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Laser welding of glass
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Abstract: Laser welding of glass enables monolithic joint structure 
providing excellent mechanical strength, high temperature stability and 
space selectivity in comparison with existing joining procedures without 
pre- and post-heating. For welding of glass, CW CO2 lasers and ultrashort 
pulse lasers (USPL) can be used. While CO2 laser welding can be used for 
welding glass with a small coefficient of thermal expansion (CTE) based 
on linear absorption process similar to metal welding, USPL is applicable 
to any glass without restriction of CTE based on nonlinear absorption. 
This chapter discusses laser-matter interaction, welding characteristics and 
applications of laser welding of glass.

Key words: glass welding, nonlinear absorption, mechanical strength.

11.1 Introduction

Glass can be welded without pre- and post-heating by two different approaches 
using continuous wave (CW) laser and ultrashort pulse laser (USPL) to which 
glass is opaque and transparent, respectively. In the former approach, the 
laser energy is absorbed at the surface of the glass plate by a linear process 
following the same principles as the laser welding of metal discussed in the 
other chapters. Some applications of glass welding by CW laser are described 
here, which include observations on keyhole-welding, spot welding for optical 
assembly and welding of optical fibers to a substrate.
 In the latter approach, USPL is absorbed within bulk glass by a nonlinear 
process due to multiphoton ionization followed by avalanche ionization, 
enabling internal melting of glass plate without giving any damage at the 
surface of the glass plate. The internal melting by USPL has been attracting 
much attention due to its unique absorption process and thereby an innovative 
welding technique for glass has been realized by the recent advancement 
of USPL technologies. Interaction between USPL and bulk glass during 
welding is still under investigation, since USPL with average power high 
enough for glass welding became commercially available only within the 
last five years. So, interaction between USPL and glass is discussed in some 
detail, and overlap-welding technology is introduced.
 This chapter contains fundamentals and applications of CW-laser and 
USPL laser welding techniques to glass, which is followed by a conclusion 
and future trends.
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11.2 Features of glass welding

There exist a variety of procedures for joining glass pieces other than 
fusion welding discussed in this chapter. They include adhesive bonding 
[1], soldering [2], optical contact [3] and direct bonding (diffusion bonding) 
[4]. Different joint performances are required depending on the application 
field. Table 11.1 compares joining procedures of glass in terms of the 
process performance (flexibility, process easiness and space selectivity) and 
the joint performance (mechanical strength, temperature stability, chemical 
resistance and optical indices matching). In the applications to mechanical 
structures, for instance, mechanical strength and temperature stability will 
be important. For joining optical components like optical fibers, for instance, 
the mechanical strength and the efficiency of the transmission of the optical 
signal can be major concerns. 
 While adhesive is most widely used in different industrial fields due to 
excellent joining performance such as flexibility in positioning and filling 
the space between the glass pieces, it has major disadvantages in terms of 
joint performance such as mechanical strength, temperature stability and 
chemical resistance. In soldering, solder glass, whose melting temperature 
is lower than that of the glass piece, is inserted at the interface of the glass 
pieces, and the solder glass is selectively melted by heating in furnace or 
laser irradiation. These two joining procedures provide a joint performance 
lower than that of the glass pieces themselves for mechanical construction, 
and also have disadvantages of absorption and back reflection of the optical 

Table 11.1 Comparison of glass joining procedures and their performance

Evaluation Adhesive Soldering Optical 
contact

Diffusion 
bonding

Fusion 
welding

Performance 
of joining 
process

Flexibility

Process 
easiness

Space 
selectivity

Performance 
of joint

Mechanical 
strength

Temperature 
stability

Chemical 
resistance

Optical 
indices 
matching

 = excellent;  = fair; X = poor.
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signal at the joint due to mismatch of the refractive indices for optical  
applications. 
 The optical contact has disadvantages in that very high surface flatness 
( /20) and surface roughness are needed, and the strength of the optical 
contact is approximately two orders lower than that of the base material [5] 
since the joining is based on van der Waals interaction [6]. Although the 
joint strength of diffusion bonding is as high as that of the base material, 
this process is not practical, since the joining is based on diffusion of atoms 
near the joint interface, which requires not only high flatness and surface 
roughness of the glass pieces, but very long heating time at high temperature 
and high pressure. Optical contact and diffusion also do not have space 
selectivity of the joining area.
 Fusion welding is based on local melting to provide excellent performance 
in terms of joining process and weld joint. While traditional glassblowing 
can be used for joining glass components, there is a desire for development 
of more precise procedures with automation, especially for the miniature 
part of the process. Advantages of glass welding include the monolithic 
joint structure with excellent spatial resolution of the joining area and its 
simple joining procedure in contrast to diffusion bonding. The monolithic 
joint structure provides advantages including not only thermal and chemical 
stability and mechanical strength comparable to glass itself, but no transmission 
and reflection loss at the weld joint due to no discontinuity in the refractive 
indices in the applications to joining transmission optics.
 Glass can be welded using two contrastive lasers, CW-laser [7] and 
USPL [8–10], to which glass is opaque and transparent, respectively. In 
the former case, CW (or normal pulse) CO2 laser (  = 10.6 mm) is used 
where the laser energy is absorbed following the same principles as those 
of well-established laser welding technology of metal in the sense that the 
laser energy is absorbed at the surface of the material to be welded through 
linear absorption.
 In the latter case, USPL with infrared wavelength (typically  = 1.06 mm) 
is used, and the laser energy is absorbed only in the high intensity region in 
the focus volume through nonlinear absorption by multiphoton ionization 
followed by avalanche ionization without any absorbent. Since the laser 
energy is absorbed only in the focus volume and no laser energy is absorbed 
at the locations apart from the focus, the molten pool is embedded in the 
solid bulk glass. In overlap welding with USPL, the interface of the glass 
plates is selectively melted without giving any damage at the top and the 
bottom surfaces of the glass plates.
 In laser welding of glass, prevention of cracks is one of the most important 
tasks, since local laser heating produces a steep temperature gradient so that 
cracks can be easily produced due to brittleness of glass at room temperature 
in contrast to metal. While tensile and compressive stress are developed by 
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the local heating, cracks normally develop when the tensile stress exceeds 
the material strength, since the tensile strength of material is generally much 
smaller than the compressive strength.

11.3 Glass welding by continuous wave (CW) lasers

11.3.1 Fundamentals of CW laser welding

Welding modes

Glass is opaque to radiation in wavelength ranges of  < 250 nm and  > 
3500 nme. One of the most useful lasers in these wavelength regions is the 
CO2 laser with a wavelength of  = 10.6 mm. The Fresnel reflection at this 
wavelength is approximately 14%, and 86% is absorbed at the surface of 
the glass.
 There are two types of glass welding using CO2 laser: thermal conduction 
and deep penetration (keyhole welding) depending on the laser intensity as 
in the case of laser welding of metal, as schematically shown in Fig. 11.1 
[11]. When the power density of the laser beam is not high enough to heat 
the surface above the boiling temperature of the glass, the interior of the bulk 
glass is heated by thermal conduction from the surface (Fig. 11.1a), providing 

Laser beam

Shallow hole

Keyhole

Multiple reflections  
T ~ TBoil

A few reflections  
T ~ TBoil

Single reflection  
T < TBoil

2D
 c

o
n

d
u

ct
io

n3D conduction

(a) (b) (c)

11.1 Schematic illustration showing different welding modes: (a) 
thermal conduction welding; (b) intermediate between thermal 
conduction and keyhole welding; (c) typical keyhole welding.
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thermal conduction welding. Thermal conduction welding is useful in welding 
micro parts or thin sheets of glass, since the distance of thermal diffusion 
is limited due to low thermal diffusivity of glass. In thermal conduction 
welding, a rather large spot of laser beam is used at slow welding speeds. 
An application demonstrating hermetic sealing of a thin pressure-bearing 
quartz diaphragm to a thicker frame has been reported [12].
 When the power density of the laser beam is high enough to heat the 
glass surface above the boiling temperature, the molten glass surface is 
depressed by the recoil pressure of the evaporation, and a shallow hole is 
produced. The keyhole grows deeper, when the laser beam is refocused to 
the bottom of the hole by the reflection at the wall of the hole (Fig. 11.1b). 
As the power density increases, the depth of the hole becomes deeper to 
produce a deep keyhole. Then the inside bulk glass is directly heated by the 
laser beam guided in the keyhole through multi-reflections (Fig. 11.1c). 

Residual stress in melting containing free surface

It is not simple to evaluate the exact stress field in welding, and it has to be 
numerically simulated based on three-dimensional elasto-plastic analyses. 
However, the stress developed in fusion welding of glass can be qualitatively 
estimated by a simple three-bar model consisting of a center bar A and 
sidebars B as shown in Fig. 11.2. In this one-dimensional model, it is 
assumed that the three vertical bars are connected to rigid horizontal bars 
at their ends, and the laser energy is absorbed in A. In the early stage of the 
heating period (Fig. 11.2a: Phase I), compressive stress and tensile stress are 
elastically developed in A and B, respectively, since thermal expansion of A 
is constrained by B. When A is melted (or yielded), the resultant stress field 
depends on whether or not the molten region can be plastically deformed. In 

(a) (b) (c)

B A B B A B B A B

Phase I Phase II Phase III

11.2 Three-bar model in CO2 laser welding of glass, assuming laser 
energy is absorbed in A. (a) Heating period (elastic deformation). (b) 
Melting (stress is released). (c) Cooling periods. + and – represent 
tensile and compressive stress, respectively. 
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the case of CO2 laser welding of glass, the molten region can be plastically 
deformed. Then the stress in A and B is completely released when A is 
melted, since the melted region contains free surface and hence the plastic 
deformation of the molten region can occur freely. Thus the lengths of A 
and B return to the original values on melting without producing any stress 
(Fig. 11.2b: Phase II).
 In the cooling period after the solidification of the molten region, the 
shrinkage of A is constrained by B (Fig. 11.2c: Phase III). Therefore the tensile 
and compressive stresses are left in A and B, respectively, when A is cooled 
down to room temperature. Cracks are developed in A if the tensile stress 
(called shrinkage stress) exceeds the mechanical strength of the glass, since 
glass is brittle at room temperature. The residual tensile stress in A increases 
with increasing thermal expansion coefficient of the glass. Therefore in CO2 
laser welding of glass, crack-free welding is possible only in glass having 
a small thermal expansion coefficient like fused silica, as cracks are easily 
developed by the shrinkage stress. The shrinkage stress also increases with 
increasing absorbed laser energy. If the absorbed laser energy is not large 
enough to melt (or yield) A, no residual stress is left in Phase III, since no 
plastic deformation occurs and hence the shrinkage stress is compensated 
by the compressive stress produced in Phase I. The formation mechanism of 
the residual stress in glass welding is basically the same as metal welding. 
However, cracks can normally be prevented in metal welding, since metal 
has ductility even at room temperature in contrast to glass.
 In the three-bar model, it is implicitly assumed that cracks due to the tensile 
stress in B in Phase I can be suppressed. This assumption is justified by the 
direct observation of glass welding by CO2 laser as will be shown later. No 
cracks are observed during CO2 laser welding of glass as will be shown 
below (see Figs 11.3–11.6). In the following sections, some applications of 
CO2 laser welding of glass are introduced.

8 
m

m

(a) (b) (c)
Crack

11.3 Keyhole welding in soda-lime glass using electron beam 
(150kV-0.5mA; 40mm/s). (a) Keyhole observed during welding. (b) 
Cross-section of weld bead. (c) Side view of weld bead, Cracks are 
developed after long delay at room temperature [7].
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8 
m

m

(a) (b) (c) (d)

(a) (b) (c)

11.4 CO2 laser welding of soda-lime glass at laser power of (a) 50 W, 
(b) 70 W, (c) 100 W and (d) 120 W at welding speed of v = 70 mm/s. 
Focus point was located 2 mm above the surface [7].

11.5 CO2 laser welding of soda-lime glass at 150 W at welding speed 
of (a) 10 mm/s, (b) 60 mm/s and (c) 100 mm/s [7].

11.3.2 Applications of CO2 laser welding

Observation of keyhole welding process

Keyhole welding is widely used for joining metal using a high power density 
source such as a laser beam and electron beam due to the advantage that thick 
sections can be welded in a single path with reduced heat-affected zone. The 
keyhole welding process, however, is not fully understood, since the dynamic 
behavior of the keyhole and the molten material is very complicated. Thus 
the keyhole welding process has been investigated experimentally by X-ray 
transmission imaging [13]. The X-ray transmission images, however, are not 
clear enough to investigate the dynamic behavior of the keyhole precisely.
 It was found that a keyhole can be produced by focusing CO2 laser in glass, 
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where the surface tension force is balanced with the recoil pressure of the 
evaporation at the keyhole wall [7]. When the glass sample moves forward, 
the keyhole is maintained stably by burying the backside of the keyhole with 
molten glass continuously in a similar way to the keyhole welding of metal. 
This means that the dynamic behavior of the keyhole welding process can be 
directly observed in glass with much higher spatial and temporal resolution 
than the X-ray transmission images in metal welding. This technique also 
provides a useful measure to investigate the effects of thermal properties 
such as viscosity and thermal conductivity on welding phenomena.
 Figure 11.3(a) shows the side view of the keyhole welding in soda-lime 
glass by electron beam in vacuum. Interestingly, no influence of charge-up 
of electrons is found. High-speed photographs clearly show that as the glass 
sample moves forward at a constant speed, the backside of the keyhole is 
continuously buried by the molten glass to maintain a stable keyhole. The 
electron beam reaches directly the bottom of the vertical keyhole unlike the 
case of CO2 laser welding of glass as will be described below. The cross-
section of the molten zone is similar to that of keyhole welding of metal 
as shown in Fig. 11.3(b). This suggests that glass is a useful material for 
observing the dynamic behavior of the keyhole and the molten material.
 It is noted that no cracks are developed during welding in spite of the 
steep temperature gradient developed during localized heating. This is 
considered to be because the heat-affected region gains ductility to prevent 
cracks in Phase I. However, cracks are always developed when the welded 
sample is cooled down to room temperature, sometimes after a very long 
delay as shown in Fig. 11.3(c). This indicates that the cracks are caused by 
shrinkage stress in Phase III, and that crack-free keyhole welding of soda-
lime glass is not possible because of the large thermal expansion coefficient 
of soda-lime glass, = 94 ¥ 10–7/°C (T = 0–300°C). Crack-free welding is 

10
 m

m

Porosity

Keyhole

(a) (b) (c) (d) (e)

11.6 CO2 laser welding of 96% silicate Vycol glass at 90 W at welding 
speeds of (a) 10 mm/s, (b) 20 mm/s, (c) 30 mm/s, and (d) 40 mm/s. 
(e) Schematics at 40 mm/s [7].
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limited to glass having a thermal expansion coefficient one order smaller 
than soda-lime glass like fused silica or Vycol glass using beam sources to 
which glass is opaque as shown below.
 Figure 11.4 shows the laser welding of soda-lime glass observed at 
different laser powers at a welding speed of 70 mm/s. In this experiment, 
a multimode CO2 laser beam with a rather large focus diameter of 0.3 mm 
was used to make the observation easier, and the high-speed photographs 
were taken without lighting. A shallow keyhole is observed at 50 W (Fig. 
11.4a). It grows quickly at 70 W by refocusing the reflected laser beam at 
the wall to the bottom of the keyhole. The inclination angle of the front wall 
of the keyhole in CO2 laser welding is larger than that in electron welding, 
suggesting that CO2 laser energy is absorbed by the multiple reflections at 
the keyhole wall. No humping and closure of the keyhole entrance were 
observed. The flow velocity of the molten glass was considerably slower 
than that of metal due to the larger viscosity of the molten glass than that of 
metal. This suggests that the instabilities of welding such as humping bead 
and closure of the keyhole entrance in metal welding are related to larger 
flow velocity of the molten metal. However, the dynamics of the keyhole 
process observed in glass is basically the same as that of metal.
 Figure 11.5 shows the keyhole observed at different welding speeds at 
a laser power of 150 W. As the translation speed increases, the keyhole 
becomes shorter, and the front wall of the keyhole is somewhat bent as the 
bottom of the keyhole is approached.
 Figure 11.6 shows the photographs observed in 96% silicate glass (Corning 
Vycol) at 90 W at different welding speeds. The keyhole is considerably 
thinner and longer than that of soda-lime glass. The thickness of the molten 
layer surrounding the keyhole appears to be much thinner (almost invisible 
near the bottom of the keyhole), since the viscosity of the molten glass in 
this material is much larger than that of soda-lime glass.
 At a welding speed of 10 mm/s, a thin and long keyhole with large bending 
is produced indicating that at least three to four reflections are needed for the 
laser beam to reach the bottom of the keyhole. It is interesting to note that 
the keyhole swings back and forth near the bottom at a frequency of several 
tens Hz like a snake motion. Several inflection points are observed and the 
keyhole is bent even in the opposite direction with respect to the welding 
motion due to larger recoil pressure of evaporation at the reflecting points 
as shown in Fig. 11.7. This suggests that the laser intensity at the keyhole 
wall is not uniform. Such a stable keyhole cannot be produced in soda-lime 
glass, because the stability of the keyhole is prevented by the flow of the 
liquid glass.
 At welding speeds faster than 20 mm/s, the inclination of the keyhole 
at the front wall becomes larger with accompanying increased diameter of 
the keyhole, and a long porosity is produced at the back of the keyhole, 
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suggesting the burial by the molten glass at the backside of the keyhole is 
only partially successful since the flow velocity of the molten glass cannot 
keep up with the welding speed. Such a porosity is not observed in soda-
lime glass, suggesting higher welding speeds require larger fluidity of molten 
glass for obtaining sound keyhole welding.
 It is known that the molten material is driven downward along the front 
wall of the keyhole by the recoil pressure of evaporation. If the melt flow 
stagnates due to larger viscosity of the molten material, the front wall has 
to be inclined so that the incident laser beam is absorbed at a larger incident 
angle to increase the evaporation recoil pressure. Figure 11.6 clearly shows 
that the inclination angle becomes larger with larger viscosity of the melt 
in Vycol. In laser welding of metal, bending of keyhole is much smaller, 
because the molten metal flows down quickly along the front wall due to 
smaller viscosity. 
 It is noted that no cracks were found in Vycol after cooling to room 
temperature unlike the case of soda-lime glass. This suggests that the CO2 
laser can be used for welding of Vycol. This is because the thermal expansion 
coefficient of this material is as small as 7.6 ¥ 10–7/°C, at least one order 
smaller than that of soda-lime glass, so that the shrinkage stress developed 
in Phase III can be suppressed below the tensile strength of the material.

Spot welding for optical assembly

A spot welding technique using a CO2 laser was developed to join thick glass 
plates of fused silica with a small deformation, and was applied to assembly 
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11.7 High-speed photographs of keyhole in Vycol glass (150 W, 10 
mm/s, 1000 f/s). The keyhole swings back and forth in a snake-like 
motion. Beam propagation in the keyhole is drawn in schematics (N: 
frame number) [7].
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of the rooftop structure consisting of thick glass plates with a thickness of 
10 mm [14]. Laser welding was adopted because it allows joining of glass 
pieces with an extremely high level of angle accuracy, while providing 
high stiffness and excellent stability over a large temperature range. This 
procedure was developed as a first step toward the fabrication of complete 
corner cubes.
 A side of the glass piece with dimensions of 50 mm ¥ 50 mm ¥ 10 mm 
was set in contact with the second piece of 50 mm ¥ 70 mm ¥ 10 mm. The 
first piece was joined at a location 10 mm apart from the edge of the second 
piece to allow the formation of the welded spots located far enough from the 
edges of the glass pieces. For welding the thick glass plates, holes (diameter = 
1.5 mm, depth = 9.2 mm, leaving a 800 mm layer) are drilled by an ultrasonic 
drill into the second glass piece to make the junction accessible, as shown in 
Fig. 11.8. The glass piece is deformed by the drilling process at the surface 
to form small bumps with a height less than 60 nm and a diameter of 2 mm. 
The glass pieces to be welded were pressed together by a mechanical holder. 
A Gaussian beam was focused into the bottom of the drilled hole to provide 
a focused waist of 300 mm. Average powers ranging between 20 and 70 W 
were irradiated at different exposure programs consisting of preheating by 
linearly increasing power, slowly decaying laser power for thermal relaxation 
and laser process duration. Total durations of the laser exposition recipes 
ranged from 110 to 900 s. 
 It is interesting to note that the glass pieces are pulled against each other by 
the shrinkage of the molten material during the cooling process, so that two 
glass pieces are brought into visual optical contact. The laser-welded rooftop 
assembly was coated with gold in a sputtering system after laser welding. 
This results in an interesting feature of the assembly that the junction between 
the two pieces cannot be distinguished when viewed from the gold-coated 

Hole

Melted 
zone

(a) (b)

11.8 Spot welding of thick plates by CO2 laser: (a) side view; (b) 
perspective view. [14]
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side (Fig. 11.9). This is because the upper glass piece had no chamfer at 
the interface between the principal face and the contact face. This excellent 
optical quality junction can be an advantage for some applications.
 The tensile strength of the weld spot was measured. The results show that 
the joint strength ranges from 10 kg to 30 kg per spot, which corresponds 
to approximately as large as 50–150 MPa, assuming the diameter of the 
spot welding is 1.5 mm. This indicates two welded spots were sufficient to 
provide a strong junction between the substrates.
 The beam deviation error of the rooftop by the spot welding was measured 
with the Mark GPIxps interferometer from Zygo having an accuracy of ±0.05 
arc second. The result indicates the angle deviation from 90° was 1.87 arc 
second. Considering that the width of the junction area between the two 
pieces of the assemblies is 10 mm, deviation of 1.87 arc second corresponds 
to 90 nm height error along 10 mm length. The measured deviation error 
indicates the welding process is very promising for the fabrication of high 
accuracy assembly.
 The results of the wave front deformation errors also show the spot welding 
technique is very promising in keeping the quality of the initial optical 
faces. Melting and shrinking associated with the welding process provided 
negligible effect on the surface of the optical piece thanks to the distance 
separating the surface and the melted zones and the limited power range that 
minimized the side of the melted zone. One of the main advantages of laser 
welding is its stability over wide temperature ranges due to its monolithic 
structure. High temperature stability was verified by measuring the reflected 
wave front and angle over a temperature range between –60°C and +40°C. 
These tests indicated that the wave front distortion stayed below /10 and its 

(a) (b)

11.9 Bare gold-coated laser-welded rooftop. (a) Photograph. 
The junction between two glass pieces cannot be seen on the 
photograph. (b) Drawing of the photograph. [14]
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value varied less than 0.04 . In the same temperature range, the variations 
of the assembly angle were all within a 0.7 arc second interval, showing the 
spot welding of thick glass plates is promising.

Welding of optical fiber for fiber optical rotary joints (FORJ)

An interesting application of glass welding in the optical field is found in 
fiber optical rotary joints (FORJ), which are used for transmission at high 
data rates, for instance, between rotating radar antennas or medical sensors 
and stationary systems for analysis and further processing of the data. To 
establish an optical connection between the rotating and stationary fiber 
bundle, the optical fibers have to be attached to an array of collimator lenses, 
and the beam is focused onto the fiber core again and coupled into it on the 
opposite side, as schematically shown in Fig. 11.10.
 The existing procedure for connecting fibers to collimator lenses in the 
production process of FORJ is adhesive bonding. This procedure, however, 
has disadvantages in that the laser energy absorbed in the adhesive can heat 
up the adhesive to reduce the mechanical stability. The temperature rise also 
changes the refractive index of the adhesive, resulting in an increase in the 
back reflection. As an alternative to adhesive bonding, a CO2 laser welding 
technique has been developed. For heating the glass fiber at the end face 
and the glass substrate uniformly, a ring-shaped laser beam is ideal to heat 
the whole circumference of the glass fiber. In order to convert the Gaussian 
beam into the ring beam, the Schwarzschild objective was used, which 
consists of two spherical mirrors having concave and convex geometries. 
A laser welding system was designed to allow a minimum fiber pitch of 
approximately 1 mm [15].
 The laser-irradiated region thus obtained is shown in Fig. 11.11, and the 

Sender Receiver

Fibers

Lens array

11.10 Coupling between two fiber arrays over freeboard.
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laser welding is of thermal conduction mode. Figure 11.12 shows the cross 
section of the weld joint, indicating the optical fiber is excellently welded 
to the substrate with a good concave weld seam. The mechanical strength 
evaluated by a pulling test of the welded optical fiber was as high as 326 
MPa, which is significantly higher than the value of existing adhesive joining, 
33 MPa [16]. 
 Back reflection is an important factor for characterizing the quality of the 
optical data transmission system. The back reflection can be specified as an 

1 mm

11.11 Profile of collimated beam provided by Schwarzschild objective 
[15].

100.00 um/div

11.12 Cross section of optical fiber welded to glass substrate [15].
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attenuation value (return loss). A return loss of around –40 dB is the best 
achievable value for adhesive joints [17]. The measured mean value of the 
weld joint is –49.4 dB with a deviation of 0.6 dB, which is in the range of 
the measurement accuracy. So there is an enhancement of the return loss of 
nearly 10 dB, corresponding to an absolute improvement of a factor of 10.

11.4 Glass welding by ultrashort pulse lasers  

(USPL)

11.4.1 Fundamentals of USPL welding of glass

Nonlinear absorption process

Ultrashort pulse laser (USPL) is a useful energy source for internal modification 
of glass due to its unique absorption process. When glass is irradiated by 
infrared CW laser with normal intensity, no laser energy is absorbed in the 
glass, since the band gap energy Eg is larger than the photon energy. When 
infrared USPL is tightly focused into bulk glass, the laser energy is absorbed 
into glass by a nonlinear absorption mechanism by multiphoton ionization 
to promote a valence electron to the conduction band as is schematically 
shown in Fig. 11.13 [18,19]. Then the free electron gains kinetic energy by 
absorbing the laser energy by Inverse Bremsstrahlung. When the kinetic 
energy of a free electron exceeds the conduction band minimum by more 

Energy

2Eg

Eg

Inverse bremsstrahlung

Conduction band

Valence band

Avalanche

TimeMultiphoton 
ionization

Collision 
ionization

11.13 Nonlinear absorption process consisting of multiphoton 
ionization and avalanche ionization.
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than Eg, the electron can then collisionally ionize another electron from 
the valence band (avalanche ionization). While the breakdown process is 
dominated by the multiphoton ionization in the early period of the laser 
pulse, the avalanche ionization starts to govern the breakdown dynamics to 
produce more free electrons thereafter. 
 Recent rapid advancement of USPL technology [20] has enabled attractive 
applications of internal modification of glass such as refractive index change 
[21], nano-grating [22], selective etching [23], three-dimensional memory 
[24] and fusion welding [5,8,10,25]. In particular, the advent of USPL with 
high-pulse repetition rates has made it possible to achieve internal modification 
at high throughput thanks to cumulative heating arising when the interval 
between laser pulses is less than the time required for the absorbed laser 
energy to diffuse out of the laser-irradiated region [10,26].
 The laser energy absorbed by free electrons is transferred to lattice 
(atoms) to elevate the temperature of the glass after the laser pulse. Then the 
temperature field is developed in bulk glass by thermal diffusion to produce 
a molten region. The thermal conduction theory can be utilized to simulate 
the temperature distribution or the melt dimensions in the glass, assuming 
the intensity distribution of the absorbed laser energy is known [10].

Melting structure of glass

Since avalanche ionization requires seed electrons, which can be provided 
by multiphoton ionization, the laser-absorption region is limited only to 
the focus volume, enabling localized internal melting of bulk glass, if the 
focus is located inside the bulk glass. The glass molten pool can actually 
be observed by focusing USPL at the rear surface of the glass plate. Figure 
11.14 shows a SEM photograph of the molten pools with a size of 3–4 mm 
produced by single laser pulses of 10 ps pulse duration [9]. 
 Figure 11.15 shows a cross section of overlap welding of borosilicate 
glass plates (Corning 0211) [27]. Two advantages are found in the figure in 
comparison with CO2 laser welding. First, selective melting is possible only 
at the interface of glass plates without any damage at the top and bottom 
surfaces of the glass plates. Second, crack-free overlap welding is possible 
with most commercially available glass materials even though their thermal 
expansion coefficient is 10 times larger than fused silica. The cross section 
of the weld joint consists of a teardrop-shaped inner region and an elliptical 
outer region as seen in Fig. 11.15(b). The glass plates are joined together 
within the outer region, indicating the glass is melted in the outer region. Since 
glass does not show a clear melting point, the characteristic temperature of 
the outer structure (Tout) is defined as the forming temperature of the glass, 
of which viscosity is = 104 dPas. The inner structure corresponds to the 
region where the laser beam is absorbed as discussed later [10].
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 The stress field developed in USPL welding of glass is different from 
that in CO2 laser welding. Although no difference is found between USPL 
and CO2 laser in Phase I, the plastic deformation with the internal melting 
is prevented by surrounding solid glass in Phase II, since the molten region 
produced by USPL is embedded in the solid bulk glass. The embedded molten 
region is considered to behave like an elastic body, so that no residual stress 
is produced in Phase III. This is because the stresses in A and B induced 
during Phases II and III are elastic, although detailed study is needed to 
understand the exact mechanism. 

1 μm

Molten pool

Ultrashort 
laser beam

Borosilicate glass (5J/p)

11.14 Local melting of glass plate (Schott D263) at the bottom 
surface using USPL (tp = 10 ps, l = 1.064 mm) [9].

(a) (b)

25 μm

50 μm

Glass piece 2

Glass piece 1

Weld

11.15 Example of overlapped welding of borosilicate glass (Corning 
0211) using USPL (tp = 360 fs, l = 1.045 mm, f = 1 MHz): (a) cross 
section of overlap welding; (b) magnified picture [27].
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Thermal conduction model for analyzing laser absorption

A simulation model has been developed to correlate between the intensity 
distribution of the average absorbed laser power and the temperature distribution 
in a glass sample by Miyamoto et al. [10], assuming the thermal properties 
are independent of temperature, for simplicity. The steady temperature 
distribution is given by:

  
T y x

K
w

dz( ,xx y )x = 1
4

( )z
 exp

pK s
¢ { }v x–

2
 (x + )s

a2
¢ + 0

0
T0

l

Ú0  
[11.1]

where w(z) is average absorbed laser power at z, l is the length of the absorption 
region, K is the thermal conductivity,  is thermal diffusivity given by K/c  
(c = specifi c heat and = density), T0 = room temperature and s2 = x2 + y2 + 
(z–z¢ )2. In this model, it is assumed that a line heat source with continuous 
heat delivery [28] of w (z) appears in an infi nite solid moving at a constant 
speed of v along the x-axis, and w(z) is given by w(z) = Q(z)f, where Q(z) is 
pulse energy absorbed at location of z and f is pulse repetition rate. Despite 
the actual laser beam having fi nite spot size with pulsed energy delivery, 
the simple line heat source model with continuous heat delivery can be 
used to calculate the temperature at the contour of the molten zone, because 
the temperature rise at locations apart from the heat source is spatially and 
temporally averaged. Using the simulation model given by Eq. [11.1], one 
can determine w (z) and its extent l by fi tting the simulated isothermal line 
of the characteristic temperature to the experimental outer structure (melt 
region) [10].
 Figure 11.16 shows the experimental cross section of borosilicate glass and 
the simulated isothermal lines of the inner and outer regions, assuming that 
w(z) is given by a simple quadratic function. Excellent agreement is found 
between the simulated isothermal lines and the experimental contours of the 
outer structure of Tout = 1,051°C, which is the forming temperature of the 
material (Schott D263). The intensity distribution w(z) is also plotted in the 
fi gure. The length l agrees with the vertical length of the tear-drop-shaped 
inner structure. This means that the inner structure is defi ned as the region 
where the laser energy is absorbed.

Nonlinear absorptivity

Figure 11.17(a) shows the cross sections of borosilicate glass at different 
pulse energies obtained at a constant welding speed of 20 mm/s. The 
geometrical focus was determined at the bottom tip of the inner structure 
from the modifi ed region at lowest limit of internal melting assuming the 
self-focusing [29] is negligible. The inner structure, which corresponds to 
the laser-absorbed region [10], extends toward the incoming laser side as 
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50 μm

w(z)

Tout

Tin

(a) (b)

11.16 (a) Cross section of modified zone of borosilicate glass (Schott 
D263) using USPL (tp = 10 ps, l = 1.06 mm, f = 500 kHz) at 20 mm/s. 
(b) Simulated isothermal lines at Tout = 1051°C and Tin = 3600°C [10].

50
 μ

m

Focus

Focus

Q, (μJ): 0.46 1.0 1.58 2.63 3.27 4.07 4.98
(a)

Q, (μJ): 0.41 0.62 0.83 1.21 1.59 1.98 2.46
(b)

11.17 Cross section of modified zone of borosilicate glass (Schott 
263) using USPL (tp = 10 ps, I = 1.06 mm, v = 20 mm/s) at pulse 
repetition rate of (a) 200 kHz and (b) 500 kHz.
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the pulse energy increases. The outer region (molten region) also extends 
in accordance with the extension of the inner structure. Figure 11.17(b) 
shows the cross sections at different pulse repetition rates at a constant pulse 
energy of 3.8 mJ. The inner structure also increases as the pulse repetition 
rate increases. The nonlinear absorptivity ACal is given by [10]:

  
A

fQ
z dzCal

l

 = 1 (w )
0 0Ú0  

[11.2]

where f is pulse repetition rate and Q0 is pulse energy. Nonlinear absorptivity 
can also be determined experimentally by measuring the transmitted pulse 
energy below the glass plate (see the inset of Fig. 11.18). Since the refl ection 
and scattering of the laser beam by the plasma induced in bulk glass is 
negligible [30], the nonlinear absorptivity A is given by [9,10]:

  
A

Q
Q R

t = 1 –  1
(1 – )0

2
 

[11.3]

where Q0 is incident pulse energy, Qt is transmitted pulse energy and R is 
Fresnel refl ectivity of the glass plate.
 Figure 11.18 shows the simulated and the experimental nonlinear 
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11.18 Nonlinear absorptivity of USPL (tp = 10 ps) at different pulse 
energies and pulse repetition rates. Data points and solid lines show 
simulated and experimental values, respectively [10].
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absorptivity at different pulse energies and pulse repetition rates, showing 
excellent agreement between the simulated and the experimental values. The 
simulation model can predict the nonlinear absorptivity with an uncertainty 
less than ±3%. The nonlinear absorptivity increases with increasing pulse 
energy, since the multiphoton ionization rate increases with increasing  
pulse energy. The nonlinear absorptivity also increases with increasing pulse 
repetition rate at constant pulse energy. This can be attributed to the heat 
accumulation effect; the density of the thermally excited free electrons to 
the conduction band increases due to the heat accumulation, and contributes 
as seed electrons for avalanche ionization [10], as shown below.
 Figure 11.19 shows the simulated absorption region l plotted vs. the 
average absorbed power Wab (= Qabf : Qab = absorbed pulse energy) for 
pulse durations of 10 ps and 400 fs. The length of the laser absorption region 
l increases monotonically with increasing Wab independently of the pulse 
repetition rate, the pulse energy and the duration of the laser pulse. 

11.4.2 Overlap welding of glass plates

Mechanical strength of internally melted zone

Overlap welding technology has been developed with Foturan glass (Schott), 
which is widely used for three-dimensional structuring of components and is 
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11.19 Length of laser absorbed region l vs. Wab (=ACalfQ0) at different 
energies Q0 and repetition rates of laser pulse f at tp = 10 ps. Data 
for tp = 400 fs are also plotted [10].
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finding increasing use in devices ranging in application from the medical to 
the development of miniaturized satellites [31–33]. Prior to evaluating the 
mechanical strength of the overlap weld joint, single glass samples of Foturan 
glass were internally melted using USPL, and the mechanical strength of 
the molten zone was tested. The laser-irradiated samples were lapped and 
polished parallel to the melt line to expose the maximum width of the melt 
line to the surface. Then the samples were cut perpendicularly to the melt 
line, and the mechanical strength was determined with a three-point bending 
test by applying the maximum stress at the molten region.
 Figure 11.20 shows the mechanical strength determined at different 
pulse repetition rates f and translation speeds v. The strength of the virgin 
material is in the region of 115–200 MPa (average value: 152 MPa), and 
the average value of all the internally melted samples (60 data points in 
total) is approximately 145 MPa, which is equivalent to the virgin or base 
material, showing no reduction in the mechanical strength due to internal 
melting. This is because no shrinkage stress is left at room temperature as 
mentioned above. However, the strength of the internally melted single plate 
is approximately 30 MPa lower than that of the base material at the lowest 
pulse repetition rate of f = 0.2 MHz, suggesting that some slight damage is 
produced when the peak intensity of USPL is too high. There is a tendency 
for the strength to increase with increasing v and f, reaching values equivalent 
to or even higher than that of the base material.

3-point bending test
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11.20 Mechanical strength of internally melted single Foturan sample 
determined by a three-point bending test at different f and v at a 
constant average laser power of 2.5 W. [5]
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 The bending strength data of the internally melted single sample is replotted 
as a function of the averaged absorbed laser power Wab in Fig. 11.21. The 
shaded zone in the figure highlights the region where the measured data 
distributes. While the mechanical strength is lower than the base material for 
larger Wab values, there is a net positive effect on the mechanical strength 
with decreasing Wab. As Wab decreases, the mechanical strength increases 
such that in the region Wab < 1.0 W there is the possibility of strengthening 
the material beyond the strength of the base material. Similar results with 
the internally melted single plate of fused silica with 10 ps are also reported 
[34]. These results are in accordance with the results using fs laser pulses, 
showing the strengthening of bulk glass by the irradiation of USPL that were 
evaluated by different testing procedures including the four-point bending 
test [35], the double torsion test [36] and nano-indentation [37, 38].

Laser welding system

Figure 11.22 shows the laser welding system of glass using USPL. Optical 
contact is strongly recommended to prevent the molten glass from flowing 
out of the laser-irradiated region. The optical contact is marked by a lack 
of reflections from the joining surfaces, since the gap between the plates 
is small enough to excite evanescent waves by an impinging light wave at 
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11.21 Mechanical strength of internally melted Foturan (single 
glass sample) and overlap-welded joint plotted in Foturan glass vs. 
average absorbed laser power Wab. The result of overlap welding of 
D263 is also plotted [5].
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the surface of the first glass part, almost without attenuation, a propagating 
wave inside the other part [39]. The optical contact is available by facing 
the commercially available float glass plates together, if the glass surfaces 
are carefully cleaned.
 For focusing USPL tightly into bulk glass to realize nonlinear absorption, 
an objective lens for the microscope can be used. No absorbent is needed in 
spite of the fact that the glass is transparent to the laser wavelength, since the 
laser energy is absorbed by nonlinear absorption. The welding can be carried 
out at room temperature without pre- and post-heating. The focus location 
should be adjusted a little below the interface of the glass plates in order to 
make the widest molten region at the interface, since the absorption region 
extends upward as the average absorbed power Wab increases, as shown in 
Figs 11.17 and 11.19. 

USPL welding of glass has a lot of advantages, which include

∑ welding is possible in a clean room due to no fume emission
∑ crack-free welding is possible independently of thermal expansion 

coefficient
∑ only the interface is selectively melted without absorbent
∑ high throughput welding is possible

Glass A

Glass B

Objective 
lens

Welding 
direction

Ultrashort pulse laser

11.22 Schematic illustration of overlap welding of glass plates with 
optical contact. USPL is tightly focused by an objective lens for 
optical microscopy.
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∑ high mechanical strength of the weld joint is available with 
hermeticity.

Overlap welding

Figure 11.23 shows the peeled-off sample of overlap welding [9]. The fractured 
face does not show the original flat face but has an irregular appearance, 
suggesting that the two plates were strongly joined with vacuum tightness. 
 Figure 11.24 shows the cross section of multi-path welding with a 
separation of 15 mm for borosilicate glass [34]. No cracks were developed 
with overlaying the beads, showing excellent versatility of the USPL welding 

Glass A
Glass B

11.23 SEM photograph of the peeled-off weld joint in overlap 
welding of D263 [9].

30 μm

11.24 Multipath overlap welding of borosilicate glass of D263. The 
weld paths are overlapped with a separation of 15 mm (tp = 10 ps, f = 
640 kHz, v = 20 mm/s) [34].
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of glass and the possibility to increase the joint strength without restriction 
of the overlay number.
 The mechanical strength of the overlap weld joint was evaluated by a 
shear test. In evaluating shear strength, the effect of the optical contact force 
FOC has to be taken into account [5], since the attractive force caused by van 
der Waals interactions works at the interface [6]. Figure 11.25 shows the 
shear force FOC required to break the optical contact between commercially 
available float glass plates without welding plotted as a function of optical 
contact area SOC. The optical contact force per unit area OC (= FOC/SOC) is 
approximately 1.5 MPa at L = 1 mm, and tends to decrease with increasing 
SOC. 
 Overlap welding was performed with L = 10 mm corresponding to FOC 
≈ 88N ( OC ≈ 0.6 MPa), which is strong enough to keep optical contact in 
handling the sample for the welding operation [5]. While OC ≈ 0.6 MPa is 
approximately two orders smaller than the strength of the glass, L = 10 mm 
is also two orders larger than the typical width of the weld bead. Therefore 
the strength of the weld joint W was determined by subtracting the optical 
contact force FOC from the rupture load FRUP, and then dividing by the cross-
sectional area of the weld bead SW as is given by the following equation 
[5, 39]:
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11.25 Shear force to break optical contact FOC plotted vs. contact area 
SOC. The optical contact force sOC is also plotted [5].
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sW
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W

F FRUP OU

SW
=

 
[11.4]

 Overlap welding was performed at different pulse repetition rates and 
translation speeds. Figure 11.26(a) shows the rupture load FRUP and the 
welded area SW plotted as a function of translation speed v at a constant pulse 
repetition rate of f = 1MHz. Figure 11.26(b) shows FRUP and SW plotted as 
a function of pulse repetition rate at a constant translation speed of v = 20 
mm/s. It is noticeable that the rupture strength FRUP is increasing in spite of 
the fact that the width of the weld bead decreases as the translation speed v 
or pulse repetition rate f increases.
 The weld joint strength W was calculated by Eq. [11.4] using the data 
plotted in Fig. 11.26, and is plotted vs. average absorbed laser power Wab in 
Fig. 11.21. Although some data scattering is found, most data points of the 
overlap weld joint fall in the zone that highlights the data from the internal 
melt single plate studies, suggesting that higher joint strength can also be 
obtained at reduced Wab.

11.5 Conclusion and future trends

Although glass is widely used in a variety of industrial fi elds due to its 
excellent physical and chemical properties, the welding technology of glass 
has not been used widely in industry, and the assembly of glass parts is 
actually dependent on technologies other than welding at the moment. This 
is because only CO2 lasers have been used for long time, and crack-free 
welding is available only in glass having low thermal expansion coeffi cient 
such as fused silica or Vycol due to cracks caused by the shrinkage stress.
 It is expected that such a situation will be changed dramatically by the 
recently developed novel welding technology of glass using ultrashort pulse 
laser (USPL). This welding technology has been attracting much attention, 
because of many of the advantages discussed above. Among these, most 
importantly cracks can be prevented, and hence most commercially available 
glass can be welded without pre- and post-heating independently of the 
thermal expansion coeffi cient. It is expected USPL welding technology will 
become popular in glass-made products in a variety of micro applications 
such as electronics packaging, MEMS and micro optics in different industrial 
fi elds, as is the case for laser welding technologies for metal. Fundamental 
research work is, however, still needed in parallel to developing industrial 
applications of USPL welding of glass, since the laser–matter interaction 
during the welding process has not yet been fully understood.
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11.26 Effect of (a) translation speed at f =1 MHz and (b) pulse 
repetition rate at v = 20 mm/s on the rupture strength and weld area 
of the overlap-weld samples. (L = 10 mm, length of weld path = 8~9 
mm) [5].
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