditions.

The dashed and solid lines in Figure 1 indicate the O1s and Si2p

peaks. The peak positions shifted to the higher binding energies with
increased activation times. The O1s and Si2p peaks were deconvolved
using the mixed Gaussian/Lorentzian function to understand the na-
ture of the embedded components of the chemical elements. The
maximum value of the full-width-half-maximum (FWHM) of the de-
convolved peaks was 1.0 eV. The deconvolved O1s and Si2p peaks for
the as-received Si are shown as typical examples in Figure 2a and 2b,
respectively.42–44 The peaks in the deconvolved O1s spectra (Figure 2a)
are mainly composed of Si(-O)2, Si(-OH)x and Si(-O)4 (tetrahedral sil-
icon oxide) that appeared at 531.9, 531.1 and 532.9 eV, respectively.
On the other hand, the deconvolved Si2p spectra (Figure 2b) are com-
posed of three peaks - Si, Si(-OH)x and Si(-O)2 that appeared at 99.0,
99.5 and 102.6 eV, respectively. For further clarification of the influ-
ence of plasma, humidity and ambient on the Si(-O)2, Si(-OH)x and
Si(-O)4, succinct results are given in the following paragraphs.

Table II summarizes the energy shifts and changes of FWHM
of the deconvolved components of O1s and Si2p for Si at differ-

ent plasma treatment and storage conditions. No noticeable changes
in the binding energy, FWHM and percentage amounts of Si(-O)2,
Si(-OH)x and Si(-O)4 were identified for the three identical speci-
mens in each experiment. In the case of Si:O2RIE, all three compo-
nent peaks of O1s spectra (i.e., Si(-OH)x, Si(-O)2, Si(-O)4) showed
significant positive energy shift. Also, the Si(-O)2 component peak of
Si2p spectra showed significant positive energy shift since the Si com-
ponent of Si2p spectra is considered as reference for charge correction.
The increase of FWHM of all the components in O1s and Si2p spectra
was also significant.

For Si:O2RIE+20RH, only Si(-OH)x component of O1s spectra
showed significant positive binding energy shift. But the Si(-O)2 and
Si(-OH)x components of Si2p spectra did not show any considerable
positive binding energy shift. Also, the overall FWHM of all the
components of O1s and Si2p spectra were not considerably changed.
For Si:O2RIE+20D+20RH, only Si(-OH)x component of O1s spectra
showed considerable positive binding energy shift. But the Si(-O)2 and
Si(-OH)x components of Si2p spectra did not show any considerable
positive binding energy shift. Also, the overall FWHM of all the
components of O1s and Si2p spectra were not considerably changed.

We used the Ar beam etch to determine the effects of ox-
idation on binding energy for Si:O2RIE, Si:O2RIE+20RH and
Si:O2RIE+20D+20RH. The results are shown by the ‘Ar-Ion Etch’
curves in Figure 1. After ∼40 s of Ar-ion etching (pressure 0.08 Pa),
the surface oxide was removed, as indicated by the disappearance of
the oxide peaks in Figure 1b, 1c and 1d. Also, the Si(-O)2 peaks of Si2p

spectra in Figure 1e, 1f and 1g disappeared after Ar-ion etching. The
Si peak had then moved to a lower binding energy, which indicates
that oxidation increases binding energy.

We have also summarized the amount of Si(-O)2, Si(-OH)x and
Si(-O)4 from the deconvolved O1s and Si2p spectra as a function of
activation time with or without storage in ambient and humidity in
Figure 3. Figure 3a-3c corresponds to Figure 1b–1d, respectively.

Silicon dioxide.— Figure 4a shows the wide-scan spectra of
SiO2:O2RIE. Charge correction was done by shifting the position
of the C peak binding energy at 284 eV. The peaks at 100, 150, 284,
531 933 and 953 eV are for Si2p, Si2s, C, O1s, Cu2p3/2, and Cu2p1/2,
respectively.41 There was no significant difference between the wide
scan spectra of plasma activated and Ar-ion etched SiO2. Figure 4b
shows the high-resolution O1s and Si2p spectra of SiO2 surfaces treated
with O2 RIE plasma and different storage conditions. The dashed lines
and the solid lines in the O1s spectra (Figure 4b, 4c, 4d) indicate the
Si(-O)4 and Si(-O)2 peaks, respectively. Similarly, the dashed lines
and solid lines in the Si2p spectra (Figure 4e, 4f, 4g) indicate the
Si(-O)2 and Si0 peaks, respectively.

Although the Si(-O)2 and Si0 peaks in Si2p spectra are easily distin-
guishable, there was a hidden peak of Si(-OH)x in between Si(-O)4 and
Si(-O)2 peaks in O1s spectra.45 In order to quantify these three peaks
at different plasma activation and storage conditions, the O1s spec-
tra were deconvolved using mixed Gaussian/Lorentzian function with
maximum FWHM of 1 eV. Figure 5 shows a typically deconvolved
O1s spectra of as received SiO2 consisting of Si(-O)2, Si(-OH)x and
Si(-O)4.45 They appeared at 530.4, 531.6 and 533.4 eV, respectively.
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Figure 1. (a) XPS wide-scan spectra of Si before
and after O2 RIE plasma activation. XPS O1s spec-
tra as a function of O2 RIE plasma activation time for
(b) Si without storing, (c) Si after storing in 98% rel-
ative humidity for 20 days, and (d) Si after storing in
ambient for 20 days and in 98% relative humidity for
20 days. XPS Si2p spectra as a function of O2 RIE
plasma activation time for (e) Si without storing, (f) Si
after storing in 98% relative humidity for 20 days, and
(g) Si after storing in ambient for 20 days and in 98%
relative humidity for 20 days.

The summarized amount of Si(-O)2, Si(-OH)x and Si(-O)4 compo-
nents from the deconvolved O1s spectra as a function of activation
time storage conditions are shown in Figure 6. Figure 6a–6c corre-
sponds to Figure 4b–4d, respectively. A decreasing trend of Si(-O)2

and increasing trend of Si(-OH)x and Si(-O)4 were observed with the
increase of activation time.

Glass.— The wide-scan XPS spectra of glass surfaces before and
after O2 RIE plasma activation (i.e., Glass:O2RIE) are shown in Figure
7a. Charge correction in this case was also done by shifting the posi-
tion of the C peak binding energy at 284 eV. Before plasma activation,
the as-received glass surface contained three major peaks: Si at ∼106
eV, adventitious amorphous carbon at 284 eV and oxygen at 534 eV.41
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Table II. Energy shift and change of FWHM of the deconvolved components of O1s and Si2p for Si at different plasma treatment and storage

conditions. The energy shift and change of FWHM at any activation time are calculated with respect to the previous activation time/ condition.

For example, the increase/decrease of energy shift at 60 s are calculated by comparing the components of the peak positions at 60s with respect to

the components of the peaks positions for as received conditions. The upward and downward arrows indicate increase and decrease of energy and

FWHM, respectively. “0” means no change.

Shift of binding energy (eV) Change of FWHM (eV)

Condition Element Component 60s 150s 300s 600s 1200s 60s 150s 300s 600s 1200s

Si(-OH)x ↑0.5 ↑0.1 0 ↑0.5 ↑0.4 ↑0.2 ↓0.1 ↓0.2 ↑0.1 ↑0.1

O1s Si-(O)2 ↑0.7 ↑0.1 ↑0.1 ↑0.4 ↑0.2 ↑0.1 ↑0.1 ↑0.1 ↓0.1 0

Si:O2RIE Si-(O)4 ↑0.6 ↑0.3 ↓0.2 ↑0.1 ↑0.8 ↓0.2 ↓0.1 ↑0.2 0 ↑0.1

Si 0 0 0 0 0 ↑0.2 ↓0.1 0 ↓0.1 0

Si2p Si(-OH)x 0 ↑0.1 ↓0.2 0 ↑0.2 ↓0.1 ↑0.1 0 0 0

Si-(O)2 ↑1.0 ↑0.1 ↑0.2 ↑0.2 ↑0.4 ↑0.3 ↓0.1 ↓0.1 0 ↑0.3

Si(-OH)x 0 ↑0.8 ↑0.2 0 ↓0.2 0 ↑0.1 ↓0.1

O1s Si-(O)2 ↓0.2 ↑0.6 ↑0.2 0 ↑0.1 ↓0.1 0 0

Si:O2RIE+20RH Si-(O)4 0 ↑0.3 ↑0.4 ↓0.1 0 0 0 0

Si2p Si 0 0 0 0 ↑0.1 ↓0.1 0 0

Si(-OH)x ↑0.4 ↓0.4 ↓0.1 0 0 ↓0.2 ↑0.1 0

Si-(O)2 ↑0.2 ↑1.0 ↑0.1 0 0 0 ↓0.1 0

Si(-OH)x ↑0.5 ↑0.3 ↓0.2 ↑0.2 ↓0.1 0 ↑0.1 ↓0.1 0 ↓0.1

O1s Si-(O)2 ↑0.6 0 0 ↑0.2 0 0 0 0 0 0

Si:O2RIE+20D+20RH Si-(O)4 ↑0.3 ↓0.1 0 ↑0.3 0 ↓0.1 0 0 0 ↓0.1

Si 0 0 0 0 0 0 ↑0.2 ↓0.2 ↑0.1 ↓0.1

Si2p Si(-OH)x 0 ↑0.1 ↑0.1 0 ↓0.1 0 0 0 0 0

Si-(O)2 ↑0.7 0 ↓0.1 ↑0.2 ↑0.1 ↑0.1 0 ↓0.1 0 0

Si-O2

Si-(OH)x

Si-O4

Si-(OH)x

Si

Si-O2

O1s Si2p

(a) (b)

Figure 2. Deconvolved XPS spectra of (a) O1s and (b) Si2p for as-received Si.

After O2 RIE plasma activation, additional peaks were observed at
270, 600, 690, 933 and 953 eV which are due to NaKLL, CuLVV, F,
Cu2p3/2 and Cu2p1/2 respectively.41,46,47 Figure 7b, 7c and 7d show the
high resolution XPS spectra of O1s, Si2p and Carbon and other peaks,
respectively for Glass:O2RIE. The solid line in Figure 7b shows the
O1s peak that appeared at 530.5 eV due to alkaline oxides. The sili-
con oxides peak (indicated by the dashed line in Figure 7b) shifted
to higher binding energy with increased activation time.30 In
Figure 7c, the peak for the as received surface at ∼106 eV was due to
Si2p.

Discussion

Silicon.— The presence of fluorine peaks in the wide-scan spec-
tra of plasma-activated Si (Figure 1a) might be due to physisorbed
or chemisorbed surface contaminants during hydrofluoric acid treat-
ment for wafer cleaning.47 The presence of CuLVV peak (Figure 1a) is
due to the copper clamp used for holding the specimens during XPS
acquisition. The significant positive binding energy shift and change
of FWHM of Si(-OH)x, Si(-O)2, Si(-O)4 components for Si:O2RIE
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Figure 3. Percentage of Si(-O)2, Si-(OH)x and Si(-O)4 components in O1s XPS spectra of (a) Si without storing, (b) Si after storing in 98% relative humidity for
20 days, and (c) Si after storing in ambient for 20 days and in 98% relative humidity for 20 days.
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Figure 4. (a) XPS wide-scan spectra of SiO2 before and
after O2 RIE plasma activation. XPS O1s spectra as a
function of O2 RIE plasma activation time for (b) SiO2

without storing, (c) SiO2 after storing in 98% relative
humidity for 20 days, and (d) SiO2 after storing in ambient
for 20 days and in 98% relative humidity for 20 days. XPS
Si2p spectra as a function of O2 RIE plasma activation time
for (e) SiO2 without storing, (f) SiO2 after storing in 98%
relative humidity for 20 days, and (g) SiO2 after storing
in ambient for 20 days and in 98% relative humidity for
20 days.

(Table II) is due to the O2 RIE oxidation of the surface. Also, the
considerable energy shift of Si(-O)2 and Si(-OH)x in the case of
Si:O2RIE+20RH indicates the overlapping of the O2 RIE oxidation
(i.e., Si(-O)2) of the surface by the water molecules from humidity
storage (i.e., Si(-OH)x). And the considerable positive binding en-

ergy shift of only Si(-OH)x component for Si:O2RIE+20D+20RH
suggests a significant Si-OH layer covering the treated Si substrate.

The shifts in the binding energies (Table II) also show the de-
pendence of the chemical changes of the surface functional groups
resulting from reactions due to the O2 RIE oxide film, ambient
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SiO4

SiOH SiO2O1s

Figure 5. Deconvolved XPS spectra of O1s for as-received Si.

conditions and humidity.25 In general, oxidation of atoms shifts their
binding energy.26 Higher oxidation results in a higher shift in the bind-
ing energy.41 This indicates that increased activation time using O2

RIE plasma shifts Si(-OH)x, Si(-O)2, Si(-O)4 component peaks into
higher binding energies. The high surface reactivity for Si:O2RIE may
also be attributed to energy shift of Si(-O)2.40 For, Si:O2RIE+20RH
and Si:O2RIE+20D+20RH, the insignificant shift in binding energy
of Si(-O)2 and significant shift to that of Si(-OH)x may be attributed
to the introduction of humidity and reduction in surface reactivity.
The ‘Ar-ion Etch’ curves in Figure 1 also supports the conclusion in
Refs. 26,41 that oxidation plays a major role in shifting the binding
energy. The etched surface shows Si peak at a lower binding energy
than that of the as-received surface.

The variation of Si(-O)2, Si(-OH)x and Si(-O)4 as a function of
activation time and storage in ambient humidity and/or controlled hu-
midity (Figure 3) may be explained by the plasma-induced changes in
surface roughness and crystal-orientation dependent oxidation. The
oxidation rate is defined as the rate of reaction between water
molecules and silicon bonds at the silica-silicon interface.48 The Si
surface in our experiment has (100) crystal orientation. The number of
available bonds per cm2 to react with water (known as N) is the small-
est in (100) crystal orientation. As the roughness of the Si surface
increases, other crystal orientations such as (110), (111) and (311)
are more exposed to the water molecules derived from the ambient
and humidity chamber. These orientations have higher value of N as
compared to (100) orientation resulting in larger oxidation rates.48

With the increasing activation time up to 150 s, the surface rough-
ness of Si surface is not increased significantly (i.e., ∼0.25 nm at
150 s for Si:O2RIE+20D+20RH), as compared to the higher acti-
vation times (e.g., ∼2.5 nm at 1200 s for Si:O2RIE+20D+20RH).40

Thus, the percentage of Si(-O)2 component decreases until 150 s in
Figure 3c due to lower surface roughness. This lower surfaces rough-

ness does not allow the exposing of other crystal orientations. On
the other hand, the Si(-O)2 increases from 300 to 1200 s due to high
surface roughness. The high surface roughness dominantly oxidizes
due to the exposure of crystal orientations other than (100).

The increase of Si(-OH)x until 150 s and then its decrease
(Figure 3c) is also correlated with the surface roughness and oxi-
dation. Due to lower surface roughness until 150 s, the accumulated
water is higher compared to that of the higher surface roughness. Here
the total surface area plays a dominant role in increasing the Si(-OH)x

on the surface. With higher surface roughness, the total surface area
increases significantly which results in decreased Si(-OH)x, as shown
in the activation time from 300 to 1200 s. However, these explanations
that assume a crystal orientation dependent oxidation may be incor-
rect if there is decreased oxidation rate at higher surface roughness
due to exposure of least reactive crystal planes (e.g., (111)).49

The plasma-induced Si(-O)2 and Si(-OH)x increase the surface
reactivity and hydrophilicity that control the direct bonding of Si based
substrates.40 The higher amount of Si(-OH)x below 300 s (Figure 3a)
activation time for Si:O2RIE control the sorption on the surface that
directly involves in the hydrophilic wafer bonding.50 Also, the Si(-O)4

is required for the absorption of voids. These results are consistent with
the summary table (Table III) of surface properties and bondability in
Refs. 34,41,51,52. The humidity and ambient induced Si-(OH)x also
plays a significant role in enhanced adhesion for good bondability
with low temperature heating (below 300◦C).50

Silicon dioxide.— The Cu peaks in SiO2:O2RIE is due to the cop-
per clamp in the specimen holder. As compared to Si and glass, SiO2

has stronger Cu peaks. This is due to smaller specimen size of SiO2

resulting in the incorporation of Cu clamps into the XPS acquisition
area. In contrast to Si (Figure 1), no considerable binding energy shift
and change of FWHM was observed in the case of SiO2 (Figure 4).
This could be due to the negligible surface charging caused by the
oxygen RIE plasma activation as compared to that of the Si surface.
This behavior also relates to the minor variation in the contact angle
of SiO2.40

The higher amount of Si(-OH)x in SiO2:O2RIE+20RH and
SiO2:O2RIE+20D+20RH than that of SiO2:O2RIE (Figure 6) at-
tributed to its affinity with water molecule from the ambient humidity
and controlled humidity storage resulting in higher hydrophilicity. The
presence of Si(-OH)x after plasma-activation and its increase after hu-
midity and ambient treatment is good for hydrophilic wafer bonding
at low temperature. The surfaces of wafers are mostly hydrophilic
immediately after exposure to oxygen plasma, and the hydrophilicity
decreases with increasing storage time. However, in our case, contact
angle measurements of SiO2:O2RIE+20D+20RH showed increased
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Figure 7. (a) XPS wide-scan spectra of glass.
(b) XPS O1s spectra of glass after O2 RIE
plasma activation (c) XPS Si2p spectra of glass
after O2 RIE plasma activation (d) XPS C1s

spectra of glass after O2 RIE plasma activation.

Table III. Evolution of Surface properties with the increase of oxygen plasma activation times at different storage conditions.

Change in surface chemical properties with the increase of activation times (60, 150, 300, and 600 s)
under different storage conditions

Surface Treatment Shift in the Binding Energy Amount of Si(-O)2 Amount of Si(-OH)x Bondability

Si:O2RIE High Increase High until 150 s activation

time

Better at lower activation

time40,50,51

Si:O2RIE+20RH Low Increase Increase Good at lower activation

Si:O2RIE+20D+20RH Low Increase Increase Good at lower activation

SiO2:O2RIE Negligible Decrease Increase Better at lower activation time

SiO2:O2RIE+20RH Negligible Decrease Increase Better at lower activation time

SiO2:O2RIE+20D+20RH Negligible Decrease Increase Good at lower activation

Glass:O2RIE Only for Si-based oxides – – Better at low activation time
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hydrophilicity, in agreement with the results in.40 The amount of
Si(-O)2 and Si(-OH)x might have influence on the reduction of hard-
ness of SiO2 with the increase of O2 RIE activation time.40

Glass.— The presence of O1s peak at 530.5 eV in Figure 7b is
related to oxides of alkaline elements other than Si. This is because
the peak does not shift with the increase of O2 RIE activation times.30

While the peak grows in amplitude after 60 s and 150 s, its growth
weakens with increased treatment time. Similarly, the intensity of the
Carbon (∼284 eV, Fig. 7d) peak increases at 60 s and then again de-
creases until 1200 s. In fact, while the alkaline oxide peak completely
disappears at 1200 s, the C peak still remains. The remaining C at
1200 s may be caused by prolonged irradiation to the glass. Also,
the increase of NaKLL peak is evident which may be indicative of the
presence of alkaline oxides. Therefore the identical behavior both for
Carbon (∼284 eV) and O1s (530.5 eV) peaks supports the presence of
alkaline oxides.

The study of Pyrex glass using quantum cascade laser absorption
spectroscopy53 showed that oxygen plasma treatment of Pyrex glass
materials resulted in a highly oxygen saturated surface. In a study of
anodic bonding of GaAs and Pyrex glass54 using sequential plasma ac-
tivation (i.e., O2 RIE plasma and N2 microwave plasma), it was found
that the low-frequency Raman peaks were due to alkaline–oxygen–
alkaline stretching, Si–O–Si networks and aluminate networks (Al–
O/Al–O–B). After plasma activation, the intensity of these peaks was
enhanced with their shapes unchanged. These results also support the
presence of silicon oxides and alkaline oxides. At 1200 s, the sili-
con oxides peak (∼535 eV) becomes weak, similar to the peak at
530.5 eV (Figure 7b). The prolonged activation results in an opaque
surface due to severe damage. The damage increased the surface
roughness ∼100 times compared to that of the as-received surface.40

The high surface roughness may be attributed to the oxidation of
the alkaline elements of the glass during prolonged O2 RIE activa-
tion. Thus, lower activation time is suitable for better bondability in
glass-based wafer bonding.40

The Si2p peak at 106 eV in Figure 7c broadens after O2 RIE
activation at different time and shifts to higher energy due to the oxi-
dation of Si. The deconvolution of the broadened peaks using mixed
Gaussian-Lorentzian curve fitting revealed two peaks consisting of
silicon-dioxide and sub-oxides.55 In fact, at 1200 s, the silicon-dioxide
and sub-oxides peaks are almost disappeared. After Ar ion etching of
the as-received specimen, Si2p peak is appeared at binding energy
lower than that of O2 RIE plasma treated surface but identical to
that of as-received surface. Therefore, the comparison among the as-
received, O2 RIE treated and Ar ion etched surface indicate that the O2

RIE results in silicon-dioxide and sub-oxides on glass. A comparison
in the change of the surface chemical properties of the specimens with
increase in activation time is summarized in Table III.

Conclusions

X-ray photoelectron spectroscopy (XPS) of silicon (Si), silicon
dioxide (SiO2) and glass surfaces was studied after treating in oxy-
gen reactive ion etching plasma followed by exposure in humidity
and/or ambient. Before plasma activation, wide-scan XPS of Si and
SiO2 showed Si2p, Si2s, C and O1s peaks, and glass showed the same
peaks plus an additional peak of sodium. The O2 RIE plasma showed
increase of O1s peak intensity with increased plasma activation time.
An unwanted peak of fluorine was observed only in Si and glass. This
fluorine is due to physisorbed or chemisorbed contaminant from the
wafer cleaning using hydrofluoric acid.

High resolution XPS spectra of Si before and after O2 RIE plasma
treatment showed that Si(-O)2 was shifted to higher binding energy,
which could be correlated with the high surface reactivity of Si. Af-
ter storage of the activated Si wafers in controlled humidity, signif-
icant overlap of silicon oxide (i.e., Si(-O)2) and silanol groups (i.e.,
Si(-OH)x) were observed. Also, a considerable coverage of silanol
groups was evident after storage in the ambient humidity and con-
trolled humidity. Increased coverage of silanol group is indicative of

the interaction of water molecules with the Si surfaces. The variation
of Si(-O)2 and Si(-OH)x components at different activation times was
due to crystal-orientation dependent surface roughness and oxidation
rate, although the least reactive crystal planes (e.g., (111)) might have
decreased oxidation. However, the increased amount of Si(-OH)x at
activation times below 300 s seem preferable for bonding with low
temperature heating.

Unlike Si, the high resolution XPS of SiO2 showed insignificant
shift in binding energy which is attributed to its high insulating prop-
erty. However, presence of Si(-O)2 due to oxygen plasma oxidation
and increase of Si(-OH)x due to humidity storage were observed.
Oxygen plasma activation of glass showed oxide peaks due to Si and
other alkalines. Also, the silicon oxides and sub-oxides appeared to
be due to plasma oxidation. Prolonged activation caused opaque glass
surface and high surface roughness due to damage. This high surface
reactivity of Si, SiO2 and glass wafers at lower activation times, and
increased amount of Si(-OH)x after humidity storage greatly influence
their hydrophilic direct wafer bonding.
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