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Abstract
For heterogeneous integration in many More-than-Moore applications, surface preparation is
the key step to realizing well-bonded multiple substrates for electronics, photonics, fluidics
and/or mechanical components without a degradation in performance. Therefore, it is critical
to understand how various processing and environmental conditions affect their surface
properties. In this paper, we investigate the effects of oxygen plasma and humidity on some
key surface properties such as the water contact angle, roughness and hardness of three
materials: silicon (Si), silicon dioxide (SiO2) and glass, and their impact on bondability. The
low surface roughness, high surface reactivity and high hydrophilicity of Si, SiO2 and glass at
lower activation times can result in better bondability. Although, the surface reactivity of
plasma-ambient-humidity-treated Si and SiO2 is considerably reduced, their reduction of
roughness and increase of hydrophilicity may enable good bonding at low temperature heating
due to augmented hydroxyl groups. The decrease of hardness of Si and SiO2 with increased
activation time is attributed to higher surface roughness and the formation of amorphous layers
of Si. While contact angle and surface roughness results show a correlation with bondability,
the role of hardness on bondability requires further investigation.

Keywords: surface roughness, water contact angle, hardness, oxygen plasma bonding,
humidity

(Some figures may appear in colour only in the online journal)

1. Introduction

A major challenge in the semiconductor industry is
heterogeneous integration of multiple technologies for
emerging health, environmental, transportation or security
applications. In heterogeneous integration, it is critical that
the surfaces of the various substrates to be integrated onto
a common platform be properly cleaned and activated.
In fact, the surface of the substrates is one of the most
important factors controlling the physical, chemical, electro-
optical and microfluidic properties of new lab-on-chip, sensing
or medical diagnostic systems. For these new systems

in the More-than-Moore ITRS (International Technology
Roadmap of Semiconductors) [1] scenario, diverse materials
including silicon (Si) [2], silicon dioxide (SiO2) [3] and
Pyrex glass [4] are commonly used for the assembly
of integrated heterogeneous systems. For example, the
heterogeneous integration of silicon-based electronics with
photonics components [5, 6], MEMS components such as
electrokinetic pumps or cell processing modules, polymer-
based filtration systems [7, 8], and silicon- or polymer-based
sensors with microfabricated reference electrodes [7, 9, 10],
all require the bonding of one substrate to another. Examples
of commonly-used substrates include silicon, silicon dioxide
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or glass, on which the electronics, photonics, MEMS or
fluidic components or modules are fabricated and subsequently
integrated to create lab-on-chip sensing [7] or imaging [11]
systems. For these MEMS-based applications, an important
requirement of the bonding or integration technique is that
the performance and reliability of the individual modules
should not be compromised after bonding [12]. To maintain
performance and reliability, appropriate surface preparation
before bonding is a key requirement.

Previously, various surface treatment techniques [13–18]
have been utilized for their integration. One of the promising
techniques is surface-activated bonding using oxygen reactive
ion etching (O2RIE) plasma [18]. The O2RIE plasma modifies
the hydrophilicity (i.e., contact angle), morphology (i.e.,
surface roughness) and mechanical properties (e.g., surface
hardness) of the surfaces that affect the solid–solid interfaces
in, for example, wafer bonding [19], and the solid–liquid
interfaces in miniaturized biomedical systems [20, 21].

Contact angle measurement is critical to identifying the
hydrophilicity of the surfaces in systems’ integration. For
example, in Si-based wafer bonding, an environment with
high relative humidity containing OH groups resulted in a
lower contact angle or higher hydrophilicity [22]. Near-surface
nanohardness and contact angle measurements in plasma
immersion ion implanted silicon wafers showed increased
reliability for high-temperature microelectronics [23]. The
surface charge and contact angle (i.e., surface reactivity)
of SiO2 films with argon (Ar) and H2O plasma treatments
and their aging behavior were investigated [24]. The H2O
plasma-treated surfaces showed higher compositional stability
than that with Ar plasma treatment. Surface treatment using
plasma polymerization was used for the fabrication of organic
microfluidic devices on silicon/glass substrate [17]. The
fluid velocity was increased up to 450 μm s−1 due to
surface modification with plasma polymerized acrylic acid.
A constant surface reactivity of Si and glass in microfluidic
devices was achieved due to dichlorodimethylsilane chemical
treatment [25]. Also, passive microfluidic valves were
made using SiO2/glass hydrophobic (contact angle ∼102◦)
micro-channels modified by self-assembled monolayer of
octadecyltrichlorosilane and plasma deposited CHF3 patterns
[26].

The contact angle provides information about the
chemical affinity of bonding surfaces. Surface roughness
and surface mechanical properties such as material elasticity
determine the contact quality of the integrated systems. For
example, surface roughness was considered in the calculation
of adhesion for the real area of contact in the direct wafer
bonding [27]. In the laser bonding of Pyrex/Si, the bonding
strength decreased almost linearly with the increase of surface
roughness [28]. A direct correlation of surface roughness with
bonding strength was also found by the bearing ratio (i.e.,
the ratio of the area above a given height to the total area)
analysis of surface roughness. A decrease of effective bond
strength with decreasing bearing ratio was reported [28]. In
another study, surface roughness was decreased with increased
temperature during hydrazine (a chemical propellant for
satellites) treatment of Si/SiO2/Si3N4 passivation layer for a

hydrazine-based microthruster [29]. Also, surface topography
related to the fatigue of poly-Si under the application of
a wide range of cyclic voltages was studied. Nucleation
and propagation of micro-cracks were observed. In fact, a
surface smoothening effect was observed above a critical cyclic
voltage of ∼140 V [30]. In the study of the nanomechanical
properties of standard and strained SOI, thin bonded Si
films showed a considerably lower hardness and modulus of
elasticity than those of bulk single crystal Si [31]. Plasma
activation techniques using NH3, O2 and H2 were used to tune
the hardness of SiO2 thin films [32].

Recently, we have demonstrated the surface-activated
bonding of Si/Ge, SiO2/Ge and glass/glass using O2RIE.
The high hydrophilicity of the Si, Ge and SiO2 surfaces
were combined with their higher surface reactivity and
low surface roughness to attain good bonding [33, 34].
But these results do not provide plasma activation time
dependent surface hydrophilicity, morphology and hardness.
The humidity induced hydrophilicity of silicon oxide resulting
in degraded adhesion was reported [35]. Unfortunately, the
role of the ambient and humidity storage on the surfaces
has not yet been investigated. Moreover, there is a need to
characterize the surfaces that are to be processed in a single
research facility in order to avoid artifacts induced by the
processing equipment. Thus a comprehensive investigation of
O2RIE plasma processed Si, SiO2 and glass through water
contact angle, surface roughness and hardness are needed.

This article investigates the influence of O2RIE plasma
and humidity on the water contact angle, roughness and
hardness of Si, SiO2 and glass surfaces affecting their
bondability. To clarify the individual role of the plasma
and humidity, the plasma activated surfaces were treated in
different sequences in a clean room ambient, and/or in a
humidity-reliability chamber at 15 ◦C and 98% RH. The water
contact angle, roughness and hardness of the O2RIE plasma-
treated surfaces at different storage conditions were analyzed
using a drop shape analyzer, an atomic force microscope
(AFM) and an ultra-micro hardness tester.

2. Materials and methods

2.1. Preparation of materials

Three types of materials were used for the surface analysis:
(i) one-side mirror polished p-type Si(1 0 0) wafers of 450 μm
thickness; (ii) SiO2-on-Si wafers with 50 nm thick thermal
oxides; and (iii) glass (from SCHOTT, US) wafers. The as-
received Si wafers have native oxides of thickness ∼2 nm [13].
The wafers were cut into 10 × 10 mm2 pieces using diamond
needle. The O2RIE plasma activations were performed for
three sets of Si and SiO2 pieces. In each set, there were
three pieces of wafers for each activation time, which were
used for roughness, hardness and contact angle measurement,
respectively. The plasma activation time ranged from 60 to
1200 s. Although typical wafer bonding techniques [36] do
not use such a high activation time for surface treatment,
we utilized this large range in order to clearly identify the
effect of plasma activation on other bonding parameters
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Table 1. Description of the materials, their surface activation and storage conditions with their corresponding acronyms.

Acronyms Surface activation Storage conditions Materials

Si:O2RIE O2RIE plasma No storage Si
Si:O2RIE+20RH O2RIE plasma 20 days of storage in 98% RH and 15 ◦C temperature Si
Si:O2RIE:20D+20RH O2RIE plasma 20 days of storage in class 1000 cleanroom ambient and Si

20 days in 98% RH and 15 ◦C temperature
SiO2:O2RIE O2RIE plasma No storage SiO2

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

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

20 days in 98% RH and 15 ◦C temperature
Glass:O2RIE O2RIE plasma No storage Glass

(i.e., hydrophilicity, roughness and hardness). Table 1 shows
the three sets of Si and SiO2 specimens and one set of glass
specimens along with their activation time, storage conditions
and acronyms. The first set of wafers was analyzed right after
the O2RIE plasma activation. The second set was analyzed
after storing in 98% relative humidity for 20 days. The third set
was analyzed after storing in clean room ambient (class 1000,
23 ◦C and 45% RH) for 20 days as well as for 20 days in 15 ◦C
temperature and 98% relative humidity to investigate their
storage behavior. In the case of glass, there was only one set of
wafers. It was analyzed right after the plasma activation. These
humidity and ambient conditions were chosen to identify the
aging processes [37] in the surfaces that control the bonding
and packaging of MEMS. The temperature of the humidity
chamber was held at 15 ◦C to achieve the highest humidity. In
order to denote different sets of wafers with different activation
times and storage conditions, we will use the acronyms defined
in the following.

2.2. Oxygen plasma activation

The wafer surfaces were activated in a low vacuum pressure
using a 13.85 MHz oxygen O2RIE plasma in a hybrid
plasma bonder (HPB) from the BondtechTM Corporation. More
details about the oxygen RIE plasma generation are provided
elsewhere [18]. The different plasma activation times selected
were 60 s, 150 s, 300 s, 600 s and 1200 s. The plasma power
was 300 W and the pressure during plasma glow was 200 Pa.

2.3. Atomic force microscopy (AFM)

The surface roughness was measured using a dimension icon
AFM from the Bruker Corporation. A Si RTSPA tip was used
in standard tapping mode with a scan area of 2 × 2 μm2.
The surface roughness (Rq) was measured using the root mean
square (RMS) method. Other roughness parameters such as
maximum height (Rz), skewness (Sku) and kurtosis (Rku) were
also measured.

2.4. Contact angle measurement

The water contact angle was measured using a drop shape
analysis system (DSA100) from KRÜSS with a 6 μl de-ionized
water droplet. The contact angle measurement of the first set of
wafers after O2RIE activation was delayed for approximately
3 min due to the transfer of specimens from the HPB to the
DSA100 workstation. The sessile drop method [38] was used

for the contact angle measurements. The contact angles of
each specimen were measured once every second for 2 min of
elapsed time to get an average contact angle.

2.5. Martens’ hardness measurement

The Martens’ hardness of surfaces was measured using a
SHIMADZU Dynamic Ultra-micro Hardness Tester (DUH-
211S). A triangular pyramid indenter with a tip angle of 115◦

was used. The Martens’ hardness is calculated from the applied
test force versus indentation depth curve when increasing the
test force, using the following formula [39]:

HM = 1000F

26.43 × h2
[Unit: N/mm−2],

where F = applied test force (mN) and h = indentation depth
(μm). Two types of tests were conducted for the hardness
measurement, load–unload test and cycle test. In the load–
unload test mode, the indenter force is increased to a preset
maximum force, held at this force for a specified time and then
the indenter is unloaded. The cycle test indentation experiment
consists of several steps, such as approaching the surface;
loading to maximum force; holding the force for a specified
time; unloading to minimum force; reloading to peak force
again; holding the force again; and so on. The preset maximum
test force for both the load–unload test and the cycle test was
10 mN. In the cycle test, the number of cycles was five. The
reason for using a very low test force was to measure the
nanoindentation hardness, which is related to only the treated
surface and where the size of the residual impression is often
only a few microns [40].

2.6. Humidity and reliability chamber

Specimens were stored in a humidity-reliability chamber from
ESPEC. The temperature and relative humidity was held
constant at 15 ◦C and 98% RH. The temperature and humidity
range of the chamber was −35 to 180 ◦C and 10% to 98%
RH. The temperature accuracy was ± 0.3 ◦C, and that of the
humidity was ± 2.5% RH.

3. Results and discussions

3.1. Surface roughness

Figures 1 and 2 show the typical three-dimensional (3D)
AFM images of Si and SiO2 wafer surfaces before and after
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Figure 1. Three-dimensional (3D) atomic force microscope (AFM) images of Si wafer surfaces before and after O2RIE plasma activation
time. The RMS surface roughness (Rq) due to the corresponding plasma treatment times are given in the image titles. (a) As-received Si
(Rq = 0.12 nm), (b) O2RIE 60 s (Rq = 0.16 nm), (c) O2RIE 150 s (Rq = 0.43 nm), (d) O2RIE 300 s (Rq = 1.23 nm), (e) O2RIE 600 s (Rq =
3.70 nm), ( f ) O2RIE 1200 s (Rq = 5.78 nm).

O2RIE plasma activation for different times. Figure 3 shows
the RMS surface roughness of Si, SiO2 and glass at different
surface activation times and storage conditions. Table 2
summarizes the surface roughness parameters of Si, SiO2 and
glass specimens including RMS roughness, maximum height,
skewness and kurtosis. The surface roughness of Si:O2RIE,
increased with the increase of activation time. While the
rate of increase of surface roughness was not significant
until 300 s (figure 3(a)), it was considerable after 300 s.
At lower activation times, the RIE plasma removed the
native oxides, and it started etching as well as oxidizing
at higher activation times. However, the rate of etching

was higher than that of oxidation at the higher activation
times. Thus, the highest surface roughness (∼6 nm) was
measured at 1200 s. This is larger than in our previous study
(∼1.68 nm) [41], where a lower plasma power and gas pressure
were used [42, 43]. An increase of the surface roughness
with increasing activation time for the Si:O2RIE+20RH
and Si:O2RIE+20D+20RH specimens was also observed.
However, they showed (figure 3(a)) reduced surface roughness
as compared to Si:O2RIE. This surface smoothening indicates
the influence of high relative humidity on the Si surface.
Surface smoothening was also reported [43] for Ge after
oxygen plasma activation and rinsing with DI water due to
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Figure 2. Three-dimensional (3D) atomic force microscope (AFM) images of SiO2 wafer surfaces before and after O2RIE plasma activation
time. The RMS surface roughness (Rq) due to the corresponding plasma treatment times are given in the image titles. (a) As-received
SiO2 (Rq = 0.22), (b) O2RIE 60 s (Rq = 0.16), (c) O2RIE 150 s (Rq = 0.20), (d) O2RIE 300 s (Rq = 0.26), (e) O2RIE 600 s (Rq = 0.38),
( f ) O2RIE 1200 s (Rq = 0.44).

the removal of the soluble GeO2 layer and other defects.
The modified surface was mainly terminated by hydroxyl
groups. Although in our study, the plasma activated Si surfaces
were not rinsed with DI water, their storage in ambient and
98% relative humidity for a long period of time caused the
accumulation of water molecules due to their strong affinity
with the hydroxyl group [44]. Moreover, a high surface
roughness at higher plasma activation times increased the total
surface area [43], which resulted in higher chemical affinity
with the OH groups.

The surface roughness of SiO2:O2RIE at 60 s (figure 3(b))
was lower than that of as-received SiO2 (i.e., before activation).
A similar surface roughness reduction of SiO2 was also
observed [45] where the surface was treated by an RIE plasma
with 50 mT oxygen atmosphere and treatment time higher than
10 s. Such a smoothening effect was attributed to the surface
cleaning of, for example, hydrocarbons. On the other hand,

the lower surface roughness of as-received SiO2 after humidity
treatment was due to the accumulation of OH groups from the
humidity chamber. In both the cases (i.e., SiO2:O2RIE and
SiO2:O2RIE+20RH), the surface roughness increased with
increased activation time and their amplitudes of roughness
were identical. While the surface roughness of the as-received
Si (0.2 nm) and SiO2 (0.22 nm) were identical, their plasma
treatment and humidity storage at identical conditions showed
the higher roughness of Si than that of SiO2. This difference
is due to the higher etching rate of Si than SiO2 during
O2RIE activation. This phenomena is also described in [13],
where plasma activation before Si/Si bonding resulted in more
surface damage than that of Si/SiO2 bonding. Unlike Si and
SiO2, the surface roughness of glass increased significantly
after 60 s of activation to about ten times (figure 3(c)).
A further increase of the activation time until 600 s did not
result in a significant change in the surface roughness. The
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(a)

(c)

(b)

Figure 3. Surface roughness of (a) Si as a function of O2RIE plasma activation time for different storage conditions, (b) SiO2 as a function of
O2RIE plasma activation time for different storage conditions, and (c) glass as a function of O2RIE plasma activation time. An activation
time of 0 s means the as-received condition.

Figure 4. 3D AFM images of glass wafer surfaces at 300 s and 1200 s of O2RIE plasma activation time. The RMS surface roughness (Rq) is
given in the image titles. (a) O2RIE 300 s (Rq = 5.9 nm), (b) O2RIE 1200 s (Rq = 63.9 nm).

AFM images are identical for the surfaces activated from 60

to 600 s. An AFM image at 150 s is shown in figure 4(a). The

activated glass surfaces had island-like nanostructures with

varying heights of 5–7 nm. In fact, at 1200 s the glass was

severely damaged causing a high surface roughness of about

63 nm (figure 4(b)).

The lower surface roughness of Si until 300 s (figure 3(a))

is suitable for hydrophilic bonding due to its added benefit
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Table 2. Surface parameters of Si, SiO2 and glass for different activation times and humidity and/or ambient storage conditions.

Activation RMS roughness, Maximum height, Skewness Kurtosis
Specimen time (s) Rq (nm) Rz (nm) Sku Rku

Si:O2RIE As-received (0) 0.12 0.988 0.174 3.05
60 0.16 1.32 0.0345 2.73

150 0.43 3.41 −0.293 2.87
300 1.23 11.2 −0.237 2.96
600 3.74 29.0 −0.305 2.8

1200 5.78 42.3 −0.127 3.03
Si:O2RIE+20RH 60 0.13 1.21 −0.0091 3.04

150 0.19 1.65 −0.0749 2.98
300 0.39 4.36 −0.216 3.28
600 1.18 7.13 −0.492 3

1200 2.34 18.7 0.118 3.06
Si:O2RIE+20D+20RH 60 0.13 2.78 −0.0743 4.64

150 0.21 3.49 −0.263 5.06
300 0.48 3.82 0.146 2.95
600 0.60 4.83 −0.382 2.65

1200 2.23 16.0 −0.0104 2.88
SiO2:O2RIE As-received (0) 0.22 3.04 0.104 3.48

60 0.17 2.09 −0.329 4.11
150 0.20 4.86 0.745 12.7
300 0.26 7.09 1.88 37.4
600 0.38 5.86 −0.515 4.32

1200 0.44 6.49 −1.78 10.2
SiO2:O2RIE+20RH 60 0.15 1.80 0.024 3.16

150 0.17 2.31 0.0562 3.54
300 0.21 5.88 2.59 38.3
600 0.25 5.47 −0.706 5.55

1200 0.35 10.0 1.79 29.5
Glass:O2RIE As-received (0) 0.28 6.23 3.1 31

60 5.16 40.7 2.11 7.38
150 5.81 34.5 1.39 4.6
300 5.92 42.2 1.62 5.48
600 6.38 86.4 1.09 7.64

1200 63.92 358 −0.0101 2.03

of higher hydrophilicity. Lower surface roughness allows an
increased area of adhesion between contacting surfaces. This
is because the surface roughness determines the contact area
between the wafers in the bonding. Also, the bearing ratio
analysis of the surface morphology of Si wafers revealed clear
correlation of bonding strength with surface roughness (i.e.,
the bearing ratio) [46]. The bearing ratio is a quantity which
describes how much surface area is lying above a given depth
(i.e., the bearing depth). The higher the surface roughness,
the lower the bearing ratio, which means less surface area for
bonding. Therefore, surface roughness controls the adhesion
between the bonding surfaces [27, 46], the interface void
[47] and the hermetic sealing performance of MEMS and
microfluidic devices [48], for example. On the other hand, the
roughness of SiO2 may not have a significant impact on the
bonding due to its lower value (higher smoothness) than that
of Si. In addition, the reduction of the surface roughness of Si
to less than that of SiO2 after humidity and ambient/humidity
storage indicates that the Si surface accumulates more water
molecules. Thus, SiO2 is suitable for passivation for MEMS
applications. Also, the high surface roughness of glass at
prolonged activation may not be suitable for direct wafer
bonding.

A comparative study of surface roughness parameters
(table 2) shows that while the treated Si surfaces have a

Gaussian height distribution (Sku = 0, Rku = 3), the treated
SiO2 and glass surfaces have non-Gaussian distributions (i.e.,
Sku �= 0) and Rku > 3. These variations in Sku and Rku may have a
potential impact on MEMS devices. According to the modeling
of the effect of rough surfaces [49] on the static friction
coefficient (μ), the high kurtosis and positive skewness of the
O2RIE plasma-treated SiO2 and glass surfaces may result in a
lower value of μ than that in the Gaussian distribution of the
Si surface. This finding may be useful in MEMS devices when
a low friction coefficient is desirable. Moreover, the 1200 s
O2RIE treated glass surface has unique surface topography
(i.e., Rsk = 0 and Rku = 2.3) as shown in figure 4(b). The lower
kurtosis value and the lower Gaussian height distribution may
result in a higher friction coefficient, which is not desirable in
contact-mode micro-devices [50].

3.2. Water contact angle

To investigate the surface reactivity and hydrophilicity of Si,
SiO2 and glass in practical processing conditions for MEMS
and microfluidics, we measured the contact angle of a DI
water drop. Figure 5(a) shows the contact angle of a Si:O2RIE
surface for 2 min of elapsed time. As-received Si shows
the highest contact angle, which remains almost constant
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(a) (b)

(c)
(d )

Figure 5. Contact angle of (a) Si as a function of elapsed time before and after O2RIE plasma activation at different activation times for 60 to
1200 s; (b) Si as a function of O2RIE plasma activation time for different storage conditions, (c) SiO2 as a function of O2RIE plasma
activation time for different storage conditions, and (d) glass as a function of O2RIE plasma activation time.

Table 3. Surface reactivity of Si, SiO2 and glass at different activation times for different treatment and storage conditions.

Surface reactivity (deg s–1)

Specimen As-received (0 s) 60 s 150 s 300 s 600 s 1200 s

Si:O2RIE 0.02 0.12 0.09 0.16 0.15 0.14
Si:O2RIE+20RH 0.02 0.03 0.02 0.03 0.04
Si:O2RIE+20D+20RH 0.01 0.01 0.01 0.01 0.01
SiO2:O2RIE 0.02 0.08 0.11 0.10 0.12 0.12
SiO2:O2RIE+20RH 0.04 0.03 0.02 0.06 0.03 0.03
SiO2:O2RIE+20D+20RH 0.03 0.02 0.03 0.03 0.02 0.02
Glass:O2RIE 0.05 – – – – –

throughout the elapsed time. The plasma activated Si shows a
lower contact angle, and also the contact angle decreases with
a higher rate. Thus, the contact angle information gives two
kinds of surface properties: surface reactivity (i.e., the rate of
decrease of contact angle throughout the measurement time),
and surface hydrophilicity (i.e., the average contact angle). The
contact angle is the measure of the surface energy that controls
the quality of the hydrophilic wafer bonding. The lower
contact angle results in higher hydrophilicity and a higher
wetting of the surface [51]. The surface reactivity also governs
the hydrophilicity since higher surface reactivity results in
lower average contact angle (i.e. higher hydrophilicity). The

summarized hydrophilicity of Si, SiO2 and glass are shown in
figures 5(b), (c) and (d), respectively. Each marker represents
the average contact angle at that particular plasma activation
time and storage condition. The surface reactivity (i.e., the
rate of decrease of contact angle, unit deg s–1) of Si, SiO2 and
glass is summarized in table 3. The surface reactivity and
hydrophilicity control the bondability and reliability of MEMS
and integrated heterogeneous systems [13].

The O2RIE plasma activation removes the native surface
oxide and creates a sub-surface oxide layer on Si wafers,
as evident from the x-ray photoelectron spectroscopy results
in [52]. The amount of Si(-O)2 increases with the increase

8
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in plasma activation time for Si:O2RIE. The high surface
reactivity of Si:O2RIE (table 3) as compared to as-received
Si is due to the removal of the native oxides and organic
contaminants and the increased number of dangling bonds
(free bonds) from broken Si-O and Si-H [51]. Similar
surface reactivity behavior is also observed in the case of
SiO2:O2RIE (table 3). The increased surface reactivity also
leads to higher surface energy and hence increased adhesion
and bonding strength in plasma bonded wafers [53]. The
surface reactivity of SiO2:O2RIE is slightly lower than that
of Si:O2RIE, indicating the high bonding strength of Si-based
wafer bonding [13, 54]. The glass: O2RIE showed the highest
surface reactivity, which makes it a promising candidate for
anodic bonding [42]. The DI water drop quickly spread on
the O2RIE plasma-processed glass surface, which resulted
in a contact angle that was below the measurement limit
of the equipment. Storage in humidity (i.e., O2RIE+20RH)
and ambient/humidity (i.e., O2RIE+20D+20RH) shows a
significant reduction in the surface reactivity of Si and
SiO2 (table 3) due to the augmented -OH groups on the surface
[41]. It has also been reported [43] that the surface reactivity
of Si and SiO2 are at a maximum immediately after the plasma
activation, even though they remain hydrophilic in excess of
150 h after plasma activation. The highly reactive surface
attracts particles from air when exposed in the ambient for
a long period of time, which eventually decreases its surface
reactivity as well as hydrophilicity.

The contact angles of as-received Si (figure 5(a)) and
SiO2 are almost identical (∼57◦), and are higher than that
of as-received glass (30◦, figure 5(d)). Glass:O2RIE shows
the highest hydrophilicity (contact angle <5◦) and Si:O2RIE
shows higher hydrophilicity (24.5◦) than that of SiO2:O2RIE
at 60 s. The contact angle values in this study vary slightly
from other studies due to different plasma powers, activation
times, chamber pressures and atmospheric exposure times. In
a previous study, the contact angle of as-received SiO2 was
reported as 52◦ with a 9 μl DI water droplet, and the contact
angle for O2RIE plasma activated Si and SiO2 was reported as
29.1◦ and 38.5◦, respectively, with a flow rate of 50 sccm, a
power of 200 W, a chamber pressure of 60 Pa and a plasma
treatment time of 30 s [33]. In another study, the contact angle
of oxygen plasma-treated glass was <5◦ at a plasma power of
140 W, a working pressure of 20 mTorr and a 60 s activation
time [42].

With increasing activation time, the contact angle of Si
increased until 300 s, and it became saturated at 600 s (46.5◦)
and 1200 s (46.2◦). This is due to the increased surface
roughness (see discussion in section 3.1) of Si:O2RIE at higher
activation times. Surface roughness obstructs the spreading of
a water droplet in the contact angle measurements. A higher
surface roughness creates a larger barrier to the spreading of
water, a higher surface area in a smaller lateral space and more
interaction with surrounding air, resulting in a larger contact
angle and vice versa [36]. On the other hand, the contact angle
of SiO2:O2RIE does not change significantly with activation
time (figure 5(c)). The highly passivated SiO2 layer is less
likely to react with oxygen plasma. The highly hydrophilic
surfaces form networks of hydrogen-bonded water molecules

between the contacted wafers, which in turn creates Si-O-Si
bonds resulting in enhanced bond strength [22]. Thus, the
lower activation times of Si: O2RIE can thus result in a
good bonding strength due to the higher hydrophilicity and
reactivity of the surface (figure 5(b)). On the other hand, higher
contact angles in the case of Si:O2RIE+20RH (figure 5(b)) and
SiO2:O2RIE+20RH (figure 5(c)) reflect their reduced surface
reactivity and less hydrophilicity due to the passivation of the
dangling bonds.

The initial decrease of the contact angle of
Si:O2RIE+20D+20RH until 300 s and its increase afterwards
(figure 5(b)) is attributed to the surface roughness induced
variation in the amount of Si-(OH)x bonds [52]. Moreover,
the decrease in contact angle for SiO2:O2RIE+20D+20RH
(figure 5(c)) compared to that of SiO2:O2RIE was due to
increased incorporation with OH groups from humidity and
ambient. Thus Si and SiO2 need proper passivation to reduce
the risks of poor adhesion due to humidity-induced increased
hydrophilicity in MEMS packaging [35]. Also, storage in
ambient and humidity can result in good bondability (i.e.,
bonding strength), since the gap closing mechanism in room
temperature direct wafer bonding requires water vapor from
the ambient to initiate covalent bonding between the surfaces
[55]. For further enhancement of bonding strength, a low
temperature (i.e., 300 ◦C) heating for a short period of time
(i.e., 2 h) was reported [41, 55]. The findings here can
also be extended to the sequential plasma activated bonding
(O2RIE+nitrogen radicals) of Si/Si [51], Si/Pyrex glass [42],
glass/glass [34], Si/Ge and SiO2/Ge [33].

3.3. Surface hardness

Development of MEMS devices for the existing pressure
sensing and force sensing systems [56], as well as for
emerging applications such as energy harvesting [57], require
materials that may go through different processing steps
such as surface activation using plasma for the bonding,
integration and packaging of MEMS devices [58]. Therefore,
the nanoindentation hardness test is commonly used to evaluate
the mechanical properties and reliability of MEMS structures
[59]. Figure 6(a) shows a typical force–indentation depth
curve applying a 10 mN peak force in the cycle test and
load–unload test of as-received Si. The load–unload test has
only one loading and unloading curve, whereas the cycle
test has five. Both the cycle tests and load–unload tests were
done in five and ten different positions, respectively, for each
specimen. The indentation depths were slightly above 0.1 μm,
which is the depth resolution in our system for the substrates
investigated and the force used. Figures 5(d)–( f ) and (g)–(i)
show the summarized Martens’ hardness results for Si and
SiO2, respectively, for different activation times and storage
conditions. Hereafter, the term hardness will be used instead of
Martens’ hardness. Each marker on the plot shows the average
hardness and the error bar shows the standard deviation of the
hardness from the average.

The dependence of the surface hardness of Si may be
attributed to the crystal structure, deposited layers, absorbents,
morphology and reactivity of the surfaces. For example, the
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(a) (d) (g)

(c) (f) (i)

(b) (e) ( h)

Figure 6. Indenter force versus indentation depth of (a) as-received Si, (b) as-received SiO2, and (c) as-received glass, in the cycle test and
the load–unload test for the analysis of Martens’ hardness. Martens’ hardness using the cycle test and the load–unload test as a function of
O2RIE plasma activation time for (d) Si without storing, (e) Si after storing in 98% relative humidity for 20 days, and ( f ) Si after storing in
ambient for 20 days and in 98% relative humidity for 20 days, (g) SiO2 without storing, (h) SiO2 after storing in 98% relative humidity for
20 days, and (i) SiO2 after storing in ambient for 20 days and in 98% relative humidity for 20 days.

loading–unloading process in the cycle test for as-received Si
(figure 6(a)) shows hysteresis. It could be due to a pressure-
induced phase transformation [49] of Si from diamond cubic
form into β-tin form with a 22% decrease in volume. Since
the surface roughness of the as-received Si and Si:O2RIE

at 60 s are identical, the lower hardness for the as-received
Si (figure 6(d)) may be attributed to the native oxides and
contaminants. Alternatively, the increase in hardness at 60 s is
due to the removal of the native oxides. On the other hand, if
only the lower deviation is considered at 150 s of Si:O2RIE,
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Table 4. Evolution of surface properties with the increase of oxygen plasma activation times at different storage conditions.

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

Surface Surface
Surface treatment roughness reactivity Hydrophilicity Hardness Bondability

Si:O2RIE Increases High High Decreases Better at lower activation time [41]
Si:O2RIE+20RH Slower increase Low Low Slight decrease Good at lower activation

than Si:O2RIE
Si:O2RIE+20D+20RH Similar to Very low High Overall decrease Good at lower activation

Si:O2RIE+20RH
SiO2:O2RIE Slight increase High High Decreases Better at lower activation time
SiO2:O2RIE+20RH Similar to Low Low Slight decreases Better at lower activation time

SiO2:O2RIE
SiO2:O2RIE+20D+20RH – Very low High Overall decrease Good at lower activation
Glass:O2RIE ∼ 5–10 nm Very high Very high Negligible change Better at low activation time

a decreasing trend in the hardness of Si is observed with the
increase in activation time both in the cycle test and the load–
unload test. This decrease could be related to higher surface
roughness and changes in the atomic structure of the surfaces.
The hardness of the plasma-induced oxide layers or the native
oxide layers of Si wafers is below the measurement limit
of the nanoindentation test equipment. The equipment can
resolve a minimum depth of 0.1 μm (i.e., 100 nm), whereas
the native oxide and sub-surface oxide layers are in the order of
several nanometers. Thus the nanoindentation tests provide the
hardness of surface/sub-surface oxide layers combined with
the bulk material [60].

As discussed in the previous section, the surface
roughness of Si increases with the increase of activation
time. Therefore, higher surface roughness results in a lower
contact area of the indenter tip, which causes an increase
in the indentation depth observed in the depth versus force
profiles. The indentation depth for the as-received Si and at
low activation times (i.e., 60 s and 150 s) is lower (∼0.26 μm)
than that (∼0.30 μm) of the higher activation times (i.e., 600 s
and 1200 s). Therefore, the surface roughness controls the
hardness of Si. It is also known that surface treatment using
plasma having enough physical sputtering capability results in
an amorphous layer [61]. The decrease of the hardness with
increased activation time (figure 6(d)) may also be attributed to
the formation of amorphous layer at higher plasma activation
times. The formation of an amorphous layer in the plasma
surface-activated wafer bonding was demonstrated elsewhere
[62].

There was no considerable influence of humidity on
the hardness of Si:O2RIE+20RH (figure 6(e)). However,
a decreasing trend in the hardness was observed in the
load–unload test. Also, the rate of decrease of hardness for
Si:O2RIE+20RH with an increased activation time was lower
than that of Si:O2RIE in the load–unload test. Further storage in
ambient/humidity (i.e., Si:O2RIE+20D+20RH, figure 6( f ))
caused a decrease in hardness (∼6000 to ∼3500 N mm−2) from
60 to 150 s and an eventual increase up to ∼5000 N mm−2 at
1200 s. The humidity, and the ambient/humidity storage
induced variation in the hardness, is attributed to the quality
of the complex formation of the absorbents (e.g., -OH) and
deposited layers (e.g., carbon) on the surface. The surface

reactivity determined by the relative composition of surface
oxides due to hydroxyl groups (i.e., Si-OH) and sub-oxides
(i.e., Si-O2, Si-O4) also may influence the hardness of Si.

The repeated force–indentation depth curves of the as-
received SiO2 (figure 6(b)) show higher hysteresis than that
of Si (figure 6(a)). The hardness behavior of SiO2:O2RIE
is identical to that of Si (figure 6(g)), except for its higher
values from 60 to 600 s and its lower value at 1200 s.
For SiO2:O2RIE+20RH (figure 6(h)), the hardness decreased
except for 1200 s of activation time both in the load–
unload test and the cycle test. On the other hand, for
SiO2:O2RIE+20D+20RH (figure 6(i)), the hardness values
in load–unload tests did not change significantly if only the
upper deviation at 300 s was considered. Unlike Si, the surface
roughness may not have a significant impact on the reduction
of hardness, since SiO2 shows a small increase in surface
roughness with increased activation time. The role of deposited
oxides, hydroxyl layers/absorbents and surface reactivity on
the hardness of SiO2 is not clear from this study due to its
higher hardness than that of the surface additives. Unlike Si
and SiO2, glass showed the least hysteresis (figure 6(c)). Also,
the change in the hardness (∼4000 N mm−2, not shown in
figure 6) of glass:O2RIE was insignificant with the increase
in activation time except for at 1200 s, where it reduced to
almost half (∼2000 N mm−2). This reduction in the hardness
may be attributed to the severe damage of the glass surface
after such a long activation time. The surface roughness of
glass for this condition increased by more than ten times that
of the as-received specimen.

A comparison among the O2RIE treated specimens
(figures 5(d), (g) and Glass:O2RIE) shows that SiO2 has
the highest hardness and glass has the lowest hardness for
identical conditions of activation time. The loading and
unloading curves provide the plastic and elastic deformation
of the surface [63]. Whereas, the as-received glass has an
elasticity of ∼7.5 × 104 N mm−2, the elasticity of the as-
received Si and SiO2 surfaces is almost equal, and is about
∼1.2 × 105 N mm−2. Thus, the glass has a lower plastic
deformation compared to Si and SiO2. The lower plastic
deformation of glass makes it a good candidate material for
microfluidic devices with other polymer or flexible materials
[64]. A comparison in the change of the surface properties of
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the specimens with increase in activation time is summarized
in table 4.

4. Conclusions

The water contact angle, roughness and hardness of oxygen
reactive ion etching (O2RIE) plasma activated silicon
(Si), silicon dioxide (SiO2) and glass surfaces with or
without storage in ambient and 98% relative humidity
were investigated. The summarized surface properties of Si,
SiO2 and glass are shown in table 4. The surface roughness for
Si was increased with the increase of plasma activation time
and it was higher than that of SiO2. The surface roughness
of the activated Si was reduced after treating it with humidity
and air, but no change was observed in the SiO2. This highly
reduced roughness was due to higher accumulation of water
molecules on Si surface. The surface roughness of glass
suddenly increased after activation by an order of magnitude,
then remained unchanged until 600 s and finally increased
by another order of magnitude at 1200 s. This significantly
increased roughness at 1200 s is due to surface damage. The
low surface roughness at lower activation times is suitable for
bonding.

The oxygen plasma activation of Si showed a lower
contact angle and it showed an increasing trend with increasing
activation time. Also, Si and SiO2 showed high surface
reactivity after plasma activation, which was considerably
reduced after storage in humidity and ambient. The contact
angle of the plasma-activated Si and SiO2 surfaces was
decreased due to the augmented -OH groups in ambient and
humidity. Moreover, plasma-activated glass showed a highly
reactive as well as hydrophilic surface that resulted in contact
angles below 2◦, which is beyond the detection limit. The high
hydrophilicty and surface reactivity at lower activation times
can result in better bondability. The high hydrophilicity after
humidity–ambient treatment may also have good bondability
provided that the surface contains OH groups.

The loading–unloading results in the hardness test identify
hysteresis for Si, SiO2 and glass due to the pressure-induced
phase transformation. The hardness of Si and SiO2 was
decreased with increased activation time due to the higher
surface roughness and the formation of amorphous layers
(of Si). A considerable reduction in the hardness of the plasma-
activated glass at 1200 s was observed due to the highly
increased surface roughness. Furthermore, the humidity, and
ambient/humidity storage induced variation was observed in
Si and SiO2. This dependence of the hardness is thought to be
due to the quality of the complex formation of the absorbents
(e.g., -OH), deposited layers (e.g., carbon), oxides (i.e., Si-OH)
and sub-oxides (i.e., Si-O2, Si-O4) on the surface. Although
a high surface hardness is observed at a lower activation
time (i.e., high bondability region), the role of hardness on
bondability needs further investigation.
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