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1. Introduction

Glass is widely used for different applications in medical,
optical and electronics industries due to its excellent physi-
cal and chemical properties. In fabrication process of glass
components, joining is often involved, and there exist a
range of joining processes of glass, including adhesive bond-
ing [1], anodic bonding [2], glass frit joining [3], optical con-
tact [4], eutectic bonding [5], diffusion bonding [6] and
welding [7,8]. However, most of these procedures cannot
provide the required joint performances due to the intrinsic
limitation of the additive materials [1,3], the process
throughput [6], poor shock resistance [4], necessity for high
temperature heating [2,5,6], limited spatial resolution [2,6]
and so on. The most promising joining procedure is welding,
since it provides monolithic joint structure with high
throughput and high spatial resolution. However, despite the
superiority of welding among existing joining processes in
principle, glass is characterized to one of the most difficult
materials for welding due to its brittle property, causing
cracks by the thermal stress [11-13]. Thus crack-free laser
welding of glass was limited to glass having small CTE like
fused silica, while CW laser welding of glass was reported
many years ago [9,10].

In parallel to the rapid progress in USP laser technology
at the beginning of the 21% century [14], a variety of revolu-
tionized materials processing technologies have been devel-
oped based on nonlinear ionization process using USP lasers
[15,16]. In glass welding, USP lasers have also changed
glass from one of the most difficult-to-weld material to very
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suitable material by developing breakthrough welding pro-
cedure, which allows not only crack-free welding but drastic
downsizing for fused silica [17] and shortly borosilicate
glass [18,19]. However, the underlaying mechanisms for
crack-free welding of brittle material by USP laser was un-
known at that time, remaining a mystery for a while. The
mystery was solved by a thermal stress model [20,21], show-
ing that the shrinkage stress, which is responsible for the
cracks in laser welding of glass, is suppressed, if the molten
pool with no free-surface is produced in welding process by
nonlinear absorption process.

Recently, laser welding technology of glass has pro-
gressed rapidly, providing excellent joint performance with
versatility, as is reviewed in a lot of publications [7,15,16,
21-26]. However, the laser-matter interaction in laser weld-
ing of glass has not been fully understood yet, since the
welding processes using USP lasers are complexly affected
by the laser-glass interaction, which includes linear [7] and
nonlinear ionization processes [27-29], plasma shielding
[30-32] and heat, material and radiation transfers from the
melt glass [33,34]. It is expected that better understanding of
the laser welding process will, without any doubt, facilitate
the further progress of the future laser welding technology
of glass.

In the present paper we overview the advances of laser
welding technology of glass in the past two decades from
scientific and technological points of view. The paper is or-
ganized as follows. Section 2 classifies welding modes of
glass depending on the laser intensity, and Sections 3
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describes the glass/glass welding by CW laser. Section 4 de-
tails the laser-matter interaction in the glass/glass welding
by USP laser, which includes non-linear absorptivity, laser-
absorption dynamics, the thermal stress model in glass weld-
ing and gap bridging in non-optically contacted samples.
Some recent applications of glass/glass welding by USP la-
ser are also demonstrated. Section 5 describes welding of
dissimilar materials. Section 6 gives summary and outlook.

2. Glass welding modes

Glass can be welded by CW laser and USP laser to which
the glass is opaque and transparent, respectively (Fig. 1). In
CW laser welding of glass, the laser energy to which the
glass is opaque is absorbed at the glass surface by linear pro-
cess to provide the molten pool having a free-surface (Fig.
la,b) similarly to metal welding [7]. The weld bead pro-
duced by CW laser is rather macroscopic, since the extended
temperature field is developed under the energy balance be-
tween CW laser and heat diffusion. Crack-free welding is
limited to glass having small CTE due to cracks caused by
shrinkage stress based on the thermal stress model (Section
4.3) [20]. On the other hand, it has an advantage that even
glass substrates with large gap can be successfully welded
together by feeding filler glass unlike the case of USP laser
welding (Section 3.1) [8].

CW laser welding is classified into two modes: (a) ther-
mal conduction mode and (b) keyhole mode depending on
the surface temperature of the molten pool Ts [7]. The for-
mer (a) is produced when Ts < Ty (Ts = boiling temperature
of glass) where the interior of the bulk glass is heated by the
conduction from the substrate surface, and the latter (b) is
produced when Ts 2 Tg. In this process, the melt pool sur-

face is depressed to generate a “keyhole” by the evaporation
recoil pressure [35], which is caused by the thousands times-
volume expansion from the liquid phase to the gas phase. In
this welding mode, the interior of the bulk glass is heated
directly by the laser beam, enabling welding of thick glass
plate in a single-pass.
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Fig. 1 Laser-matter interaction in laser welding of glass and typical
weld bead dimension where molten pool has (a,b) a free-surface and
(c,d) no free-surface in laser welding of glass.

In USP laser welding of glass, the laser energy to which
the glass is transparent is absorbed nonlinearly in the limited
region near the focus [27-29] where the laser intensity is
high enough to trigger nonlinear ionization. Then only the
region near the interface is selectively melted without add-
ing absorption material. As the result, a molten pool having
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no free-surface is produced (Fig. 1c) unlike the case of CW
laser welding. In this welding mode, crack-free welding of
glass is realized independently of its CTE, because the
shrinkage stress is suppressed in USP laser welding as will
be detailed in Section 4.3(c) [20]. In this case, however, the
gap between the glass substrates has to be kept small enough
to avoid the plasma ablation [36] and the free-surface in the
molten pool. Besides nonlinear absorption makes the weld
bead size much smaller than CW laser welding, making the
microwelding technologies so attractive especially in lab-
on-a-chip or MEMS applications (see Sec. 4.5), for instance,
since the laser energy is deposited before the heat diffusion
time.

In dissimilar material welding (glass/metal or glass/Si),
internal melting mode (molten pool having no free-surface)
is also produced at laser intensity below the threshold of
multiphoton ionization (MPI) of glass (Fig. 1d). This means
that internal melting mode is realized not only by USP laser
but by ns pulse laser. In this process, the laser energy is first
absorbed at the surface of the opaque material (metal or Si)
by linear process to heat above Tg, and then the glass is
mixed with hot metal (or Si) to provide the mixture having
the lowered band gap energy. As the result, the laser energy
is absorbed also in the glass region by linear process, as will
be discussed in Section 5. However, the melt splash can eas-
ily occur to deteriorate the weld quality, if the absorption co-
efficient a of the opaque material increases sensitively as the
temperature rises like Si.

3. Glass/glass welding by CW laser
3.1 Thermal conduction welding mode

In CW laser welding, CO, laser with a wavelength of
10.6 pm is used, which has larger diffraction limited focus
spot size. Then rather larger weld bead size (typically mm)
is produced, since the weld bead is produced by larger defo-
cused laser beam, and the extended temperature field is pro-
duced by the heat balance between the absorbed laser energy
and the heat diffusion. Besides crack-free welding is limited
to glass having small CTE like fused silica, since the molten
pool having a free-surface causes the shrinkage stress to gen-
erate cracks when cooled down to room temperature, as dis-
cussed in Section 4.3(a).

Thick fused silica plates (10 mm thick) for corner cube
was spot-welded using CW-CO; laser [37]. Average laser
power of 20~70 W with 300 pm in diameter were irradiated
with an optimized time-dependent irradiation programed to
obtain spot welding in a thermal conduction mode. In this
process, the thickness of the glass plate was reduced to
800pm by supersonic drilling at the incident side, and hence
the shallow molten pool of the thermal conduction mode can
reach the partner plate. Mechanical strength of 10~30 kg was
obtained for each weld spot. It is noted that the laser-welded
glass pieces are pulled each other by the shrinkage of the
molten material in cooling processes to provide visual opti-
cal contact, by which the stiffness of the weld joint is greatly
increased. This results in an excellent angular stability of the
reflected light of 1.87 sec in the laser welded corner cube
with a temperature variation of -60 ~ +40 °C.

Optical fibers were welded to an array of collimator
lenses for fiber optical rotary joints (FORJ) by CW-CO; la-
ser [38]. The welding technology was developed for the al-
ternative of the existing adhesive bonding, which had
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disadvantages including the limited mechanical strength and
the refractive index change with temperature causing the in-
crease in the back reflection of the optical signal. The laser
welding system was designed to allow a minimum fiber
pitch of 1 mm using a ring-shaped laser beam by Schwarz-
schild objective to heat the circumference of the glass fiber
uniformly. The cross-section of weld joint shows the optical
fiber is uniformly welded to the substrate by the thermal con-
duction mode with an excellent concave weld seam (Fig. 2).
The mechanical strength of the welded optical fiber was as
high as 326 MPa, which is much higher than the adhesive
bonding of 33 MPa [39]. Back reflection of the optical trans-
mission was also reduced by a factor of 10 in comparison
with the adhesive bonding.

1 mm
=

Fig. 2 (a) CO; laser beam profile for welding the circumference of
the glass fiber provided by Schwarzschild objective. (b) Cross-sec-
tion of optical fiber welded to glass substrate.

Versatility of the CW laser welding is greatly enhanced
by feeding glass fiber as the filler material in welding of
glass plates having large gap [8]. A corner welding of fused
silica plates was developed with a thickness of 2.1 mm at
welding speed of v =50 mm/min where the surface temper-
ature is monitored for a PID (Proportional-Integral-Differ-
ential) feedback control to set the laser power at 200 Hz. In
this process the surface temperature was kept below boiling
temperature of the glass Tg (2230 °C) to avoid the deposition
of the sublimated powder around the weld zone, so that the
post polishing process is removed. The glass fiber with pol-
ymer coating of 50 um thickness, which can be evaporated
during welding process, was also used for avoiding breaking
of glass fiber during feeding with highly reproducible feed
rates. The corner gap is successfully filled, providing the
excellent surface quality.

3.2 Keyhole welding mode

Figure 3(a) shows the keyhole welding in 96%-silicate
glass (Vycor 7913, Corning) without cracks after cooling
down to room temperature due to small CTE of the glass (a=
7.5 X 107 K" [10]. Note that more than 10 welding passes
are needed to weld 15mm thick glass plate with the thermal
conduction mode [8], and that weld depth can be controlled
exactly by changing laser power with monitoring the weld
depth from the side.

Figure 3(b) shows the keyhole welding in soda-lime
glass by CW-CO; laser beam with a focus diameter of 0.3
mm at different laser powers. Keyhole welding process can
be directly observed at much higher spatial and temporal res-
olutions [10] than the X-ray transmission image in metal
welding [40]. It is noted that no cracks are produced during
welding enabling direct observation of the keyhole with high
spatial and temporal resolution, while cracks are produced
in the glass sample after cooled down to room temperature
due to the large CTE of the glass. The welding mode changes

65

from thermal conduction mode into a keyhole mode at the
laser power higher than 50 W, which corresponds to =7 X
10* W/cm?, approximately 2 orders smaller than typical
metal welding due to the smaller thermal conductivity of
glass [7]. Molten glass flow and spiking [40] in the keyhole
which are similar to metal welding [41] were observed.
While the welding process observed in glass is different
from that of metal due to difference in thermal properties
from metal, the direct observation could give some hints for
understanding and improving the keyhole welding process.

(a)

(i)20mm/s (ii)20mm/s (iii)30mm/s (iv)40mm/s

(i)sow (ii)7ow (iii)100W (iv)120W

Fig. 3 Direct observation of keyhole in CW-CO; laser welding ob-
served in (a) Vycor glass at different welding speeds v (laser power
W =90 W), and (b) soda-lime glass at different laser power W (v =

70 mm/s).

4. Glass/glass welding by USP laser

First glass welding by USP laser was reported by Tamaki
et al. using fs pulse laser in fused silica at a low laser pulse
repetition rate of f = 1 kHz, opening the door to the new
welding world [17]. The advantages of glass welding by
USP laser are downsizing of the weld bead and crack free-
welding of glass independently of glass CTE. The former is
because the laser energy is absorbed in the pulse duration
much shorter than the heat diffusion time, providing signifi-
cantly smaller weld bead size (typically tens to a hundred
um) than CW laser welding. The latter is caused by nonlin-
ear absorption process, which produces the molten pool with
no free-surface, as will be described in Section 4.3.

4.1 Nonlinear absorption in USP laser welding of glass

Although USP laser welding of glass at a low pulse rep-
etition rate of f = 1 kHz was also reported in several papers
[42-44], the weld joint strength was so low, since the weld
bead contains some cracks in the surrounding area due to the
tensile stress produced by USP laser impingement [20].
Meanwhile Schaffer et al. [45] reported a heat accumulation
effect at higher pulse repetition rates, showing that the melt
volume increases with the laser pulse number to make the
welding faster and more reliable. It was also proven that
cracks produced by the first pulses can be cured by the fol-
lowing laser pulses with multipulse irradiation in heat accu-
mulation regime [20].

Figure 4 shows a typical cross-section of borosilicate
glass welding by USP laser in heat accumulation regime, ex-
hibiting a dual structure consisting of the extended inner
structure and the elliptical outer structure. The thermal
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conduction model [46] revealed that the laser energy is ab-
sorbed in the inner structure (plasma region), where the net-
work modifier is enriched around its contour since the diffu-
sion coefficient of the network modifiers is larger than that
of the network formers [47,48]. It is noted that the length of
the laser absorption region /, which is significantly longer
than the Raleigh length zr [46], increases with increasing the
absorbed laser power Wa, (Fig. 4¢) due to the increased con-
tribution of avalanche ionization [49] as will be detailed in
Sec. 4.2. The outer structure is a heat affected zone (HAZ)
where the forming temperature (viscosity: n < 10* dPas) is
reached [46].
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Fig. 4 (a) Cross-section of weld region by USP laser showing dual-
structure. (b) Simulated contours of inner and outer structures cor-
responding to the laser absorption and the melted region, respec-
tively (zr = Rayleigh length). (c¢) Length of inner structure / plotted
vs. absorbed laser power Wab. As Wap increases, / increases where
the absorbing plasma moves dynamically (f = 500 kHz, t, = 10 ps,
A =1064 nm, Qo= 1.59 puJ, v=20 mm/s; D263).
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Nonlinear absorptivity has been evaluated by several au-
thors to determine the effect of pulse energy Qo [46,50],
pulse repetition rate f [46,51,52] and the double pulse irradi-
ation [53,54] of USP laser. These results show heat accumu-
lation effect increases not only the melt volume [45] but the
non-linear absorptivity and the length of the absorbing re-
gion (Fig. 5) [46].

USP laser also enables crack-free welding of dissimilar
glass/glass having large difference in thermal properties in-
cluding CTE, thermal conductivity and melting temperature
as shown in Fig. 6 [25]. In this process, laser energy is ab-
sorbed in both glasses by nonlinear absorption process to
provide the dual-structure, while the discontinuity of the iso-
thermal lines is found at the interface.
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Fig. 5 Nonlinear absorptivity plotted vs. Qo at different values of
pulse repetition rate f. Solid lines show experimental values Agx,
and closed circles simulated values Acal (tp = 10ps, A = 1064nm, v
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Fig. 6 Examples of dissimilar glass/glass welding by USP laser
with OC (with courtesy of Richter et al.).
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4.2 Ionization dynamics in USP laser welding of glass

Observation of the plasma by a high-speed video camera
[49,56-58] shows that a small plasma ball appeared near the
focus moves toward the laser source periodically pulse by
pulse in USP laser welding of glass in heat accumulation re-
gime (Fig. 7a [49]). The snapshot of the plasma superim-
posed onto the modified structure (Fig. 7b,c) showed that the
plasma moves just within the inner structure in accordance
with the thermal conduction model [46].

Numerical simulation of the dynamic plasma behavior at
high pulse repetition rate is very complex, because the
plasma temperature reaches many thousands “C where ther-
mal ionization plays an important role. This means that the
thermal conduction of the plasma in glass has to be taken
into consideration in evaluating the evolution of free-elec-
tron. The time evolution of free-electron density in conduc-
tion band under the influence of the laser light has been sim-
ulated based on the rate equation model [49,56], assuming
Gaussian beam propagation [60] and that free-clectrons are
gained by multiphoton ionization (MPI) [61], avalanche ion-
ization [27] and thermal ionization [30], and is lost by re-
combination [62].
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Fig. 7 (a) High-speed movies in internal melting of borosilicate
glass by fs-laser taken at 5 X 10* f/s (frame numbers are relative).

(b) Cross-section and (c) a snap shot of plasma superimposed to (b)
(f=1MHz and Qo= 2.5 pJ, v =20 mm/s).

Figure 8 shows the variation of the axial temperature dis-
tribution T(0,z,t) and the absorbed laser energy p(0,z,t) in the
plasma in the heat accumulation regime simulated based on
the thermal conduction model coupled with the rate equation
model [63]. In this simulation, it is assumed that the free-
electrons are generated by thermal ionizations in addition to
multiphoton and avalanche ionization. The simulated values
are relative, since the physical properties of glass were as-
sumed to be constant, for simplicity. A small plasma gener-
ated near the focus moves toward the laser source as the
number of the laser pulse n increases in accordance with the
experimental observation shown in Fig. 7. Such a plasma
motion occurs, because the laser absorption p(0,z,n) concen-
trates near the front face of the plasma to generate free-clec-
trons by thermal ionization. The amplitude of the cyclic
plasma motion increases as the number of the plasma cycle
increases due to the increased heat accumulation (not shown
here), providing the weld bead extended along the optical
axis. This suggests that the plasma can be sustained even at
locations far away from the focus where the contribution of
MPI is negligible to make the laser absorption region much
longer than zr (Fig. 4). The free-electrons near the plasma
front are mainly supplied by the thermal ionization to seed
avalanche ionization in the heat accumulation regime.

4.3 Thermal stress in glass welding

Here a thermal stress model in laser welding of
glass/glass is described in some detail with supplementary
explanation of Ref. [20], because the effects of a free-surface
of the molten pool on the thermal stress has never discussed

67

before the advent of USL laser technology in the long history
of welding technology.
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Fig. 8 Axial distribution of the specific absorbed laser energy
p(0,z,t) and plasma temperature T(0,z,t) simulated at different pulse
number n assuming Teon = 10 fs (f=1 MHz, Qo=4 pJ, A = 1064
nm, T, = 10 ps, v =20 mm/s, D263) [63].

(a) Thermal stress model

Figure 9 schematically illustrates the thermal stress in an
H-type restraint specimen [64] where the heating region A
is thermally separated from the surrounding cold region B,
and A and B are connected to a rigid body (Sa << Sg: Sa and
Sp are the cross-sectional area of A and B, respectively).
Here the thermal stress o4 in A is solely discussed, since the
thermal stress op in B is much smaller than 64 due to Sa <<
Sg. Figure 10 shows o4 plotted vs. temperature T under the
assumptions below for simplicity:
(i) glass is completely elastic with a constant Young modu-
lus of E = Ep in a temperature range of To< T < Trer, and
plastic with E=01in T 2 Tpek so that the melt glass deforms
freely where To=room temperature and Tpeir= melting tem-
perature, and
(i1) cracks are produced by the tensile stress since Grpc >>
Grup,t [65] where orpc = compressive strength and Gy =
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tensile strength of glass. The thermal stress in laser welding of
glass depends on whether or not the molten pool has a free-sur-
face as shown below.
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Fig. 9 Schematics of thermal stress induced in an H-type specimen
with a length of / at different temperatures where the molten pool
has (a) a free-surface and (b) no free-surface. The tensile stress ca
is produced when cooled down to To, if A is plastically deformed at
T = Tmelt (+: tensile stress, — : compressive stress).

(b) Molten pool having free-surface

In glass welding where the molten pool has a free-sur-
face, which corresponds to CW laser welding (Fig. 1a,b) or
USP laser welding with air gap in Fig. 1c, the compressive
stress o4 is produced in the heating process of To = T < Tels,

since the thermal expansion of A is restricted by B. oa is
given by (o = CTE of the glass; ga = -Al/[I+Al] = -Al/])
oa=¢eaBo=- aEo (T - Tp), (1)

which increases along O — P in Fig. 10(a). It is noted that
oa is completely released by the plastic deformation of the
molten pool (P — Q) on melting (T = Tmer), because the
molten glass having a free-surface deforms freely. Further
temperature rise (T > Tmer) keeps ca=0 (Q = R).

In the cooling process (T < Tmei) Where elasticity is re-
gained on solidification, the tensile stress ca given by

OCA— SAEO = (Tmen - T) Eo (2)

increases along Q — S. In the glass having large a like bo-
rosilicate glass, cracks are produced when ca reaches Gy,
at S’. However, no cracks are produced in A, if a is small
enough to provide o (Tmeit- To) Eo < Grp,t, as shown by a blue
line (Q — S”). It is noted, however, that the weld joint
strength is decreased, since the tensile stress Oresia= O (Tmelt
—To) Eo (residual stress) is left in A at T =Ty to decrease the
weld strength, as is illustrated in Fig. 15. This suggests that
a post annealing process is recommended even if cracks are
suppressed in CW laser welding or USP laser welding with
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air gap, since the weld region has the residual tensile stress
Cresid SO that the weld joint strength is reduced or the thermal
deformation of the weld joint can occur, as typically ob-
served in metal welding process. This is the well-known
mechanism of the shrinkage stress formation in CW laser
welding having free surface in the molten pool [12,13].

Laser beam

Stress o,

Laser beam

A
Molten pool!
without free-surface

o

—
S

Tmen
|

Stress o,
a

! Temperature T

P

Fig. 10 oA vs. temperature with the molten pool having (a) free-
surface (CW-laser) and (b) no free-surface (USP laser). Blue and
black lines correspond to glass with smaller and larger CTE,
respectively (+: tensile stress, — : compressive stress).

It is concluded that the shrinkage stress in A is produced
by the plastic deformation of the melt glass (P — Q), if the
molten pool has a free-surface. In other words, cracks or re-
sidual stress can be suppressed by preventing the plastic de-
formation of the melt pool.

(c) Melt pool having no free-surface

The molten pool having no free-surface is an “unex-
pected welding mode” in the conventional welding technol-
ogy before the advent of USP laser welding. While G, in-
creases linearly along O — P again, it continues to increase
along P — P’ even after melting (T = Tmeir) as shown in Fig.
10(b), unless B is damaged by the thermal expansion of A.
This is because the molten pool having no free-surface can-
not be plastically deformed by the isotropic pressure in the
molten glass despite that the molten glass itself is plastic. It
should be emphasized that no residual stress is thus pro-
duced when cooled down to room temperature so that the
post annealing process is not needed, because the elastic de-

formation is reversible (O = P”).

Figure 11shows the weld bead strength G plotted vs.
the averaged absorbed laser power Wy, with Foturan glass,
showing that o decreases with increasing Wap, [51]. This
is because the region B is partially damaged or weakened by
the tensile thermal stress produced in heating process at ex-
cess values of W,

The validity of the thermal stress model shown in Figs.9
and 10 was examined by focusing USP laser near the bottom
surface of the tilted glass sample with the horizontal focus
motion (Fig. 12). While no cracks are produced when the
molten pool stays in the bulk glass [A]. Cracks are produced
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when the molten pool is exposed to the bottom surface to
have a free-surface [B], verifying the model [20].
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Fig. 11 Mechanical strength of internally melted single glass sam-
ple and overlap-weld joint plotted vs. average absorbed laser power
Wab in Foturan glass.

It is noted that the molten pool having no free-surface
can be also produced by ns-laser pulses in dissimilar welding
of glass/metal [66,67] or glass/Si [68], as will be described
later. In this process the internal melt pool can be produced
by the linear absorption process at metal or Si, enabling
crack-free welding as shown in Fig. 1(d).

(a) Laser
beam
—

Glass sample

[A]

[B]

Fig. 12 (a) Experimental set up. (b) Result of laser-irradiation: [A]
no cracks in internal melting, and [B] cracks are produced when
the molten pool is exposed to the bottom surface (f=1 MHz, Qo =

1.6 wJ).

4.4 Gap bridging with non-optical contact (NOC)

Optical contact (OC) is an ideal sample preparation to
produce the molten pool having no free-surface for prevent-
ing the cracks or the residual tensile stress in USP laser weld-
ing of glass. In practical applications, however, it is not easy
to realize OC across the interface having especially a large
area or curved surface structure. While the mechanical force
was applied to realize OC in the early work in USP laser
welding [17,68], the weld strength was significantly lowered
especially when the applied force is nonuniform, because the
nonuniform force provides the residual stress in the weld re-
gion. Recently the gap bridging with NOC in welding
glass/glass has been reported by several groups [36,69,71,
72] as shown below.

Cvecek et al. found that a high temperature bulge is irre-
versibly produced by focusing USP laser near the glass
plate’s surface, and can bridge the gap of approximately up
to lpum in in different glass substrates including BF33, soda-
lime and fused silica (Fig. 13) [69]. The crack opening test

69

showed the average bonding energy reaches 1.5 ~ 2 J/m?,
which corresponds to the value attained by the diffusion
bonding at 800 °C [70]. The weld samples separated after
welding showed the material come from the partner plate at-
tached to the bulge surface, suggesting the glass substrates
were joined strongly. The similar joining process was also
shown by Bovatsek et al. [71], while twofold laser irradia-

tions are necessary to achieve joining.
A

Fig.13 Cross-sections of pealed-off sample welded by the bulge in
(a) soda-lime glass and (b) BF33. A: additional material come from
partner plate and B: molten zone (Way=2 W, 1,= 10 ps).

The gap can be bridged with filling by the molten glass
generated within the glass plates. J. Chen et al. determined
the bridgeable gap in the single-pass USP laser welding of
fused silica using samples prepared precisely by an etching
technology [36]. They showed that the overlap welding of
glass plates having gap is classified into four groups: (A)
plasma ablation, (B) HAZ (heat affected zone) ablation, (C)
intermittently welded and (D) continuously welded (suc-
cessful welding), as seen in the inset of Fig. 14. Figure 14
indicates the weld bead obtained at different values of gap G
(depth of groove) and pulse energy Qo at f = 400 kHz with
the fixed laser focus position in fused silica, showing that the
pulse energy Qo needed for the continuous welding (D) in-
creases linearly with increasing the gap.
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Fig.14 Parameter map illustrating the classification of weld re-
sults with varying pulse energy Qo and gap distance G in fused
silica. The inset shows four different welding patterns (f =400

kHz, A = 1030 nm, 1, =5.9 ps) (with courtesy of J. Chen et al.).

Richter et al. also determined the bridgeable gap in the
single-pass USP laser welding of fused silica with NOC at
an average laser power of W,,= 8 W [55]. It is seen that the
gap up to approximately 3 pm can be bridged, which is com-
parable to Ref.[36]. They also compared the weld joint
strength between OC and NOC glass samples, showing that
NOC samples provide 10 ~ 15 % smaller mechanical
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strength than that of OC (Fig. 15). The thermal stress model
discussed in Section 4.3(b) [20] suggests that the decrease in
the weld strength of NOC is caused by the residual tensile
stress Gresia Shown in Fig. 10(a), because the molten pool in
NOC samples has a free-surface.
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® without optical contact
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Fig. 15 Comparison of breaking strengths between OC and NOC
laser-welded fused silica samples welded at different values of line-
spacing in comparison with the pristine bulk material (with cour-
tesy of Richter et al.).

In the above two gap bridging examples [36,55], we
should note that fused silica was used, whose CTE is small
enough to avoid cracking even by CW laser welding (Sec-
tion 3). In order to demonstrate the effect of the free-surface
of the molten pool produced by the gap in glass having large
CTE on crack formation, an experiment was carried out us-
ing variable gap G in borosilicate glass (CTE = 72 X 107
K1) [20]. As shown in Fig. 16, cracks are produced in G >
0.26 um, although the gap can be geometrically bridged at
least up to G = 1.2 pm (left edge of Fig. 16b). This suggests
that cracks are produced by the shrinkage stress, even if the
gap is geometrically bridged in a single-pass welding of
glass having large CTE.

- -

Fig. 16 (a) Setup for welding glass substrates with variable gap in
single-pass USP laser welding of D263. (b) Transmission images
of'the laser welded sample observed at 532nm are shown (A = 1064
nm, T, =10 ps, Qo= 1.6 pJ, f=1 MHz, v = 20 mm/s).

Recently, H. Chen et al. developed a novel USP laser
welding procedure that allows bridging of large gap in soda-
lime glass having CTE as large as 90 X 107 K™! [72]. They
used a galvanometer for multiple-scanning of a focused laser
spot coaxially with the outer radius of R to generate a hori-
zontally extended molten pool as shown in Fig. 17. The mol-
ten glass filled the gap as large as G = 10 um (corresponding
to natural stack), which was reduced to the final gap of Gr=
2.8 um after welding without visible cracks. It is considered
that the crack-free welding is realized using this welding
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system, because the coaxial laser spot-scanning generates a
radially descending gentle temperature distribution in the
molten pool in the gap space, so that a molten pool sur-
rounded peripherally by the solidified glass (molten pool
having no free-surface) is produced. This is contrastive to
the case of the single pass welding [20,36,55] where the
whole gap space is filled with melt glass (molten pool with
a free-surface: Fig. 16). However, we should note that a neg-
ative pressure could be produced in the molten zone since
the final gap space of Gr has to be filled with the limited
amount of the melt glass volume, resulting possibly in the
decrease in weld joint strength or even cracks in the weld
region, if the final gap is not small enough. Further study is
needed to increase the bridgeable gap without cracks or de-
crease in the joint strength.

Fig. 17 Microstructure of the weld area with radius R = 0.3 mm (G
=10 um). (a) Top view by a transmission microscope and (b) the
transvers SEM image of the weld bead showing final gap of Gr=
2.8 pm (A=1064 nm, 1,=10 ps, Qo= 12 pJ, f=1 MHz). Reprinted
with permission from [72]. ©2019 by The Optical Society of Amer-
ica.

4.5 Applications of USP laser welding of glass

The development of USP laser glass welding technology
has been driven by its excellent weld properties including
hermeticity, minimized weld bead size and high joint
strength attained at high throughput, which are important in
industrial applications including microelectronics, optics
and medical. Here some published applications of USP laser
welding of glass are introduced, while most of them are of
laboratory demonstration at the moment.

One of the most attractive applications using USP laser
is fabrication of 3D microfluidic structures inside the glass
combined with selective etching process [15,16,73]. How-
ever, the drawback in this process is the extremely low etch
rate (typically 300 pm/h in KOH [73]), and thus even a few
days are needed for completing the development of a micro-
structure. The drawback can be removed by an appropriate
combination of 2D planer structures with USP laser welding
for manufacturing embedded 3D structures. A rapid and re-
liable 3D fabrication method of glass microfluidic device
was developed where glass plates with 2D planar channels
produced by laser assisted selective etching [74] or microm-
achining by laser ablation [75] are combined with direct la-
ser welding. By this approach, fully-functional microfluidic
device can be fabricated in less than two hours [75]. The
process provides much higher bonding strength than con-
ventional adhesive bonding methods like polydime-
thylsiloxane (PDMS) devices [76]. This fabrication method
has potential to be used for glass microfluidic devices in
harsh environments where PDMS microfluidic devices can-
not endure.

Recently, a novel packaging process using USP laser
welding has been developed for assembling an implantable
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blood pressure sensor. The sensor contains a membrane type,
passive device using the change in the capacitance caused
by the membrane deformation due to blood pressure [77].
Components of the sensor such as inductors and capacitors
were fabricated on two quartz glass substrates, which were
welded into a single package using ps pulse laser in heat ac-
cumulation regime. The weld bead size of 100 pm allows a
drastic reduction in the sensor size. After welding the sen-
sors are cut by the same laser to separate from the glass wa-
fer to the designed size (4 x 16 x 0.75 mm), which is im-
plantable into the femoral artery.

A novel assembling procedure for the endcap of optical
fibers with further downsized welding [78] has been devel-
oped using fs pulse laser to increase the damage threshold of
the optical fiber. In this process, the glass is melted with ex-
tremely high spatial resolution by the optical filamentation
which arises from a balance between Kerr self-focusing and
plasma defocusing [79]. The major benefit of using filamenta-
tion for welding is that the heating is strictly confined to a very
narrow filament region with little effect on the core regions. In
order to evaluate the weld joint strength for standard optical fi-
ber, welding was performed between silica rod with 240 pm di-
ameter, for instance, and glass plate with OC where an annular
welding was performed by 57 passes of spaced 2 pm apart in a
spiral motion to provide 10 pm diameter of the optical trans-
mission window (core) as shown in Fig. 18. The tensile test
showed the weld joint strength of approximately 10 MPa was
obtained. The method has been demonstrated for not only above
standard fiber but microstructured optical fiber (MOF), which
is used in the generation of supercontinuum [80]. In MOF the
endcaps can also seal the air-holes and thus prevent their pro-
gressive degradation due to OH diffusion inside the glass. In
assembling the endcap for MOF, weld lines were successfully
written by ten weld lines spaced by 1 pm in the outer narrow
ring (25 pum thickness) between the air-hole ring and the fiber
circumference.

Laser

Tiber tip in optical contact with glass
plate

Optical
transmission
window

‘Weld lines.

Fig.18 Illustration of USP laser welding of the tip) to a glass plate
(tp =70 fs, A = 787 nm, f =250 kHz, Qo = 0.6 pJ, v=0.2 mm/s).

Reprinted with permission from [78]. ©2013 by The Optical Soci-
ety of America.

An USP laser welding procedure for assembling a protec-
tion cap of quartz glass has been developed by Trumpf Laser
GmbH, which prevents dirt from coming into contact with the
end surfaces of the fibers with a core diameter of approx. 0.1
mm, for instance [81]. Previously the lid of the protective cap
was bonded by glue, which does not remain cleanly on the edge
of the glass but some tiny glue droplets stray onto the inner wall
of the cap in the glue-handling process, leading to a high reject
rate in production. The economic effects of the new glass-
welding process are that optical transparency is no longer
obstructed by contamination without long-term embrittle-
ment of adhesive, providing much more durable solutions.
The process has been industrialized since 2016 in their own
manufacture of laser light cables with a plug having glass lid
thickness up to 6 mm, which transports average laser power
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up to 6 kW to a robot for the welding and/or cutting of metal
sheets.

(a)

".//'H P
(i* D

<

Weld bead

Fig. 19 (a) Glass protection cap assembled by USP laser welding.
Approximate 700 pieces have been produced by welding since
2016. (b) The silica fibers have a core diameter ranging from 100
to 600 um (with courtesy of Trumpf Laser GmbH).

5. Laser welding dissimilar materials

Molten pool having no free-surface can be also produced
in laser welding of dissimilar materials (glass/metal or
glass/Si), if the substrates are in close contact. In this process,
the laser energy is first absorbed at the surface of the metal
(or Si) substrate via linear process and then the glass is
melted by the transfer of the heat and the melt from the metal
(or Si). This means that the molten pool having no free-sur-
face (internal melting: Fig. 1d) can be produced using not
only USP laser but ns pulse laser, enabling crack-free weld-
ing.

5.1 Glass/metal welding

Glass/metal samples in close contact can be laser-welded
not only with non-heat accumulation regime [66,67,82] but
with heat accumulation regime [84-87]. Ozeki et al. com-
pared the joint strength of glass/Cu welding between fs laser
(tp= 130 fs) and ns (t, = 600 ns) laser at a pulse repetition
rate of f = 1 kHz where heat accumulation can be neglected
[67]. It is noted that the laser pulse energy needed for weld-
ing by fs pulse is more than two-orders smaller hence with
smaller HAZ than ns pulse, since the fs pulse energy can be
directly absorbed in the bulk glass through the filaments (Fig.
20) [83].
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Fig. 20 Weld joint strength plotted vs. pulse energy for joining non-
alkali glass/Cu at f=1 kHz. e: fs pulses (A =800 nm , 1,=130 fs).
o: ns pulses (A =527 nm , tp= 600 ns) [67]. Copyright (2008) The
Japan Society of Applied Physic.
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Heat accumulation makes glass/metal welding faster and
more reliable. Carter et al. [85] demonstrated the dissimilar
material welding with close contact with a variety of mate-
rial combinations between transparent material (fused silica,
borosilicate glass and sapphire) and opaque material (Cu, Al,
stainless steel and Si) with different CTE mismatches of
Rete (Rete = CTEmetat / CTEgass) in heat accumulation re-
gime. It is noted that successful welding was obtained with
different Rete ranging from Rete= 3.4 (Al6082 / BK7) to as
large as Rete = 47.1 (Al6082 / Si0») [86]. Figure 21 shows
the replotted shear test results where Ps(Vo) represents the
probability of surviving the applied shear force. Interestingly
the similar Ps(Vo) results were obtained between Rerg= 3.4
and Rere=47.1, suggesting that the large mismatch Rerg can
be compensated if the molten pool having no free-surface is
produced.

Based on a potential industrial requirement for thermal
cycling, thermal cycle tests were carried out between +90°
and —50 °C (1 °C min’!, 6 cycles), and after the thermal cy-
cling a 20 N shear force was applied to determine if the weld
retains sufficient strength [86]. The weld joint of A16082/
BK7 (Rcte = 3.4) survived the thermal cycle tests, although
cracks are produced to have potentially reduced the strength
of the bonds after thermal cycling. In the weld joint of
Al16082/Si0; (Rere=47.1), however, none of the weld sur-
vived thermal cycling, while it can survive a thermal cycle
in the welding process to provide joint strength comparable
to BK7 (Rere=3.4) (Fig. 21).
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Fig. 21 Weibull shear test results for laser welded A16082 / BK7
(Rcte=3.4) and Al6082 / SiO2 (Rcre=47.1) at 6.55 Wand 6.13 W,
respectively (with courtesy of Carter et al.).

Ciuca et al. analyzed in detail the ps laser-welded structure
of SiO»/Al in the heat accumulation regime (Fig. 22) [87]. It
is noted that the Al substrate is depressed at the interface,
suggesting that Al surface at the interface is heated above Tg,
and the molten Al flows into glass region by the evaporation
recoil pressure to produce SiO»/Al mixture. Such a melt pat-
tern is typical in dissimilar welding by USP laser, as is also
observed in glass/Si welding later (Fig. 24) [88]. Extensive
reactions in the weld zone are observed, which include nano-
crystalline Si, transitional alumina phases and crack-like
keyhole presumably caused by large CTE difference be-
tween SiO; and Al. It is rather surprising that dissimilar ma-
terials of large CTE mismatch of Rete=47.1 can be welded
by surviving the thermal cycle in the welding process, de-
spite that crack-like keyhole is produced, which appears to
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be cured by filling with the melt glass. This suggests that the
plastic deformation of Al occurs in solidification of Al un-
like the case of glass/glass welding. It should be also noted
that the plastic deformation is limited to a small region, be-
cause the total volume of the weld region does not change in
solidification process due to the molten pool having no free-
surface. However, the post process annealing is recom-
mended for removing the residual stress in welding of
glass/metal having large Rcre. Further study is needed for
optimization of glass/metal welding having large Rcrte.

Al oxide interface layer — 4

\Ferrich
N T in the Al plate

Fig. 22 Typical cross section of a single weld track in heat accumu-
lation regime, showing (a) an annotated BSE (backscattered elec-
tron)-SEM image of the main beam interaction area and surround-
ing area and (b) a corresponding color coded Al, Si, O EDS (en-
ergy-dispersive X-ray spectroscopy) map of the same region (with
courtesy of Ciuca et al.).

5.2 Glass/Si welding

Laser welding of glass/Si has been reported by many au-
thors [85,88-90] based on due to smaller Rerg along with
great interest in industrial applications.

(a) Prevention of melt Si splash

In glass/Si welding, a critical problem is melt Si splash
at high pulse energy caused by an excess evaporation recoil
pressure exerting on the molten Si layer at the interface, re-
sulting in the severely deteriorated weld quality [88]. While
the molten metal splash also occurs in glass/metal welding
at excess laser pulse energy [66], the melt splash in glass/Si
is more violent than glass/metal. This is because the laser
absorption coefficient as; of Si increases many orders of
magnitude by the temperature rise [91,92], resulting in fur-
ther temperature rise at the very surface of Si substrate un-
like the case of metal.

The melt splash of Si is affected by the duration 1, and
the wavelength A of the laser pulse. The local temperature
rise tends to occur more violently by ns pulses than USP la-
ser, because os; is increased by the temperature rise [91,92]
to provide the stronger evaporation recoil pressure during ns
pulse, while the temperature rise occurs after the pulse in
USP lasers. It should be also noted that as; increases as A
becomes shorter [93], making the surface temperate of Si
substrate higher. Figure 23 compares the surface appearance
of the laser-irradiated glass/Si sample between two extreme
conditions: ns at A = 532 nm and ps at A = 1064 nm. Alt-
hough significant melt Si splash occurs with ns at A = 532
nm, no splash is observed with ps at A = 1064 nm.



JLMN-Journal of Laser Micro/Nanoengineering Vol. 15, No. 2, 2020

50pm

N=10

N=5 N=1.5 N=1

Fig. 23 Appearance of Borofloat 33/Si irradiated by (a) A =532
nm, T, = 120 ns, (b) A = 1064 nm, t,= 10 ps.

Nordin et al. compared the shear strength of the glass/Si
joint with spot welding (separated laser spots) at different 1,
(ns vs. ps) and A (532 nm vs. 1064 nm) [90]. They showed
that 1064 nm and ps pulses provide higher joint strength than
532 nm and ns pulses, respectively, in accordance with Fig.
23, suggesting the difference in the weld joint strength is at-
tributed to the difference in splash tendency, while their ex-
planation is somewhat different. Interestingly it was also
shown that the combination of ps pulse and A = 1064 nm
provides the joint strength of spot welding as high as approx-
imately 200 MPa.

(b) Welding in heat accumulation regime

Welding speed can be increased in glass/Si in heat accu-
mulation regime at higher pulse repetition rates [88]. In the
heat accumulation regime, the laser energy is first absorbed
in the Si substrate by linear absorption process at the laser
intensity below the threshold of MPI of the glass similarly
to glass/metal welding [87]. Then the glass region is melted
by the transfer of the heat and the hot melt from the Si side,
producing the glass/Si mixture where the laser energy can be
linearly absorbed due to the lowered band gap of glass/Si
mixture as shown in Fig. 24. In this process, the melt Si
flows into the glass region along the curved solid Si surface
smoothly so that the melt Si splash is avoided.
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Fig. 24 Cross-section of welded D263/Si by ps pulses (N = 14).
Element analysis of (a) O and (b) Si. (c) SEM. (d) Schematics il-
lustrating the melt Si flow. Blue arrows show plastic deformation
of the melt Si at the interface by the recoil pressure of evaporation
(f=2MHz, Qo =2 pJ, 1p=20 ps and v =2 m/s).

It should be emphasized that the extremely high welding
speed can be attained in glass/Si welding at high pulse
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repetition rates. This is because the laser energy is absorbed
in a very thin molten region h (h < 10pum) around the inter-
face [88]. Figure 25 shows the weld joint strength of Bor-
ofloat 33/Si at f= 0.5 and 2 MHz plotted vs. the pulse num-
ber in a melt region N (= df/v; d = melt diameter, f = pulse
repetition rate and v = welding speed). The weld joint
strength of 50 MPa is maintained even at as small as N =7
with h = 10 pm, which is much smaller than typical
glass/glass welding (e.g. N = 1500 and h = 70 pm in Fig. 4),
enabling extremely high welding speed. It is also noted that
welding speeds even faster than 2 m/s (corresponding to
joining rate = 1 cm?/s) are possible using higher pulse repe-
tition rate because of v oc f.

While the weld joint strength 50 MPa shown in Fig. 25
is high enough for packaging applications, we should note
that 50 MPa is significantly lower than the values attained in
Ref.[89]. This could be attributed to the plastic deformation
of the molten Si region along the interface (Fig. 24d) based
on the thermal stress model.

Thanks to its high spatial resolution and high throughput,
glass/Si welding technology can be applied to wafer level
packaging, for instance. Since the laser-welded joint is
strong enough for vacuum sealing, the welded sample can
be singulated along the street by a standard mechanical dicer
as shown in Fig. 26. While anodic bonding [2,94] has been
widely used for joining glass/Si since its invention, it has
disadvantages having no spatial resolution and requiring
high temperature heating for long time under high electric
field. On the other hand, the USP laser welding of glass/Si
provides high spatial resolution without pre- and post-heat-
ing and electric field.
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Fig. 25 Shear strength of laser-welded Borofloat 33/Si sample plot-
ted vs. N (=fd/N) and v at f=0.25 MHz and f=2 MHz (tp= 20 ps,
Qo=3pJ).

6. Summary and outlook

Advances of laser welding technology of glass including
glass/glass and dissimilar welding (glass/metal or glass/Si)
in the past two decades has been overviewed. Table 1 sum-
marizes briefly the present status of CW and USP laser weld-
ing of glass/glass in terms of usable lasers, laser absorption
process, molten pool property, weldable glass, residual
stress, gap tolerance, weld bead size and future tasks.

CW lasers can be used for macroscopic welding of glass
having small CTE like fused silica. Then post process an-
nealing is recommended, since the molten pool having free-
surface produces residual stress due to the molten pool
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having free-surface caused by linear absorption process. Fu-
ture tasks of CW laser welding are technical developments
including higher throughput and the process control [8] for
process automation.

weld lines. Ultrasonic view
Blade dicing

N ——

- Blade dicin

Fig. 26 Laser welded grid pattern in Si/Pyrex at f=2 MHz and Qo
=1 pJ. Weld line of width 180 um consists of 20 weld lines. (a)
Appearance of sample singulated by a standard dicer. (b) Ultrasonic
examination. (c¢) Magnified picture of diced sample.

USP laser has realized crack-free glass welding inde-
pendently of CTE of glass along with drastic downsizing,
since the molten pool without free-surface produced by non-
linear absorption process provides no residual stress in the
weld bead. In order to move USP laser welding closer to an
industrially viable technology, however, systematic study of
parameter space for welding is still needed, since there are a
lot of parameters influencing the weld quality, which include
pulse duration t,, wavelength A, pulse energy Qo, pulse rep-
etition rate f, translation speed v, NA of focusing optics, and
focus position [86]. Further downsizing of the weld bead is

Table 1 Comparison between CW and USP lasers in glass/glass welding.

CW laser welding USP laser welding
Lasers Tp -fs or ps laser pulses at high
for weld- pulse repetition rates
ing A -Opaque to glass -Transparent to glass
(Typically 10.6 pm)
Absorption by -Linear process -Non-linear process
Molten pool has | -Free-surface -No free-surface
Weldable glass -Limited to low -Any glass independently
CTE glass of CTE
Residual stress -Residual stress is -No residual stress is pro-
produced (post pro- duced (no post annealing is
cess annealing rec- needed)
ommended)

-No limitation when
using filler glass
-mm-size

-Up to 10 um was reported,
but further study is needed

-Tens to hundred pm size

Gap tolerance

Typical weld
bead size
Future tasks

-Technological de-
velopments for
higher throughput
and automation

-Further study on laser-
glass interaction
-Industrially viable weld-
ing technology (e.g. gap
bridging without OC and
sensing technology for au-
tomation)

-Further downsizing of the

weld bead
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also needed, which is a bottleneck in miniaturization of the
microsystems such as MEMS and lab-on-a-chip, since the
weld bead size depends not only by nonlinear absorption
process but by the temperature field due to the heat diffusion
in heat accumulation regime. Close contact between glass
substrates will become more important especially in down-
sizing, despite recent efforts for NOC welding as is de-
scribed in Sec. 4.3. Automation of welding process is also
an important task where sensors for in-process monitoring
of the weld quality have to be developed, which corelate the
weld quality with optical or sound signals. For this purpose,
further fundamental study on USP laser-glass interaction is
needed, as is demonstrated in laser welding technology of
metal [95,96].

The laser welding technology of glass/metal or glass/Si is
basically in the similar situation to glass/glass welding by
USP lasers in the sense that successful welding requires mol-
ten pool having no free-surface [18,19], except that the laser
absorption process relies basically on linear process and that
the significant problem is melt splash. While both USP and
ns lasers can be used for this welding technology, USP laser
provides better results for suppressing the melt splash.

Despite of some technological tasks needed, USP laser
technology is now almost ready to move from laboratory
work to the industrial technology. It is expected that USP
laser welding technology will gain much larger market than
CW laser welding in near future.
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