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lass bonding obtained via
simplified ammonia-based low-temperature
procedure resists high shear stress and powerful
CW fiber laser irradiation

Jansen Zhou, *a Nanqin Mei, bc Zoya Leonenko,bcd Norman Zhou a

and Michael Mayer a

Direct glass-to-glass bonding is important for high-technology components in optics, microfluidics, and

micro-electromechanical systems applications. We studied direct bonding of 1 mm thick soda-lime float

glass substrates. The process is based on the classic RCA-1 cleaning procedure from the semiconductor

industry modified with an ammonium hydroxide rinse, followed by a thermal treatment under

unidirectional pressure without the need for a dedicated drying step. RCA-1 uses a solution of

ammonium hydroxide and hydrogen peroxide to clean contaminants off the surface of silicon and

enable subsequent bonding. Bond quality was evaluated using destructive shear testing. Strong bonds

(z7.81 MPa on average) were achieved using unidirectional pressure of approximately 0.88 MPa and

bonding temperatures between 160 °C and 300 °C applied for 30 min. Surface roughness and chemistry

was characterized before and after cleaning. The optical robustness of the bonds was tested and shown

to be capable of surviving high powered continuous wave (CW) fiber laser irradiation of at least 375 W

focused for 2 s without delamination. Melting of the substrate was observed at higher powers and longer

exposure times.
1. Introduction

Direct bonding is a process used to form atomic bonds across
the interface between two substrates without the need of an
interlayer or ller material.1–4 Glass joints made with direct
bonding are important in a number of applications, including
chemical analysis,1,5 microuidics,6–9 and in the development of
ultrashort pulsed microchip lasers.8–11 For laser applications,
these glass bonds need to be strong enough to withstand high
powered laser pulses without breaking or fracturing.

To make permanently strong bonds, high process
temperatures, pressures, and bonding times are usually
used.1,2,12 This type of direct bonding is called fusion bonding,
where the surfaces are cleaned and heated to their soening
point, forming a welding interface.2 Pyrex glass fusion
bonding needs a process temperature of z650 °C.2 High
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purity fused silica fusion bonding can reach as high as 1000 °
C.2,7 However, for the construction of high-technology
components in the optical, microelectronic, and micro-
uidic elds, lower process temperatures are
benecial.1,2,7,13–16 Elevated temperatures can limit the use of
sensitive functional elements in the bonding stack, as well as
cause thermomechanical stress when using materials with
different thermal expansion coefficients.1,2,7,14,16

Specialized cleaning procedures are required to prepare
glass surfaces for low temperature direct bonding.7,8,14 Ref. 17

reports a study on the effects of various cleaning reagents for
direct bonding of glass-to-glass. While the authors achieved
strong bonding (z6 MPa) without the use of adhesives, their
procedure still required relatively high temperatures (400 °C)
and relatively long bonding times (10 h).17 Ref. 18 reports an
optimized solution for cleaning soda-lime glasses, however,
they also use high temperatures (560 °C) and bond times (4 h).
More recently, surface-activated bonding (SAB) approaches have
been shown to be a promising technique to lower process
temperatures.7,8,13,14 While these techniques have achieved
strong bonding at low temperatures (24 °C to 300 °C), they are
oen complex, multistep processes that still require extensive
bonding times (2 h to 24 h) in order to function.7,8,14,19 There is
a gap in knowledge regarding fast, direct bonding processes at
low temperatures. Such knowledge would be helpful to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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accommodate industry mass production of reliable bonds.
More information also needs to be known about how laser
induced damage affects the bonding interface.

In this paper, we ll this gap by suggesting a simple, low
temperature, direct bonding process for soda-lime oat glass
and contribute a process study investigating the effect of
bonding temperature on the resulting bond strength, dening
the optimum temperature range for successful bonding. The
surface roughness, surface chemistry, and bond robustness
under powerful laser illumination for the samples is also
studied.
2. Theory
2.1 Mechanism for bonding in the presence of non-zero
physical separation and possible contamination

There exists on the surface of glass a vast number of silanol
groups.17,20 These groups form when silicon is exposed to
ambient water in the air, resulting in increased hydrophilicity of
the glass surface.20 This property encourages the surface groups
of glass substrates to form hydrogen bonds. Such bonds can
bridge across the interface of two glass surfaces when they are
brought close together, creating temporary links that can be
converted to stronger, permanent covalent bonds through
a condensation reaction activated by thermal treatment.17,20 Si–
O–Si/Si–N–N–Si bonds can form, with water/NH3/H2 as
a byproduct.3,7,20 With this treatment, any of the byproducts are
expected to be driven out of the interface to allow an even more
intimate level of contact between the glass substrates, which is
required for covalent bond formation.20,21 This mechanism is
supported by ref. 7, where they also used an RCA-1 based
cleaning method.
Fig. 1 Schematic diagram of clamping apparatus used for bonding
process. Glass sample dimensions: brand – Thermo Scientific, 1 mm×
76 mm × 26 mm, brand – VWR, 1 mm × 75 mm × 25 mm.24,25 Red
represents the cleaned glass substrates, whereas yellow represents the
uncleaned glass substrates.
2.2 Surface contact area

The mechanism for bonding requires enough surface area
contact at a nanometer distance.7,20,22 This contact area is
determined by the asperities at the glass surface and particle
contamination. Dust, debris, and organic contaminants can
prevent the mechanism from occurring by blocking contact
between the silanol groups or causing excessive physical sepa-
ration between glass substrates.17 Separation that is too large
can prevent permanent, covalent bonds from forming since
these bonds only act over relatively small distances.21 Thus,
such separations result in either no bonding between the
substrates, or weak hydrogen bonding.21

Asperities are a feature of the material surface itself and
typically need to be within a certain range to allow for two
surfaces to bond.22,23 An example of the asperities that could be
found at a glass-to-glass interface is shown in Fig. 1 of ref. 22.
Pressure can help to overcome the effects of particle contami-
nation and rough surfaces, as substrates can deform elastically
to allow for more effective contact.20 At higher temperatures,
materials are more malleable and compliant, also contributing
to an increased effective contact area.20
© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Experimental
3.1 Float glass materials

All bonds were created with standard microscope slides (glass
substrates) made of regular soda-lime glass (brand: Thermo
Scientic™ ABAA000001##12E03MNZ10MH#, composition:
72.20% SiO2, 14.30% Na2O, 1.20% K2O, 6.40% CaO, 4.30%
MgO, 1.20% Al2O3, 0.03% Fe2O3 and 0.30% SO3; brand: VWR
48300-026, composition: not reported, but known to be made of
soda-lime glass).24,25 Soda-lime glass is cheap and accessible,
while having a similar composition to silica glasses used in
industry.7,8,18,24,25 Preparation of the samples was carried out in
a Hamilton SafeAire fume hood (Hamilton Laboratory Solu-
tions, Manitowoc, Wisconsin, USA) in order to minimize
contamination at the glass-to-glass interface and prevent escape
of RCA fumes.
3.2 Cleaning procedure

The cleaning solution that we used to clean the glass substrates
is based on the classic RCA-1 method used to remove organic
contaminants and lms from the surface of silicon wafers.26 The
cleaning solution also oxidizes the silicon, leaving a thin oxide
layer that helps to ensure abundant silanol groups exist on the
surface of the substrates for bonding.26 A beaker lled with
200 mL of DI water was heated to 70 °C and checked with
a thermometer. The temperature was controlled at 70 °C as
40 mL of 28% to 30% ammonium hydroxide and 40 mL of 30%
hydrogen peroxide were added. This mixture was le to rest for
1 min to 2 min to allow the solution to start bubbling. The glass
substrates were then immersed in the solution for z15 min
while swirling them occasionally. Aerwards, the glass
substrates were rinsed in 28% to 30% ammonium hydroxide
instead of the traditional DI water rinse, and wet mounted into
a custom made clamping apparatus illustrated in Fig. 1. The
surfaces were not dried prior to mounting.
RSC Adv., 2022, 12, 31016–31023 | 31017
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Fig. 2 Various configurations used to bond the glass substrates. This
was done to accommodate the bond strength testing method that
each sample would undergo. (a) Initial configuration used during
qualitative testing. Bonding was limited to a 3 cm × 3 cm area. (b)
Complete overlap configuration. Offers the most opportunity for
bonding since it has the greatest overlapping area. (c) Partial overlap
configuration. Was originally designed for shear testing applications,
but glass was too brittle to be gripped effectively. Ultimately the least
used configuration.
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3.3 Bonding procedure

The clamping apparatus was designed in stainless steel to hold
the samples under a constant, known force as they were bonded
at various temperatures. Constant pressure was applied
throughout the bonding process to increase the effective
contact area, helping to overcome possible particle contami-
nation and asperities.22 Force applied to the samples was
calculated using Hooke's law for springs, using the manufac-
turer's reported spring rate. Additional non-cleaned glass
substrates were added as buffer to prevent sample cracking and
homogenize the pressure applied, also shown in Fig. 1. The
thermal treatment was conducted in a Binder precision oven
(Binder, Tuttlingen, Germany) and temperature was monitored
using 4-wire resistance readings from a resistive temperature
detector. Samples were bonded at temperature levels ranging
from 40 °C to 300 °C, held for 30 min at a specied temperature,
excluding an extra z7 min for stabilization aer the samples
were placed into the oven. The force applied to the samples was
about 26 N. Dividing this force by the area of the hexagonal
plunger head gives a pressure of about 0.88 MPa. The substrates
were contacted in a number of different congurations, shown
in Fig. 2, to help accommodate the sample for the planned type
of strength testing.
3.4 Measuring surface roughness

Atomic force microscopy (AFM) is widely used for high-
resolution imaging of sample surfaces and for studying the
31018 | RSC Adv., 2022, 12, 31016–31023
properties of glass surfaces.27–30 AFM imaging of the surface
topology of soda-lime glass before and aer the cleaning
process was done using AFM (JPK Nanowizard II, Bruker, Bill-
erica, Massachusetts, USA) in intermittent contact mode with
a line rate of 0.7–0.9 Hz, with the HQ:NSC14/AL BS AFM probes
from mMasch (resonance freq. 160 kHz). The height proles of
the AFM images are shown as cross sections in part B of Fig. 5
and 6. The Gwyddion soware31 was used for surface roughness
(RS) analysis of the AFM images. In Gwyddion, RS is expressed as
the mean square roughness (RMS) of height irregularities which
is calculated using the 2nd central moment of the data values.31

2D FFT ltering was used to remove background noise and the
plane background was also removed to properly level the
images.31 All data analysis was performed on images aer
applying only the mentioned lters to best preserve the raw data
while eliminating the impact of noise and unleveled
background.

3.5 Assessing surface chemistry

Surface species at the bonding interface were detected using X-
ray photoelectron spectroscopy (XPS). The instrument used was
a Thermo-VG Scientic ESCALab 250 microprobe (Thermo-
sher, Waltham, Massachusetts, USA). Data was analysed using
CasaXPS soware, aer calibrating the data by setting the true
value of the C 1s high resolution readings to 284.8 eV, the
adventitious carbon.32

3.6 Assessing the bonds: qualitative, tensile, and laser tests

The bond strength was characterized in three ways. First, we
attempted to break the bonds manually to test the bonds
mechanically and qualitatively, observing the mode of failure.
Second, we used a micro tensile tester (Instron 5548 Micro
Tester, Instron, Norwood, Massachusetts, USA) in compression
mode to destructively test the shear strength of the bonds. A
diagram of the destructive test setup is given in Fig. 3. Shear
strength was calculated by dividing the force load that a given
sample could handle before breaking by the total bonded area
of the sample. The total bonded area was determined using
GIMP image processing soware (https://www.gimp.org/) to
determine pixel measurements of the bonded area, converting
it to metric units using a known scale. If the bonded area was
too large to be tested effectively, the sample bonding
conguration was changed or the samples were cut using
a carbide scriber so a smaller subset of the total area could be
tested. Interface and bulk breaks were conrmed based on
damage location. Fig. 4 shows examples of damage that would
be classied as originating at the interface or bulk material.

For the third test, the sample bonds were irradiated with an
IPG YLR-500 Ytterbium CW Fiber Laser (IPG Photonics, Oxford,
Massachusetts, USA) at high power as an exploratory study of
their possible use in microchip lasers. The focused, Gaussian
laser had a nominal wavelength of 1070 nm, a maximum power
of 500 W, and a core ber with 50 mm diameter. At the time of
laser installation, the beam was measured to have a radius of
37.2 mm. An updatedmeasurement was not available at the time
of writing.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Diagram of tensile testing setup. Bonded samples were glued to
aluminium plates with super glue to increase rigidity of the samples for
testing. Samples were compressed at 1 mm min−1 until failure at the
bond site or bulkmaterial. Samples that broke before force was applied
or broke at the glue bond were excluded. This method is based on the
testing method reported in ref. 17.

Fig. 5 (A) AFM topography image of the sample before applying the
cleaning process. The image is 700 nm × 700 nm in scale. (B) Cross-
sectional profile of the selected white line in the image in part A. (C) 3D
view of the sample surface.
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4. Results and discussion
4.1 Surface roughness characterization

Fig. 5 and 6 are AFM topography images and height proles for
soda-lime glass samples before and aer applying the cleaning
Fig. 4 Examples of interfacial and bulk material damage after shear
testing. Because pressure was applied only to the centre of the
samples during bonding, only the centre area is likely to be bonded. If
damage appeared only in this centre area after shear testing (top),
failure at the interface occurred. On the other hand, if the centre
remained intact and damage occurred elsewhere (bottom), failure in
the bulk material has occurred.

© 2022 The Author(s). Published by the Royal Society of Chemistry
process. The cross-sections of the surface (Fig. 5 and 6, part B)
for each image together with the 3D views (Fig. 5 and 6, part C)
show that the largest height difference between the low and
high features of the sample before cleaning is close to 3 nm;
that of the sample aer cleaning is close to 6 nm. The surface
before cleaning (Fig. 5) had an RMS of 262.9 pm, whereas the
surface aer cleaning (Fig. 6) had an RMS of 525.2 pm. The
values are similar to what is reported as typical RS values for
bonding in literature, with RS values ranging from 0.3 nm to
0.9 nm for an area of 1 mm squared.3,8,14,33 While other studies
report much higher RSs (6 nm), they do not specify how the
values were measured, making it difficult to compare.7 Overall,
our cleaning process does not noticeably affect RS as both values
before and aer cleaning fall within the typical range for
bonding (or lower), providing evidence that supports the direct
bonding mechanism.20
4.2 Qualitative assessment of bond strength

Initial qualitative bond strength results guided subsequent
experiments. Bonds are classied as a strong, weak, or no bond.
“Strong” bonding is dened as bonding that shows a perfectly
bonded area surrounded by Newton rings, unable to be broken
by hand even with a considerable amount of force (about 30 N to
RSC Adv., 2022, 12, 31016–31023 | 31019
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Fig. 6 (A) AFM topography image of the sample after the cleaning
process. The image is 700 nm × 700 nm in scale. (B) Cross-sectional
profile of the selected white line in the image in part A. (C) 3D view of
the sample surface.

Fig. 7 Shear strength of samples tested mechanically using a tensile
tester (Instron 5548). This is compared to the temperature at which
each sample was treated in a furnace (Binder oven) for 30 min. All
samples were clamped with an approximate pressure of 0.88 MPa.
Samples were in the furnace for 30 min, excluding a 7 min ramp/time
before stabilization. The complete overlap bonding configuration was
used for all tested samples. There seemed to be one outlier with
a measured shear strength (19.9 MPa) much higher than the average.
Temperature values of 280 °C and higher were measured using the
Binder oven's internal temperature probe. Temperature values below
280 °C were measured using an external resistive temperature
detector.
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40 N) and/or when broken, leads to damage at the interface
surface, indicating bulk material fracturing. “Weak” bonding is
dened as bonding that shows a perfectly bonded area sur-
rounded by Newton rings that is easily broken at the interface
with little force and when broken, does not leave any visible
damage at the interface. “No bond” is dened as the absence of
a perfectly bonded area.

From our qualitative results, it was found that high applied
pressures and temperatures during bonding tended to yield the
strongest bonds. Increased pressures and temperatures help to
overcome common bonding inhibitors, such as particle
contamination and low asperity contact, resulting in a higher
proportion of covalent bonds being formed and an overall
stronger interface adhesion.20,21 Our results also helped to
determine a pressure at which bonding occurs consistently
(0.88 MPa), while avoiding sample cracking from too much
pressure. However, these ndings are not sufficient to formally
characterize the strength of the bonds. Bonded area plays an
important role in determining bond strength, as larger areas of
remaining hydrogen bonds may resist an equivalent amount of
shear as a smaller area of interfacial covalent bonds, even
though covalent bonds are vastly stronger than hydrogen bonds
individually.21 Therefore, destructive shear strength tests were
conducted while controlling for bonded area.
31020 | RSC Adv., 2022, 12, 31016–31023
4.3 Shear testing

The results for the destructive shear tests are shown in Fig. 7.
The hatched region in Fig. 7 indicates the estimated shear
strength region for our process as bonding temperature
increases. Our results show shear strength values ranging from
3.9 MPa to 19.9 MPa for bonding temperatures of 160 °C to 300 °
C, using a 30 min temperature treatment time. The strength of
the bonds was found to increase with process temperature. This
is likely due to the conversion of weaker hydrogen bonds to
stronger covalent bonds reported to occur during temperature
treatment.20 The strength values are in the range of those found
in previous research. One paper reported values between
3.45 MPa and 12.2 MPa for an annealing temperature of 400 °C
and bonding time of 10 h.17 Another paper reported strong
bonding when samples were pre-bonded at room temperature
for 24 h, then annealed at 150 °C for 12 h.6 More recent studies
show bond strengths in the range of 4.5–15 MPa for tempera-
tures ranging from 24 °C to 560 °C, with prebonding and
annealing steps requiring 4–24 h.7,8,14,18,19 Our process generated
bonds comparable to those obtained with recent SAB and other
methods.7,8,14,18,19 At the same time, our process has reduced
complexity, a reduced 30 min heat treatment time, and is thus
very suitable for mass production.

Bulk material breaks are also shown in Fig. 7, which can
occur when the bond is much stronger than the bulk glass,
causing the break to occur at a point away from the interface.
These breaks can indicate that the bond being tested is able to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XPS results comparing soda-lime glass sample interfaces before (left) and after (right) the cleaning procedure. High resolution spec-
troscopy calibrated using C 1s to 284.8 eV reveals a clear nitrogen peak in the cleaned sample, and the absence of a peak before cleaning. Peak
intensity was at about 399.81 eV in the cleaned sample.
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withstand the resisted pressure or higher, giving an approxi-
mate lower limit for the bond strength and providing additional
evidence for high strength of the bonds.
4.4 Additions to current bonding model

The short treatment time can likely be attributed to the
ammonium hydroxide rinse aer cleaning. At a concentration
of 30%, ammonium hydroxide has a much lower boiling point
than water (27 °C vs. 100 °C), making it more volatile.34 Thus, for
low temperature bonding, ammonia at the interface from our
rinse may be removed more easily than water, facilitating the
direct bonding mechanism.7,20 In addition, ammonium
hydroxide mimics the activity of water at the interface, which is
Fig. 9 Model of microscopic bondingmechanism at the glass-to-glass in
7. The mechanism shows the structure of temporary hydrogen bonding f
bonding (Si–O–Si and Si–N–N–Si bonds) that occurs after thermal treatm
image because an ammonium hydroxide rinse was used in our experimen
mediated by water. Illustration was created using Chemspace (https://w

© 2022 The Author(s). Published by the Royal Society of Chemistry
to form temporary hydrogen bonds at room temperature
between glass samples that become permanent covalent bonds
aer a temperature treatment step.20

The direct bonding mechanism is further supported by high
resolution XPS results (Fig. 8). The presence of a nitrogen peak
at the cleaned sample interface which is absent before cleaning
suggests the presence of nitrogen species due to the cleaning
procedure. These samples had also been le to sit in ambient
air for about 48 hours prior to testing, supporting the idea that
the detected N is likely residual N incorporated into the surface,
subsequently facilitating the bonding mechanism through Si–
N–N–Si bonds.7,35,36 Peak intensity was around 399.81 eV, which,
according to ref. 36, is close to the bonding energy for H–N–H
terface, based on high resolution XPS results andmodel outlined by ref.
ormed before thermal treatment (right), as well as permanent covalent
ent (left).7,20 Ammonia is presented as a hydrogen bondmediator in this
ts. In the traditional RCA cleaning rinse, interfacial hydrogen bonding is
ww.chem-space.com/real-space).
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Fig. 10 Directly bonded glass-to-glass sample bonded at 160 °C. Bond delamination is observed at the location where the laser irradiated the
sample, indicated by the bending of Newton rings around the damage site. A magnification of the sample shows melting after exposure to
a 375 W laser for 4 s.
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bonds (399.7 eV) and Si–N bonds (400.9 eV). From data in the
NIST XPS database, the presence of Si–NH2 bonds (397.5–398.6
eV) and/or NH3 bonds (398.6–399.6 eV) at the surface may also
be present.35 A model summarizing the bonding mechanism is
given in Fig. 9.
4.5 Laser testing

Finally, we conducted an exploratory study of bond robustness
under intense laser irradiation using a powerful CW ber laser.
An example of the laser induced damage is shown in Fig. 10,
where the laser was directed onto a previously bonded region.
When a sample bonded at 160 °C was irradiated with a laser at
75% power (z375 W) for 2 s, the interface did not show any
fracturing or delamination. Only when the power was increased
to 425 W or the dwell time was increased to 4 s did damage
occur, indicated by a loss of bonded area as shown by a shi of
the Newton rings. The damage is highlighted in the magnied
picture of Fig. 10. The magnied picture reveals melting of the
surface material indicated by the presence of bubbles. As no
interfacial damage was observed without the presence of
melting, the robustness of the bonds under CW laser irradiation
is at least as high as that of the glass bulk material.
5. Conclusions

Direct bonding of oat glass substrates was successful using the
reported process. The process generated bond shear strengths
similar to recent methods, but was faster and was perceived to
be easier to operate. The surface roughness was small enough
for bonding. Evidence of nitrogen incorporation into the glass
interface supports the bonding model. The bonds were able to
survive substantial irradiation from a continuous wave ber
31022 | RSC Adv., 2022, 12, 31016–31023
laser at least as well as the glass bulk, highlighting the optical
robustness of the bonds.

Bond time and applied pressure during temperature treat-
ment are other factors that remain to be optimized to further
improve bonding, if needed.
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