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Abstract: Glass welding by ultra-short laser pulses provides hermetic
welding seams with high mechanical stability. The required distance
between the samples must be extremely small (<100nm), otherwise cracks
will form inside the seam reducing its stability. However, to achieve such
small gaps the roughness of the samples must be small enough necessitating
additional polishing. Additionally, Van-der-Waals forces grow substantial
at such distances thereby effectively preventing sample movement and an
easy and precise sample alignment. Here we present a method utilizing
ultra-short laser pulses which exploits a volume expansion of irradiated
glass enabling the joining of glass plates across gaps of up to 1pm.
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1. Introduction

Glass is a versatile material and is used as such in optics, electronics or biomedicine.
However, the actual applications most often require an assembly and subsequent joining of
several glass parts. Although established methods for glass joining exist, they have
nonetheless limitations that make them highly application-specific. In general, joining
methods that use additional material such as in mechanical mounting [1], gluing [2] or
soldering suffer often from a mismatch of thermal expansion coefficients between glass and
mount material, glue or solder. This limits e.g. the temperature range in which such
composites can be used. Conversely, conventional joining technologies without additives are
e.g. optical contacting [3], thermal diffusion bonding [4] or CO,-laser welding [5]. Here again
the methods are not suited for all purposes: optical contacting is susceptible to impact loads
[6], thermal diffusion bonding requires long processing times and CO,-laser welding requires
a subsequent post-heating.

In contrast to this, a promising, alternative approach offering a much higher versatility is
fusion welding of glass using ultra short laser pulses (USP lasers).

This process has been shown first by [7,8]. The achieved seam strength was approximately
10 MPa. Although the joining was successful the achieved strength was far from strengths
exhibited by bulk material which lies in the range of 100-200 MPa [9,10]. One of the reasons
for this relatively low bonding strength bonding lies probably in the fact that the samples were
pressed against each other during the welding in order to minimize the gap. This in turn might
have led to internal tensions after welding when the glass samples relaxed to their initial state,
leading to considerable mechanical stress on the welding seams. However, the observed low
strength of the welding seams might have another origin in a possible residual gap between
the samples, even though the plates were pressed together.
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As we were able to show in [11] at gaps larger than 0.4 pm cracks can occur inside the
welding seam. Though the glass plates are connected by glass material to each other the
cracks will strongly reduce the strength of the seam since an applied load can cause nearly
singular stress fields at the tips of the crack [12], thus enabling further crack growth. In order
to reduce the gap we proposed closing the gap between the glass plates by providing optical
contact between the samples, so that no external forces had to be applied while achieving a
gap width smaller than 100 nm. As a result we achieved crack-free welding seams that exhibit
strengths and bonding energies that are on par with those of bulk glass material. Furthermore,
the beneficial influence of preparing optical contact between the glass samples prior to
welding has been shown also by [13].

Optical contact is provided when two conjugate (glass) surfaces are so close to each other
that they are bound by Van-der-Waals forces. The range of these forces is limited to a few
hundred nanometers, because the attracting potential for two plane surfaces reduces as 1/d”
with distance d [3]. The optically contacted area lacks reflections from the joining surfaces,
since the gap is so small that that evanescent waves generated by an impinging light wave at
the surface of the first glass plate excite, almost without attenuation, a propagating wave
inside the other plate. Typical values necessary for optical contact of two plane plates are <0.5
nm surface roughness, <5 pum total thickness variation, and <30 pm flatness [14]. Although it
is possible to achieve optical contact with higher values, the optical contact may not cover the
whole area of the plates.

The underlying mechanism that leads to cracks in case of a gap or to crack-free welding
seams in the presence of optical contact has been described in detail in [15] but is outlined
briefly in the following because it is crucial for understanding the effectiveness of our gap
bridging method:

For sufficiently large gaps the glass melt from the welding seam can escape into the gap.
Since the melt has low viscosity any internal compressive stresses of the melt (due to high
temperature and plasma pressure) will relax almost completely as the melt escapes into the
gap. Therefore, in the presence of a gap the melt will be free of tension or pressure as long as
it is still fluid. During the cool-down the glass starts to solidify which applies to the glass
inside the welding seam as well as to the melt that escaped into the gap. The solidification
itself can be assumed to be strain-free due to the previous relaxation of the melt. However,
since the solidification temperature is quite high for glass [16] further cool down to room
temperature will result in thermal shrinkage of the glass. Consequently, tensile stresses are
formed during the shrinkage process of solidified glass. But glass is by more than a factor of
20 more sensitive to tensile than to compressive stresses [17], so this leads very easily to
cracks.

In contrast, a molten zone, enclosed by bulk material, will expand during irradiation and
melting and will strain against the adjacent material. However, if the melt zone is not too
large, the adjacent bulk material will be able to withstand the stresses. In the following cool
down the glass will shrink back — especially if disregarding any permanent residual material
changes — to its previous volume. As a result the molten zone induces no cracks during
solidification and shrinkage while cooling down. From this viewpoint optical contact encloses
the hot melt by Van-der-Waals forces at the welding interface and, simultaneously, prevents
leakage of the molten glass into the gap by having virtually no gap. Therefore, welding
optically contacted glass samples provides crack-free welding seams.

However, as mentioned above, the glass plates have to fulfill high requirements
concerning the surface quality in order to make optical contact achievable. The necessary
polishing to achieve this quality is very time consuming and thus very costly to be of use in
industrial applications. Besides this, it is not only the polishing costs that are detrimental to a
wide-spread use of the USP laser glass welding technology in industry. Since one of the main
advantages of USP laser glass welding is the very small welding seam the glass welding
process excels when very small or heat sensitive glass components such as MEMS have to be
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joined. But in many cases the components to be welded have to be aligned, often with a
tolerance of few micrometers. Unfortunately, providing alignment after the samples have been
optically contacted is very hard to do due to the Van-der-Waals bonds. Likewise, precise
sample alignment before optical contacting has also a drawback, since, depending on the
exact contacting process, application of high forces can become necessary. In this case, in
order to provide such high forces with a positioning precision on the micrometer scale
expensive equipment must be acquired.

The above mentioned difficulties in obtaining optical contact was the reason we strove to
improve the “conventional* USP laser glass welding process. This novel process does not
require optical contacting and enables to bridge the residual gap. This helps to relax the
requirements on the glass samples' surface while it allows fine-positioning of the samples
before welding due to the residual gap. In the following we outline the underlying physical
mechanisms, describe the experiment, show and discuss the results and will comment on
possible future applications that can be realized by this process.

2. Method

The method is similar to glass welding by ultra-short laser pulses described in
[7,8,10,11,13,15], where laser pulses at a wavelength transparent to glass are tightly focused
near the joint surface of two glass parts. Due to the tight focusing and short laser pulse
duration, the light intensity inside the focal volume reaches values high enough to achieve
multi-photon absorption [18]. (For pulse durations well below 100 fs also tunnel and field
ionization may occur instead.) The freed electrons can act as seed electrons for avalanche
ionization (within the same laser pulse). Once started, the avalanche ionization can carry on
even if the pulse intensity drops below the value necessary for multiphoton ionization. During
irradiation the electron plasma builds up very quickly and reaches very high temperatures.
Subsequently, the plasma as well as the adjacent material are heated by electron-phonon
coupling. Numerical simulations [15] show for a steady-state case (at sufficiently high pulse
repetition rates) that the plasma may easily reach average temperatures between 3000 and
4000 K. But high temperatures in the wake of the focal spot were also measured
experimentally by Raman spectroscopy [19]. For better understanding a typical temperature
distribution (in this case D263 borosilicate glass) is shown in Fig. 1 (compare [15]).

1053 °C

3000 -
3800 °C

L_20um

Fig. 1. Cross section of a typical molten zone in D263 with the corresponding calculated
temperature distribution [15].

Figure 1 shows that very high temperatures are reached inside the processed region. This
in turn leads to substantial heating close to the processed region by heat conduction. However,
this means that due to the strongly temperature-dependent viscosity of glass (compare Fig. 2)
the glass is in the vicinity of the molten region moldable. If this region is placed near the glass
surface, the surface becomes also moldable, since the surface tension is also lowered at the
high temperatures [20]. However, as long as the temperature at the surface is not too high, the
surface tension will prevent an expulsion of the liquid glass melt from the molten zone below
the surface and will thus not lead to a jagged surface of the bulge. Instead the surface tension
will provide smoothened bulges.
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Since the achieved temperatures inside the molten zone and plasma are quite high, thermal
expansion of the molten glass as well as the plasma will exhibit a pressure that will lead to a
reversible bulging of the surface — as long as the surface temperature is high enough for the
glass to be moldable. The schematic of the bulging mechanism is shown in Fig. 3.

viscosity / Pa s

1 :
200 600 1000 1400 1800

temperature / °C
Fig. 2. Schematic diagram of temperature dependent viscosity of glass (compare [16]).

P
1 1

e
\ volume increase

. W

Fig. 3. Schematic diagram showing the expected surface alteration of a closely positioned
molten area in case of volume increase or decrease.

If the height of the bulging is high enough to bridge the gap to the second joining partner
and the glass is still moldable the soft surface of the bulging will adapt to the surface shape of
the joining partner. Due to its softness it is to be expected that if the surface gets close enough
to the other glass surface Van-der-Waals forces will start to act between the surfaces.
Depending on several parameters of the bulge getting into contact with the other surface such
as achieved proximity, duration of the contact and temperature there might be even diffusion
of silica chains into the adjacent joining partners resulting in a localized diffusion bonding,
instead of only achieving an optical contact with a relatively low bonding strength.

Of course due to the constant feed speed the focal spot will move on and leave the
currently heated soft surface that has bonded in a kind of localized optical contact or diffusion
bond to the other joining partner. In consequence, the melt zone below the surface of the
bulge will start to cool down and thus to shrink. However, in contrast to direct gap welding, in
this case the melt does not have the opportunity to relax its pressure, since the surface tension
of the bulge prevents a rupture of the surface. Therefore, the situation is still similar to
generating melt runs in bulk material and no cracks will be generated. Due to the local bond
between the bulge and the other joining partner the shrinkage will induce a closing of the
original gap between the welding partners as the shrinking bulge will exhibit a pulling force
on the joining partner via the bond.

#226892 - $15.00 USD  Received 14 Nov 2014; revised 28 Jan 2015; accepted 28 Jan 2015; published 24 Feb 2015
©2015 OSA 9 Mar 2015 | Vol. 23, No. 5 | DOI:10.1364/0E.23.005681 | OPTICS EXPRESS 5685



Interestingly, as shown first in [21], a residual surface bulging can additionally be
observed at room temperature. In [21] only Fused Silica was investigated. The observed
irreversible bulging was on the order of 50 nm which is rather small and occurs very likely
due to the pressure of oxygen gas bubbles generated in the heat accumulation regime [22].
The pressure of the generated gas bubbles overcomes the volume reduction of the
densification effects of USP laser induced refractive index increase [23,24]. However, as is
shown in the experimental results (section 4, Fig. 7) the irreversible volume increase occurs
also in several other glass types such as Borosilicate and Soda Lime glass where the gas
bubble formation is not as prominent as in fused silica. Obviously, the laser induced material
changes lead to a distinct irreversible increase of the volume. Moreover, the observed volume
increase is even bigger in Soda Lime and Borosilicate glasses than in Fused Silica, even
though the gas bubble generation is much less effective in these glass types.

The irreversible volume increase is actually beneficial for the joining. This is especially
true if the glass samples do not have a very high surface quality so that optical contact cannot
be established. In such a case the surface deviations are typically too large to establish Van-
der-Waals bonds over the whole surface since the Van-der-Waals forces would then have to
overcome the bending and compressional energy necessary to make the surfaces lie flat
against each other. Consequently, though a purely reversible volume expansion would be able
to establish in this case some Van-der-Waals bonds when the material is still hot, the bonding
would not provide enough energy to keep the bond closed during the shrinkage process. In
contrast, an irreversible bulge will act as a spacer inside the gap. In turn the strain on the bond
will be lower as the glass plates do not have to bend too far from their respective unstressed
condition before joining. Correspondingly, the seam strength will be improved while the
requirements on sample surface quality can be kept lower.

3. Experiment

In this section the glass irradiation and welding processes are described as well as the
measurement procedures. The schematic of the experimental setup is depicted in Fig. 4. The
laser used has a FWHM-pulse duration of 10 ps at 1064 nm and its pulse repetition rate of the
laser was kept for all experiments at 1 MHz and the average laser power at 2 W. The laser
beam is focused by an IR microscope objective with a numerical aperture of 0.55 into the
sample which is mounted on an x-y-translation stage. The samples were aligned horizontally
first by measuring the distance from the microscope objective to the upper surface of the
sample for several x-y-positions than by tilting the sample by an according tilt angle
calculated from the height measurements. The glass samples were prepared depending on
whether they were intended for the observation of the surface bulge or for the observation of
joining by gap bridging.

LASER mirror

microscope
objective

glass plate

glass plate movement —»

Fig. 4. Schematics of the setup used for glass irradiation experiments.

For surface bulging experiments only single glass plates were used and the laser
processing started at a displacement of —230 pm below the surface. Please note that the given
displacement values are the values of the mechanical displacement of the z-stage. Due to the
refractive index of the glass (which is roughly 1.5 for all analyzed glass types) the true focal
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position is by the same factor deeper inside than the mechanical value. Then the sample was
laterally displaced to irradiate new unmodified glass material while the focal position was
increased by 2 um towards the surface while keeping all other parameters constant. If the
displacement of the focal spot to the surface became too small resulting in obvious surface
damage, the procedure was stopped and repeated with different feed speed or different glass
type. The surface bulging was analyzed by a confocal laser scanning microscope with a 10 nm
height resolution. In order to achieve a sufficiently high signal to noise ratio for the
measurement of the deformation we found it necessary to increase the reflectivity of the glass
surface by sputtering it with a thin layer of gold.

Optical contact

\ﬁ*

Fig. 5. Photograph of sample prepared for joining experiments. The extents of the optical
contact area are marked by arrows. The interference fringes are visible on both sides of the
optical contact as multicolored stripes.

For the welding experiments the samples were brought in close contact by establishing
locally an optical contact as shown in Fig. 5. The area where optical contact was present has
been marked so that welding seams could be placed outside of the optical contact area where
interference fringes indicate a small but definite gap. This approach has the benefits that the
gap width can be approximately determined by analyzing the number and sequences of the
color fringes while no external forces are necessary to keep the samples close to each other.
The prepared gap heights for all samples were between 250 nm and 1 um. After performing
the tilt correction the lower surface of the upper glass plate was found by the confocal surface
measurement procedure. The detected position of the rear surface of the upper plate has been
used as the reference height from which the focal spot is displaced. The displacement length
was chosen accordingly to the glass type within an interval of +/— 4pm (in steps of 2 pum)
around the optimum focal spot displacement determined in the bulging experiments. For each
z-position a group of 20 melt runs with a lateral spacing of 300 pm was performed.

\ t Knife *—g ~d Glass
’
A,

/

Fig. 6. Schematics of the crack opening test.

After processing the samples were optically analyzed whether joining has been achieved
or not. If the joining was successful the joining seams were characterized by the crack
opening test (COT) [25]. The COT method offers a possibility to characterize the joint in
terms of bonding energy. However, as it is applied in wafer testing where the joining area
exhibits roughly the same bonding energy over its entire extents it has to be slightly modified
in order to characterize the quality of the welding seam only.

In this procedure, a knife edge with thickness #,;. is inserted between the glass plates
which are bonded either by Van-der-Waals forces (optical contact) or by covalent bonds
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(welding seam). The knife opens a crack between the plates (see Fig. 6). The length / of this
crack is determined by the minimum of the total energy necessary for crack opening. This
energy consists of the work needed to separate the glass surfaces and the potential energy
necessary to bend the plates. In the case of glass plates with equal height dg,, and elasticity

module E the bonding energy y is given by Eq. (1) (for further reading see [25]):
— 3 ) tKnifez ’ dGlass3 : E (1)
- 32.1°

4. Experimental results
4.1 Observation of ridge formation

Examples for surface bulging induced by laser irradiation (as described in section 2 Fig. 3) are
given in Fig. 7 for all analyzed glass types which shows the surface height by color coded
diagrams. (Please notice the different scaling ranges). While the bulging behavior varies in
terms of size and smoothness for the different glass types it is clear that in each image there
are two melt runs present. The processing conditions for the samples in Fig. 7 are given in
Table 1 (the smaller displacement corresponds to the highest ridge).

: 600
' soda lime [
:
' -nm
200
100 pm
: —_—
a 0
[900
L-10()

nm
Fig. 7. Confocal microscope height measurements of selected samples of different glass types.
Please notice the different scaling ranges.

600
[ Fused Silica

= 200

300

0

Table 1. Processing Parameters Used for Samples Shown in Fig. 7

Glass type Soda Lime NBK7 BF33 D263 Fused Silica
Feed speed in mm/s 15 2 5 2 1
Focal displacement

from surface in pm 124;126 112;114 94;96 86;88 44;46

The overview of the achievable bulging heights plotted against the displacement of the
focal spot below the surface for all investigated glass types is given in Fig. 8. Since the length
of the melt runs is much larger than the field of view of the confocal microscope, only heights
within the same field of view as shown in measurements in Fig. 7 have been evaluated. Thus,
the data points show rather a tendency than an all-encompassing description of the bulging
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behavior. The bulging height of all processed samples was measured along the maximum of
each ridge for every focal displacement below the glass surface. The reader may note that the
number of data points in Fig. 8 is different for the glass types and feed speeds. The reason for
this is that for some parameters either no bulging was observed or that the glass surface was
severely cracked (both effects are very pronounced in fused silica). Since several glass types
show also a kind of localized bulging probably due to underlying dynamic processes
(compare

Figure 7 BF33 and D263) we choose to evaluate the average height. Consequently, the
maximum achievable height can be larger than the one shown by the data points in Fig. 8.

Soda Lime BF33

A [ ]
> -
A " * %
A > »
1 >
[ ]
%

»F

B "y
g & . .
£ s M » " <] i
o L o b N
2 i g ™ .
3 o1 3 o1
B 15mmis) A 10 mm/s? B 15mmis” A 10 mmis? M2 mmis?
M2 mmss’ -
* 15mms? > 5 mmis? 2 ms? ® 15mms? » 5mmis? T 2mmis? + 1 mm/s
10 mmvs" 5 mm/s? mms 10 mnvs") 5mm/s? @ 1 mmis"
0,01 0,01 ;
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
focal displacement below glass surface in pm focal displacement below glass surface in um
10 S— 104+
L] V o
D263 Wasmms Lo e . 1:"‘"‘/5 A2mms| N-BK7
mm/s
& 10mms » 1 mmis & » 1 mm/s
5 mm/s 3 L mm/s
g_ 1 » E 1 LA‘
c . £ o, ™
o .’, “‘&““‘ o &, %,
g , 2 T % Rl
> -~ a7 ) et
=1 =]
3 o1 < 2 o1
0,01 . 0,01
o 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

focal displacement below glass surface in um focal displacement below glass surface in ym

10

Fused Silica

E 1

c B 5mm/s
=] * 2mm/s
£

2 1 mm/s
3 01

]
o
0,01 > !
0 20 40 60 80 100 120 140 160

focal displacement below glass surface in pm

Fig. 8. Measured average bulging height depending on the focal displacement below the glass
surface for different feed speeds and glass types. The superscript cases 1) and 2) (Soda Lime
and BF33) depict two different experiments conducted under otherwise same conditions.

As can be seen in Fig. 8 the range of the focal displacements from the surface where a
ridge formation can be observed can be as wide as 30 um for a given feed speed. Depending
on the glass type the maximum bulging height can achieve values up to several microns.
However, especially if a gap of more than 1 pm has to be bridged then the range of possible
focal displacements is severely limited due to the steep slope of the dependence of bulging
height on focal displacements. Consequently a focal positioning with an accuracy of better
than 1 pm is necessary to achieve consistent results.

4.2 Glass joining across a gap

Figure 9 shows the results of the welding across the gap as explained in section 3, page 7.
Each glass sample is shown after welding. As can be seen, except for N-BK7 glass, for each
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glass type a successful gap bridging has been achieved. It has to be noted that the surface
quality of the glass samples was different. While for Fused Silica, D263, N-BK7 and BF33
the surface quality was high enough to easily obtain optical contact, the surface quality of
Soda Lime glass was just barely high enough to obtain local optical contact. In the first case
we had to be careful to provide only local optical contact, while we had to struggle to obtain it
in the second case.

Soda Lime Fused Silica D263
Optical contact Optical contact Optical contact
\ P
sa l ) |i ( \ ll
\ | ™
unsuccessfull successfull sucge%sfyll ey
ap bridgin bridgi gap briaging v -
gap bridging gap bridging e brlging
BF33 N-BK7
Optical contact Optical contact
NS ' Wa
l e
|
successfull unsuccessful
gap bridging gap bridging

Fig. 9. Glass samples prepared with optical contact and marked optical contact boundary
processed by USP laser for gap bridging.

The bridging observed in Fig. 9 can be explained with Fig. 8. While the Soda Lime glass
used in the experiment has had a low surface quality it provides very high irreversible bulging
by which the gap can be bridged despite the “wavy” surface. BF33 and D263 have somewhat
similar thermodynamic and bulging properties of Soda Lime glass and in conjunction with the
outstanding surface quality of the samples gap bridging was provided in all analyzed samples.
Figure 8 shows that Fused Silica has a very small irreversible bulging. But as described in
section 3 the reversible thermal expansion is nonetheless present and in combination with the
very high surface quality the gap can still be obviously bridged. Only the unsuccessful
bridging in N-BK7 samples cannot be readily explained since the samples had also
outstanding surface quality and, as Fig. 8 shows, a high irreversible bulging. A possibility for
the negative result in joining N-BK7 could still be caused by unnoticed misalignment (error)
of the welding system during the joining experiments. Thus the applicability of the described
gap bridging method will have to be investigated in more detail for N-BK7 glass in future
experiments.

Of course, a simple optical analysis is not sufficient to prove that a gap bridged by USP
laser processing is a joint capable of transferring bonding forces. Therefore we measured the
bonding energy of the joints by the COT-method as described in section 3, page 7. The results
for all glass types (except N-BK7) are shown in Fig. 10. For comparison reasons the bonding
energy of an optical contact was also measured by the COT method and amounts to 0.1 + 0.03
J/m® which lies well within the limits for optical contact bonding energies between 0.05 and
0.23 J/m* known for prebonding processes [25]. It can be seen that the bonding energy,
including the error bars, is higher than the bonding energy of the optical contact. For D263,
Fused Silica and BF33 the average value lies around 1.5 and 2 J/m” which corresponds well to
the bonding energy of 2 J/m? of a glass pair that was diffusion bonded at 800 °C [25]. The

#226892 - $15.00 USD  Received 14 Nov 2014; revised 28 Jan 2015; accepted 28 Jan 2015; published 24 Feb 2015
©2015 OSA 9 Mar 2015 | Vol. 23, No. 5 | DOI:10.1364/0E.23.005681 | OPTICS EXPRESS 5690



bonding energy for Soda Lime was somewhat lower but this could probably be attributed to
the low surface quality resulting in a pre-stress and thus effective decrease of the measureable
bonding energy. However, all results imply that the described gap bridging process provides
not only Van-der-Waals forces between the joining partners but also true chemical bonds.
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Fig. 10. Measurements of bonding energy for the described gap bridging process.
5. Discussion

The development of true chemical bonds during the glass joining process described here is
also supported by the structure seen in microscope images of peeled-off welding seams as
depicted in Fig. 11. Clearly, there is additional glass material attached to the typical structure
of zone molten (compare Fig. 1). Moreover, it is possible to bridge the gap from each glass
plate, either by creating the bulging at the lower surface of the top glass plate (see Fig. 11 (a))
or, as done in the experiments described in sections 2 - 4, by creating the bulging at the upper
surface of the lower glass plate. Of course, the generation of the bulging at the upper facet of
the lower glass plate side is by far more consistent due to the smooth upper area of the
typically tear drop shaped molten zone than it is for the tip the lower facet of the upper glass
plate.

A similar glass joining process has been described by Bovatsek et. al. in [27] where a
twofold irradiation of the glass is necessary to achieve joining. The first irradiation run
provides the bulging without joining. Then a second irradiation run is carried out on the same
area as before, displaced only along the optical axis to provide a better focal position, is used
for the joining. However, an analysis of the underlying processes, the achievable bridging
heights, the usable glass types as well as the achievable mechanical bonding energy or joining
strength is not given in [27]. We believe that the same process of irreversible volume
expansion as described in this work is responsible. In contrast to [27] the process we have
described here works with a single irradiation of the joining area and is therefore faster than
the process in [27]. Moreover, it is our opinion that a second irradiation at the joining seam
actually decreases the bonding strength, because the twofold irradiation introduces a larger
irreversible volume expansion and hence the induced stresses increase even further.
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Fig. 11. Cross sections of peeled off joining seams with focal spot within the upper glass plate
(a) and lower glass plate (b).

When compared with bonding energies provided by USP glass welding of prebonded
glass samples (without a gap) [26], the results here show that a prebonding is not necessarily
needed in order to achieve high bonding energies of the joint. A possible reason for this might
be that the first irradiation provides a joint between the glass plates that leads to a reduction of
the gap. Subsequent irradiation runs next to the first irradiation have to bridge an ever smaller
growing gap (in case of high surface quality). Thus it seems to be that high surface quality is
ideal to achieve such high bondage energies as shown by the difference between Soda Lime
glass and the other investigated glass types in Fig. 10. This means especially for glass types
such as Fused Silica or BF33 which have a low irreversible volume expansion (see Fig. 8) a
good surface quality has to be provided. Otherwise, the forces necessary to achieve the
bending of the glass parts for joining might be too high.

Of course there are several open issues that prevent so far a direct industrial
implementation of the here described joining process. These issues are pointed out in the
following. First of all the experiments conducted here were intended to be proof of concept.
That is why as of now we cannot give reliable values as to the bridgeable height. As can be
determined from Fig. 5 and 9 the bridging occurs at heights of 1-4 Newton stripes in
reflection. These stripes correspond at white light irradiation to gap heights between approx.
130 nm — 1 um. Subsequent experiments are planned to answer this question in more detail.

However, independently of the actual gap width at which joining can be realized, it is still
clear that the bridgeable distance will not be much larger than probably 1 um. While in such
case the samples can be precisely positioned to each other it is yet unclear how to mount the
samples without optically contacting them as done in this work. A possible answer to this is
probably given in [7] where the samples were pressed onto each other by a large pressure. As
pointed out in the introduction due to mechanical tensions this could have reduced the
mechanical strength of the welding seam. Of course, it could have been that, unwittingly, a
similar process has been applied as described here or in [27], especially as the authors state
that the focal spot was focused directly onto the joining surface, which also results in a joint
(compare Fig. 11). Nonetheless, even if a gap of up to 1 um can be bridged, the waviness of
the glass plate has to be still quite small.

Finally, any mounting method striving to achieve such small gaps will have to be
characterized by measuring the gap width. While the measurement is quite easy while an
optical contact is present by counting the Newton stripes (assuming the gap grows
monotonically bigger), things become more difficult, if no optical contact is established.
Without optical contact present there is no reference height of zero gap from which to number
the Newton stripes for gap width calculation. Other ways to evaluate the gap are similarly
problematic. For confocal microscopy using near UV light the adjacent surfaces have to be at
least approximately 600 nm apart, otherwise the signals from both surfaces will overlap.
Similarly, conventional state of the art optical coherence tomographs using ultra-wide band
light sources achieve similar axial resolutions around 1 pm. The only apparent workaround is
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to measure the thickness of the glass plates separately before assembling them in the mount.
After mounting the samples the gap can be estimated by measuring the total width of the
mounted glass plate by subtracting the separate (beforchand measured) glass plate
thicknesses.

6. Conclusion and outlook

In this work a glass joining process based on ultrafast laser pulse irradiation is described that
does not require the preparation of optical contact as described in [11,26]. Instead, reversible
thermal expansion in combination with irreversible volume increase of processed glass is
exploited in order to bridge a small gap between the joining partners. This joining procedure
establishes Van-der-Waal forces as well as chemical bonds between the joining partners, thus
exceeding the pure Van-der-Waals bonding energy of a pure optical contact. The achieved
bonding energies ranged between 0.4 and 1.6 J/m?. The height of the gap to be bridged ranged
from 130 nm up to 1 pm.

The benefits of this glass joining process are that glass plates can be joined without the
need to establish optical contact. This is highly advantageous since without prebonding the
samples can be precisely aligned before joining, the prebonding step can be skipped and glass
samples can be used for joining that have a lower surface quality than necessary for optical
contacting, thus reducing the costs.

Of course, this is only possible insofar as long as the bending strain and the irreversible
bulging can cope with each other. As pointed out in section 5 this might be critical for Fused
Silica. However, as presented in [22] in Fused Silica oxygen bubbles are generated that can be
dragged along with the focus of the laser. This effectively means that the described glass
joining and gap bridging process can be conducted in such a way that gas bubbles are first
generated and collected inside the melt run for bridging the gap between the glass plates.

Nonetheless, the most interesting implication of the described joining process is the fact
that the bulging hot glass melt establishes Van-der-Waals bonds to the other joining partner
across the gap. The other joining partner does not have to be necessarily glass. It should be
sufficient, if it is a material that is wettable by molten glass and has a melting point that is
either higher or lies in a similar range as achieved temperature of the surface which may be
lower than melting point of the glass itself. If the material is wettable by glass, Van-der-Waals
forces will be provided effectively creating at least a prebonding by optical contact. Molecular
diffusion or creation of chemical bonds is in such case not really necessary. This way, the
described method can open possibilities to join chemically dissimilar materials with glass. In
this regard there exist several publications that describe the joining of dissimilar materials
with glass such as silicon-glass [15], metal-glass [28] or ceramics-glass [29] and it is very
likely that the herein described method should work also for these material combination or
that similar processes as described here can be found also in those processes. However, the
here described method should be also theoretically applicable for joining of mechanically
hard materials such as diamond or tungsten carbide or materials with slightly lower thermal
damage threshold than glass such as joining of Fused Silica with UV-transmissive salts or
nonlinear optical crystals.
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