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(57) 	 ABSTRACT 

A method for the laser reinforced direct bonding of two 
optical components having a respective bonding surface and 
a reinforced optical assembly made thereby are provided. The 
method includes a first step of assembling the two optical 
components by direct bonding of their respective bonding 
surface together, thereby defining a direct-bonded interface 
therebetween. The method further includes a second step of 
reinforcing the direct-bonded interface with a weld seam 
including at least one substantially continuous reinforcing 
weld line forming a dosed shape enclosing a sealed direct-
bonded region. Each weld line is inscribed by focusing 
ultrashort laser pulses at the direct-bonding interface so as to 
generate non-linear optical phenomena inducing a localized 
junction between the two optical components. Advanta-
geously, embodiments of the present invention provide rein-
forced optical assemblies exhibiting hermetic and mechani-
cally resistant bonds over a large area as well as negligible 
alteration of their optical transmission properties. 
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LASER REINFORCED DIRECT BONDING OF 
OPTICAL COMPONENTS 

FIELD OF THE INVENTION 

[0001] The present invention relates to the field of assem-
bling optical components, and more particularly concerns a 
method for the laser reinforced direct bonding of two optical 
components and a reinforced optical assembly made thereby 

BACKGROUND OF THE INVENTION 

[0002] The assembling of various materials such as glasses, 
crystals, metals, semiconductors, polymers and organic poly-
meric compounds for optical applications requires particular 
techniques for ensuring that the resulting assembly preserves 
a high surface quality as well as optimal optical transmission 
properties. In some cases, the use of a bonding material such 
as epoxy or other adhesive materials is to be avoided. Tradi-
tional techniques of assembling optical materials may induce 
mechanical stress, thereby deforming the bonded surfaces, or 
may result in a bonding having insufficient mechanical 
strength. In addition, the bonded surfaces may present local or 
extended damages resulting from the bonding techniques 
themselves. Moreover, due to the presence of visible bonding 
marks and residual surface deformations, these techniques 
may also alter the optical properties of the resulting assembly, 
such as its transparency or its reflectivity. Therefore, new 
approaches to the assembling of optical materials need to be 
developed in order to provide bonded structures that retain 
high optical qualities and remain exempt of alterations and 
defects induced by the bonding processes. 
[0003] It is known that two solid materials of virtually any 
composition may be joined together using the method of 
direct bonding. Direct bonding relies on molecular bonding 
forces occurring under specific conditions at the interface 
between two surfaces. When two polished surfaces are 
brought close enough to each other, intermolecular van der 
Waals forces become sufficiently strong to maintain together 
the surfaces without any other bonding means. Hence, in the 
case of optical components, the optical quality of such direct 
bond is extremely high since no deformation, damage or other 
mechanical stress is induced. Furthermore, the optical prop-
erties of the bonded materials are preserved since direct bond-
ing does not require or induce any physical or chemical alter-
ation. 
[0004] Other techniques have been developed for joining 
together two surfaces. For example, the use of ultrashort laser 
pulses to join transparent materials is a known technique. The 
ultrashort pulse filamentation effect in transparent materials 
creates a linear plasma column arising from the non-linear 
optical process of self-focusing. The overall length of this 
plasma column is proportional to various parameters, includ-
ing the focal length of the focusing objective and the incident 
pulse energy. This approach has been proposed by Itoh et al. 
in U.S. patent application no. 2010/0047587, where it is 
stated that the generation of relatively long filaments (i.e. 
filaments longer than 100 micrometers) permits the inscrip-
tion of laser weld seams between two transparent dielectric 
materials. One advantage of this procedure is that it is not 
overly sensitive to the positioning of the axial focal spot of the 
laser pulses. However, this method requires excessive pulse 
energy in comparison to what is really needed to induce 
non-linear absorption. The long filaments thus generated 
modify matter in a region extending from several tens to 

hundreds of micrometers inside each material, which is much 
larger than the thickness of the interface. The strong non-
linear absorption may also cause unwanted damage mecha-
nisms. In U.S. patent application no. 2007/0051706, Bovat-
sek et al. propose the use of an ultrashort pulse train at high 
repetition rate to bond together two surfaces in a process that 
deforms these surfaces. In this approach, the surfaces to be 
bonded are first locally deformed using high-power ultrashort 
laser pulses so as to locally bring closer (or raise) these 
surfaces. A second pass of the laser is then used to form the 
weld between the surfaces. This approach can however 
degrade the surface quality of the bonded materials. 
[0005] Furthermore, several traditional methods of laser 
welding require that the surfaces be maintained together 
mechanically during the welding process. This may be 
accomplished, for example, with the use of a clamp or an air 
jet, which applies a sufficient pressure on the surfaces during 
exposure to laser pulses. In another similar method, the two 
materials are brought into contact under relatively high pres-
sure and for a sufficiently long period of time, so as to tem-
porarily bond the surfaces after withdrawal of the clamp or 
other device, in a process related to cold welding. These 
methods rely on elastic deformation of the materials, in which 
important residual stress build-up and surface deformations 
may reduce the mechanical strength of the resulting bonded 
structure. 
[0006] Laser sealing of a direct bond was proposed by 
Haisman et al. in U.S. Pat. No. 5,009,689 but its applications 
are limited by the use of a continuous laser beam. Therefore, 
this process cannot be utilized when the two materials to be 
joined together are both transparent to the wavelength of the 
laser (e.g. glasses), irrespectively of whether these two mate-
rials are identical or dissimilar. Further, the process proposed 
by Haisman et al. relies on linear absorption of the laser 
energy by one of the two materials, thus creating local fusion 
by purely thermal mechanisms. In order for the process to 
operate successfully, a bond activating treatment is necessary, 
thereby adding an additional preparation step for the surfaces 
to be joined. 
[0007] It has been proposed by Miyamoto et al. (I. Miya-
moto, K. Cvecek, Y. Okamoto and M. Schmidt, "Novel fusion 
welding technology of glass using ultrashort pulse lasers", 
Physics Procedia, vol. 5, 2010, pp. 483-493) to weld glass 
plates, pre-assembled by optical bonding, with 10-picosec-
ond laser pulses emitted at high repetition rate. In this laser 
welding regime, adverse thermal effects can induce localized 
damages and defects, such as cracks, that affect the optical 
properties of the assembly. An extensive review of the dam-
ages and defects arising in this laser welding technique has 
been presented by Cvecek et al. (K. Cvecek, I. Alexeev, I. 
Miyamoto and M. Schmidt, "Defect formation in glass weld-
ing by means of ultra short laser pulses", Physics Procedia, 
vol. 5, 2010, pp. 495-502). 
[0008] Finally, in U.S. patent application no. 2010/ 
0304151, Tuennermann et al. describe a method for laser-
assisted bonding of substrates, in which the substrates are 
connected together firstly frictionally by pressing together 
and thereby achieving a state of optical contact. Subsequent 
strengthening of the connection is effected by activation in 
regions which is induced by an ultrashort pulsed laser. This 
activation results in the local heating of the exposed region 
without reaching the melting point of the materials, so that 
this process of laser-assisted bonding departs from the tradi-
tional scope of welding. Moreover, there is no mention of an 
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unaltered optical transmission window or of any other strat-
egy by which the optical properties of the resulting assembly 
remain unaltered following the process of laser irradiation. 
[0009] In view of the above considerations, there is there-
fore a need for a method for joining together optical compo-
nents that provides high surface and optical qualities while 
alleviating at least some of the drawbacks of the prior art. 

SUMMARY OF THE INVENTION 

[0010] In accordance with one aspect of the invention, there 
is provided a method for joining together a first and a second 
optical component, each of the first and second optical com-
ponents having a respective bonding surface. The method 
includes the steps of: 

[0011] a) assembling the first and second optical compo-
nents by direct bonding of the respective bonding sur-
faces thereof together, thereby defining a direct-bonded 
interface therebetween; 

[0012] b) reinforcing the direct-bonded interface with a 
weld seam including at least one substantially continu-
ous reinforcing weld line forming a closed shape enclos-
ing a sealed direct-bonded region. The reinforcing 
includes, for each of the at least one weld line, the steps 
of: 
[0013] 1) propagating ultrashort laser pulses along an 

optical axis through the first optical component 
toward the direct-bonded interface. The ultrashort 
laser pulses have a spectral bandwidth within which at 
least the first optical component is substantially trans-
parent. This step further includes focusing the 
ultrashort laser pulses on a focal spot inside the sec-
ond optical component near the direct-bonded inter-
face and controlling a peak power of the ultrashort 
laser pulses at the direct-bonded interface so as to 
generate non-linear optical phenomena inducing a 
localizedjunction between the first and second optical 
components; and 

[0014] 2) translating the focal spot of the ultrashort 
laser pulses with respect to the direct-bonded inter-
face in a pattern defining the closed shape. 

[0015] According to another aspect of the invention, there 
is provided a method for joining together a first and a second 
optical component, each of the first and second optical com-
ponents having a respective bonding surface, the respective 
bonding surfaces having matching boundaries. The method 
includes the steps of: 

[0016] a) aligning the boundaries of the respective bond-
ing surfaces of the first and second optical components 
and assembling the first and second optical components 
by direct bonding of the respective bonding surfaces 
thereof together, thereby defining a direct-bonded inter-
face therebetween; 

[0017] b) reinforcing the direct-bonded interface with a 
weld seam comprising at least one substantially continu-
ous reinforcing weld line forming a closed shape enclos-
ing a sealed direct-bonded region. The reinforcing 
includes, for each of the at least one weld line, the steps 
of: 
[0018] 1) propagating ultrashort laser pulses along an 

optical axis lying substantially in a plane defined by 
the direct-bonded interface, the ultrashort laser pulses 
having a spectral bandwidth within which the first and 
the second optical components are substantially 
transparent. This step further includes focusing the 

ultrashort laser pulses on a focal spot positioned along 
the direct-bonded interface and controlling a peak 
power of the ultrashort laser pulses at the direct-
bonded interface so as to generate non-linear optical 
phenomena inducing a localized j unction between the 
first and second optical components; and 

[0019] 2) translating the focal spot of the ultrashort 
laser pulses with respect to the direct-bonded inter-
face in a pattern defining the closed shape. 

[0020] According to a further aspect of the invention, there 
is provided a reinforced optical assembly, including: 

[0021] a first optical component joined together with a 
second optical component, each of the first and second 
optical components having a respective bonding sur-
face, the first and second optical components being 
assembled by direct bonding of the respective bonding 
surfaces thereof together, thereby defining a direct-
bonded interface therebetween; and 

[0022] a weld seam reinforcing the direct-bonded inter-
face, the weld seam including at least one substantially 
continuous reinforcing weld line forming a closed shape 
enclosing a sealed direct-bonded region, each of the at 
least one weld line having been obtained by: 

[0023] propagating ultrashort laser pulses along an 
optical axis through the first optical component 
toward the direct-bonded interface, the ultrashort 
laser pulses having a spectral bandwidth within which 
at least the first optical component is substantially 
transparent, focusing the ultrashort laser pulses on a 
focal spot inside the second optical component near 
the direct-bonded interface and controlling a peak 
power of the ultrashort laser pulses at the direct-
bonded interface so as to generate non-linear optical 
phenomena inducing a localized j unction between the 
first and second optical components; and 

[0024] translating the focal spot of the ultrashort laser 
pulses with respect to the direct-bonded interface in a 
pattern defining the dosed shape. 

[0025] According to yet another aspect of the invention, 
there is provided a reinforced optical assembly, including: 

[0026] a first optical component joined together with a 
second optical component, each of the first and second 
optical components having a respective bonding sur-
face, the respective bonding surfaces having matching 
and aligned boundaries, the first and second optical com-
ponents being assembled by direct bonding of the 
respective bonding surfaces thereof together, thereby 
defining a direct-bonded interface therebetween; and 

[0027] a weld seam reinforcing the direct-bonded inter-
face, the weld seam including at least one substantially 
continuous reinforcing weld line forming a dosed shape 
enclosing a sealed direct-bonded region, each of the at 
least one weld line having been obtained by: 

[0028] propagating ultrashort laser pulses along an 
optical axis lying substantially in a plane defined the 
direct-bonded interface, the ultrashort laser pulses 
having a spectral bandwidth within which the first and 
second optical components are substantially transpar-
ent, focusing the ultrashort laser pulses on a focal spot 
positioned along the direct-bonded interface and con-
trolling a peak power of the ultrashort laser pulses at 
the direct-bonded interface so as to generate non- 
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linear optical phenomena inducing a localized junc-
tion between the first and second optical components; 
and 

[0029] translating the focal spot of the ultrashort laser 
pulses with respect to the direct-bonded interface in a 
pattern defining the closed shape. 

[0030] Advantageously, embodiments of the present inven-
tion can provide reinforced assemblies of optical components 
exhibiting hermetic and mechanically resistant bonds over a 
large area as well as negligible alteration of their optical 
transmission properties. 
[0031] The methods and reinforced optical assemblies 
according to embodiments of the present invention rely on the 
use of ultrashort laser pulses to generate non-linear optical 
phenomena that allow depositing energy in a very precise and 
local manner at the interface between two direct-bonded opti-
cal components, so as to create a structural modification of the 
materials. This reinforcing of a previously direct-bonded 
interface by ultrashort laser welding does not require any 
epoxy glue or other adhesive agent and can bond together 
virtually any combination of two optical materials, provided 
that at least one of the materials is substantially transparent to 
the wavelength of the laser. 
[0032] The first and second optical components can be 
made of identical or dissimilar materials. In some embodi-
ments, the following material combinations can for example 
be bonded: glass-glass, glass-metal and glass-semiconductor. 
[0033] Preferably, the at least one substantially continuous 
reinforcing weld line includes a plurality of substantially 
continuous reinforcing weld lines. Also preferably, the at 
least one substantially continuous reinforcing weld line is 
inscribed along an outer edge of the direct-bonded interface, 
thereby ensuring that the optical transmission properties at 
the center of the sealed direct-bonded region are not affected. 
[0034] In some embodiments of the invention, the sealed 
direct-bonded region is substantially rectangular or square or 
circular in shape, while in these or other embodiments, the 
sealed direct-bonded region has rounded corners. Preferably, 
the weld seam defines a sealed direct-bonded region having a 
circular or rounded-corner shape. 
[0035] The embodiments of the present invention could be 
useful in a wide variety of fields, including aerospace, optical 
design, high-power lasers, crystal assemblies, protection of 
semi-conductors, encapsulation of hydrophilic materials, 
protection of thin film coatings and any other fields requiring 
adhesive-less technology to join materials. 
[0036] Other features and advantages of the present inven-
tion will be better understood upon reading of preferred 
embodiments thereof with reference to the appended draw-
ings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] FIGS. lA to 1F illustrate schematically the steps of 
a method for joining together a first and a second optical 
component according to an embodiment of the invention. 
[0038] FIG. 2A illustrates the pattern of interference 
fringes arising due to the presence of a microscopic air gap 
between two fused silica windows. FIG. 2B shows apictureof 
two direct-bonded fused silica windows, between which the 
absence of an air gap eliminates the pattern of interference 
fringes. FIG. 2C shows a picture of the insertion of air gaps at 
the corners of two optically-contacted fused silica windows. 
[0039] FIG. 3 is a photograph of a reinforced optical assem-
bly according to an embodiment of the present invention, 

wherein a direct bond between fused silica and silicon was 
reinforced following laser exposure so as to inscribe a rect-
angular shaped weld seam. 
[0040] FIGS. 4A to 4C illustrates schematically the chro-
nology of the physical processes following the focusing of 
ultrashort laser pulses near the direct-bonded interface 
between a first and a second optical component, wherein both 
optical components are substantially transparent to the wave-
length of the laser pulses. 
[0041] FIGS. 5A to 5F are schematic top views of rein-
forced optical assemblies according to embodiments of the 
invention, wherein the sealed direct-bonded region is sub-
stantially rectangular (FIG. 5A), square (FIG. 5B) and circu-
lar (FIG. 5C) in shape. In FIG. 5D, the sealed direct-bonded 
region has rounded corners. FIG. 5E is an enlarged view of a 
section of FIG. 5D, showing a plurality of weld lines. FIG. 5F 
illustrates a reinforced optical assembly according to an 
embodiment of the invention, wherein additional reinforcing 
weld lines have been inscribed inside the sealed direct-
bonded region. 
[0042] FIGS. 6A and 6B are perspective views in transpar-
ency of the reinforcing of the direct bonding of optical com-
ponents according to embodiments of the invention, wherein 
the optical axis of the ultrashort laser pulses is substantially 
perpendicular to the direct-bonded interface (FIG. 6A) and 
tilted with respect to a normal to a plane defined by the 
direct-bonded interface (FIG. 6B), respectively. 
[0043] FIGS. 7A and 7B are photographs of a reinforced 
optical assembly according to embodiments of the present 
invention, wherein a direct bond between fused silica and 
silicon was reinforced following laser exposure so as to 
inscribe a rectangular shaped weld seam having rounded 
corners and including 100 weld lines (FIG. 7A) and a circular 
shaped weld seam including 50 weld lines (FIG. 7B), respec-
tively. 
[0044] FIGS. 8A, 8B and 8D are perspective views in trans-
parency of the reinforcing of the direct bonding of optical 
components according to embodiments of the invention, 
wherein the ultrashort laser pulses propagate along an optical 
axis lying substantially in a plane defined by the direct-
bonded interface; FIG. 8C is a side cross-sectional view ofthe 
assembly of FIG. 8A. 
[0045] FIGS. 9A and 9B show photographs of substantially 
transparent similar and dissimilar materials direct-bonded 
and further reinforced by ultrashort laser pulses, according to 
embodiments of the present invention. The assemblies are 
composed of fused silica and BK7 glass (FIG. 9A) and 
yttrium aluminium garnet crystals (FIG. 9B). 
[0046] FIGS. 10A and 10B illustrate schematically an 
embodiment of the present invention, wherein an optical coat-
ing is deposited on the bonding surface of the first optical 
component (FIG. 10A) prior to the direct bonding of the 
respective bonding surfaces of the first and second optical 
components (FIG. 10B). 
[0047] FIG. 11 is a photograph of a reinforced optical 
assembly according to an embodiment of the present inven-
tion, wherein a thin optical coating made of alternate layers of 
Ti02  and Si02  was deposited on a fused silica plate and the 
coated side thereof was direct-bonded to another fused silica 
plate and further reinforced by ultrashort laser pulses. 
[0048] FIG. 12 is a photograph of a reinforced optical 
assembly according to an embodiment of the present inven-
tion, wherein a thin optical coating made of alternate layers of 
Ti02  and Si02  was deposited on a fused silica plate and the 
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coated side thereof was direct-bonded to a BK7 glass window 
and further reinforced by ultrashort laser pulses. 
[0049] FIG. 13 is a photograph of a reinforced optical 
assembly according to an embodiment of the present inven-
tion, wherein a thin optical coating made of alternate layers of 
Ti02  and Si02  was deposited on a fused silica plate and the 
coated side thereof was direct-bonded to a silicon wafer and 
further reinforced by ultrashort laser pulses. 
[0050] FIG. 14 illustrates schematically an experimental 
setup used for reinforcing a direct-bonded interface by 
ultrashort pulsed laser welding according to an embodiment 
of the present invention. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

[0051] In accordance with one aspect of the invention, there 
is provided a method for joining together a first and a second 
optical component, each of the first and second optical com-
ponents having a respective bonding surface. 
[0052] It will be understood by those skilled in the art that 
the optical components that can be joined together by the 
method according to this aspect of the invention may be made 
up of any solid, non-plastically deformed material, provided 
that at least the first optical component is substantially trans-
parent to the wavelength of the laser. As long as this require-
ment is fulfilled, each of the first and second optical compo-
nents may thus be made up of single elements (e.g. Si, Ag, Al), 
compounds or organic compounds. Typical non-limiting 
examples of such compounds are glasses, crystals, metals, 
semiconductors, polymers and organic polymeric com-
pounds such as polycarbonate, polytetrafluoroethylene 
(known under the trademark Teflon), and the like. It is an 
advantage of the present invention that the first and second 
optical components being joined together by the method of 
embodiments of the invention can but need not be of a same 
type. For example, in some embodiments, the first and second 
optical components consist of fused silica and silicon, respec-
tively. 
[0053] It will be further understood that the first and second 
optical components can have various physical parameters 
such as their shape, size, bonding surface area and thickness, 
and that these physical parameters can but need not be the 
same for both components. 
[0054] Referring now to FIGS. 1A to 1F, there are shown 
the steps of the method for forming a reinforced optical 
assembly 20 by joining together a first optical component 22 
and a second optical component 24. Broadly described, the 
method includes a first step of assembling the first and second 
optical components 22 and 24 by direct bonding of therespec-
tive bonding surfaces 26 and 28 thereof together (FIGS. 1A 
and 1B), followed by a second step of reinforcing the direct 
bond by using ultrashort pulsed laser welding (FIGS. 1C to 
1F). Each of these two steps will now be successively 
described in greater detail below. 

Direct Bonding 

[0055] The method according to a first aspect of the inven-
tion first involves a step of assembling the first and second 
optical components by direct bonding of their respective 
bonding surfaces together, thereby defining a direct-bonded 
interface therebetween. 
[0056] The expression "direct bonding" is understood 
herein to refer to a joining method relying on optical contact 

between bonding surfaces having suitable characteristics, 
preferably defect-free and highly polished surfaces, which is 
established without the use of an intermediate to act as a 
sealant. As one skilled in the art will readily understand, 
"optical contact" is achieved when the air gap between the 
two bonding surfaces is eliminated, thereby preventing 
reflections or interferences which otherwise would alter the 
optical transmission properties of the structure resulting from 
the joining of the two optical components. Direct bonding 
results from the extension of the optical contact to the whole 
area of the two bonding surfaces. Further, as explained in 
more details in the next paragraph, direct bonding results 
from attractive intermolecular electrostatic interactions, the 
magnitude of which being inversely proportional to the 
square of the distance between interacting charges. As a 
result, direct bonding remains insensitive to the nature or to 
the crystallographic structure of the joined materials. Hence, 
as a person skilled in the art would readily understand, virtu-
ally all solid, non-plastically deformed materials can be 
direct-bonded, the process being limited solely by the ability 
to achieve a proper mechanical and chemical surface quality, 
which may not be possible for some types of materials. 

[0057] When the separation between particles (e.g. atoms 
or molecules) becomes of the order of a few atomic distances, 
the influence of weak electrostatic forces, commonly referred 
to as van der Waals forces, begins to manifest itself. These 
forces can be either attractive or repulsive depending on the 
relative dipole orientation of each particle with respect to that 
of its neighbors. In general, the movement of electrons around 
the nucleus produces electronic charge density fluctuations 
inside atoms or molecules. Hence, at any given instant, this 
random motion will cause the distribution of electrons in a 
given particle to become slightly asymmetrical with respect 
to the nucleus, the resulting electronic imbalance creating an 
instantaneous dipole in the particle. The positive end of this 
dipole can then itself attract the electron cloud of a neighbor-
ing particle and induce a dipole therein, thereby establishing 
an attractive force known as dispersion force or London force. 
For materials in which instantaneous time-varying dipoles 
can be induced in their atoms or molecules, this induced 
dipole-dipole London interaction is the dominant van der 
Waals process. Other van der Waals interactions can take 
place when particles possess permanent dipoles and are 
referred to as Debye force and Keesom force. 

[0058] Because the London force depends only on the 
mutual distance and relative orientation of the instantaneous 
dipoles induced in neighboring atoms or molecules, it 
remains insensitive to their nature and can thus be generated 
between any given pair of atoms or molecules. Compared to 
other atomic interactions in matter, though, the London force 
remains weak and can be easily annihilated by molecular 
movement or by the impact of other stronger bonding inter-
molecular forces. However, while the strong covalent and 
ionic bonds typically arising in amorphous and crystalline 
solids will easily overtake any weak van der Waals bond 
formed between molecules, they will not halt their establish-
ment. 

[0059] When two solid optical components having opti-
cally smooth and clean respective bonding surfaces are 
brought in very close contact, weak van der Waals attractive 
forces will be established between the first few atomic layers 
of each bonding surface. At the same time, these layers are 
held to the remainder of their corresponding bulk material by 
stronger intermolecular forces. As mentioned above, because 
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van der Waals forces are proportional to 1/d2, where d is the 
distance between two interacting particles, their magnitude 
increases as the gap between the surfaces to be bonded 
decreases and becomes significant when that gap is reduced to 
10 nanometers at most. When this condition is realized on the 
major part of the contacted area, optical contact is established 
and the two bonding surfaces are said to be direct-bonded 
(provided that they are not plastically deformed). The sum of 
the van der Waals forces over this whole direct-bonded inter-
face results in a relatively strong bond, whose strength can 
reach several megapascals in magnitude. 
[0060] FIG. 1A illustrates a first optical component 22 and 
a second optical component 24 to be assembled by direct 
bonding of the respective bonding surfaces 26 and 28 thereof 
together. As one skilled in the art will readily understand, 
several factors should be taken into account for the direct 
bonding of the bonding surfaces 26 and 28 to be successful 
and/or optimal. 
[0061] Firstly, the mechanical state of the bonding surfaces 
26 and 28 should be excellent. The surface finish should 
exhibit a flatness of at most the value of half of a wavelength 
per inch (112 per inch). When the surface flatness is of a better 
quality, typically from 1120 per inch to a/4 per inch, direct 
bonding is easier to achieve. In addition, the root mean square 
(RMS) surface roughness of the bonding surfaces 26 and 28 
shown in FIG. 1A should be very good, preferably in the 
range between 1 and 10 angstroms. As one skilled in the art 
will readily understand, a polishing strategy properly suited 
to the particular materials employed for the optical compo-
nents 22 and 24 can be adopted to obtain sufficiently low 
values for the surface flatness and roughness of the bonding 
surfaces 26 and 28. 
[0062] Secondly, the bonding surfaces 26 and 28 are pref-
erably cleaned thoroughly prior to direct bonding thereof, so 
as to eliminate all physical and chemical contaminants, as 
well as be exempt from defects such scratches, cracks, and the 
like. To this end, cleaning techniques well known in the art 
can be employed such as, for example, ultrasonic wave clean-
ing of the bonding surfaces 26 and 28 for chemical cleanliness 
followed by removal of any leftover dust and solvent particles 
using either air jet dusting, evaporation or simple tissue wip-
ing of the bonding surfaces 26 and 28, or a combination of 
these techniques. 
[0063] Referring now to FIG. 1B, once the bounding sur-
faces 26 and 28 have been adequately polished and cleaned, 
they are stacked together, preferably at ambient temperature 
and pressure, so as to assemble the first and second optical 
components 22 and 24 by direct bonding of the respective 
bonding surfaces 26 and 28 thereof together, thereby defining 
a direct-bonded interface 30 therebetween. 
[0064] Achieving optical contact requires the contacting of 
the bonding surfaces 26 and 28 shown in FIG. 1B to yield a 
bond exempt of air pockets and contaminants. In practice, 
however, it is typical for a pattern of interference fringes to 
appear, as shown in FIG. 2A for an assembly of two fused 
silica windows. As one skilled in the art will readily under-
stand, interference fringes and related surface reflections 
indicate that a microscopic air gap remains between the two 
bonding surfaces 26 and 28. At the right side of the interfer-
ence pattern, the presence of a dark fringe confirms that the 
optical contact is optimal in this region. The two bonding 
surfaces 26 and 28 are said to be direct-bonded when the dark 
fringe extends and establishes optical contact across the 
whole contacted area, thereby eliminating interference 

fringes, surface reflections and mechanical constraints from 
the resulting direct-bonded interface 30. Such a state of direct 
bonding is illustrated in FIG. 2B for two direct-bonded fused 
silica windows. 
[0065] Direct bonds, such as that illustrated schematically 
in FIG. 1B and experimentally in FIG. 2B, are mechanically 
strong, but do not resist well to short and long standing elastic 
or plastic deformations of the materials making up the first 
and second optical components 22 and 24. Such deformations 
can take place following application of large thermal and 
mechanical loads to the reinforced optical assembly 20, for 
example a temperature gradient, a thermal shock, pressure 
variations, strong tensile or shear mechanical stresses, or a 
combination thereof. As a result, a lift-off associated with a 
gap between the two bonding surfaces 26 and 28 typically 
appears at the edge of the direct-bonded interface 30. Hence, 
with increasing environmental constraints, the gap fills itself 
with ambient air, as illustrated in FIG. 2C, and gradually 
spreads to the inner part of the direct-bonded interface 30, so 
as to progressively separate the first and second optical com-
ponents 22 and 24. 
[0066] In order to minimize the risk of separation of a 
direct-bonded assembly, the weak electrostatic bonds 
between the respective atoms and molecules of the two opti-
cal components may be transformed into strong covalent 
bonds. As is well known by those skilled in the art, this can be 
commonly achieved through thermal annealing, wherein the 
direct bond resulting from van der Waals forces is trans-
formed to a covalent bond, thereby creating "bulk-like" con-
ditions at the direct-bonded interface. Reinforcement of a 
direct bond by thermal annealing is, however, a very slow 
process, so that several days of high-temperature annealing 
may be required to transform all weak electrostatic bonds into 
covalent bonds. Furthermore, the combinations of materials 
to which thermal annealing can be applied are restricted by 
the thermal nature of the process, so that only materials hav-
ing very similar thermal properties (e.g. thermal expansion 
coefficients) can be thermally annealed. Taking these limita-
tions into consideration, the reinforcement of a direct bond 
would clearly benefit from a faster and/or more versatile 
reinforcing procedure for which the two direct-bonded opti-
cal components need not be heated. 

Reinforcement by Ultrashort Pulsed Laser Welding 

[0067] The method according to an aspect of the present 
invention further includes a step of reinforcement of the 
direct-bonded interface with a weld seam including at least 
one substantially continuous reinforcing weld line forming a 
closed shape enclosing a sealed direct-bonded region. 
[0068] The reinforcing procedure according to one 
embodiment of the invention is illustrated schematically in 
FIGS. 1C to 1F. In general terms, the reinforcing procedure 
relies on a cautious exposure of the direct-bonded interface 30 
to ultrashort laser pulses 32 (FIG. 1C). A focusing element 34 
is preferably used to focus the ultrashort laser pulses to a focal 
spot 36 positioned slightly inside the second optical compo-
nent 24 (FIG. 1D). The peak power of the laser pulses 32 is 
controlled so as to generate the non-linear optical phenomena 
known as self-focusing, which will create a plasma channel, 
resulting from the formation of optical filaments 37, crossing 
the direct-bonded interface 30 and inducing a localized junc-
tion 40 between the first and second optical components 22 
and 24 (see also FIGS. 4A to 4C). During laser exposure, the 
focal spot 36 of the laser pulses 32 is translated with respect 
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to the direct-bonded interface in order to write at least one 
substantially continuous reinforcing weld line 42 along a 
closed pattern defining the sealed direct-bonded region 44 
(FIG. 1E). The at least one weld line 42 defines a weld seam 
46 reinforcing the direct-bonded interface 30, thereby result-
ing in a reinforced optical assembly 20 (FIG. 1F). The step of 
reinforcing the direct-bonded interface 30 according to one 
embodiment will be described in greater detail below. 
[0069] Referring to FIG. 1C, the reinforcement first 
includes, for each of the at least one weld line 42, propagating 
ultrashort laser pulses 32 along an optical axis 38 through the 
first optical component 22 toward the direct-bonded interface 
30, the laser pulses 32 having a spectral bandwidth within 
which at least the first optical component 22 is substantially 
transparent. It should be noted that no such restriction exists 
regarding the transparency of the second optical component 
24, which can be either substantially transparent or opaque 
(or anywhere in between) to the wavelength of the laser pulses 
32. 
[0070] In the present description, the expression"ultrashort 
laser pulses" is understood to designate laser pulses having a 
duration of about 500 femtoseconds or less and a sufficiently 
high pulse energy, thereby carrying a sufficiently high peak 
power to induce self-focusing near the direct-bonded inter-
face 30. The ultrashort laser pulses 32 are generated by a laser 
source 31, which can be embodied, for example, by a solid-
state laser, a fiber laser, a solid state amplification system, an 
optical parametric amplification system, a fiber amplification 
system, a chirped pulse amplification system or a combina-
tion of these lasers and amplification systems. 
[0071] Likewise, the expression "substantially transpar-
ent" is understood herein to refer to an optical component 
that, in the absence of non-linear absorption, plasma forma-
tion or any other non-linear optical processes, does not absorb 
a significant proportion of the incident laser energy through-
out its whole thickness, for example not more than a few 
percent. Hence, in the context of the present invention, the 
first optical component 22 should have a degree of transpar-
ency that is sufficient to allow enough of the energy from the 
laser pulses 32 to reach the direct-bonded interface 30 and 
provide the desired non-linear effects, as explained further 
below. On the contrary, the term "opaque" is understood 
herein to refer to an optical component that absorbs a signifi-
cant proportion of the incident laser energy throughout its 
whole thickness. Hence, the spectral bandwidth of the 
ultrashort laser pulses 32 should be adjusted in order to fulfill 
the necessary condition that first optical component 22 is 
substantially transparent to the laser pulses 32. 
[0072] In embodiments of the invention, the spectral band-
width of the ultrashort laser pulses is contained in a range 
extending from the ultraviolet part of the electromagnetic 
spectrum to the far infrared part of the electromagnetic spec-
trum. This spectral range includes wavelength values 
between 1 nanometer and 50 micrometers. Laser systems 
capable of delivering ultrashort laser pulses typically emit 
pulses with a spectral bandwidth contained in the range speci-
fied. 
[0073] As one skilled in the art will readily understand, an 
optical parametric amplifier or another appropriate device 
may be used to modify the spectral bandwidth of the 
ultrashort pulses so that it falls within the transparency range 
of a given material. For example, ultrashort pulses having a 
central wavelength of 800 nanometers may be propagated 
through an optical parametric amplifier so as to exit the ampli- 

fier with a central wavelength of 2000 nanometers, thereby 
accessing the transparency range of silicon. 
[0074] Referring now more specifically to FIGS. 1C and 
1D, the reinforcement step also includes focusing the 
ultrashort laser pulses 32 on a focal spot 36 inside the second 
optical component 24 near the direct-bonded interface 30. 
Preferably, the ultrashort laser pulses 32 are focused through 
the substantially transparent first optical component 22 by a 
focusing element 34 disposed in the path of the laser pulses 
32, so as to position the focal spot 36 of the focusing element 
34 slightly inside the second optical component 24, as shown 
in FIGS. 1D and 4A. For example, in a preferred embodiment 
of the invention, the focal spot 36 is located at a position 
inside the second optical component 24 between about 10 and 
20 micrometers beyond the direct-bonded interface 30. One 
skilled in the art will readily understand that the expression 
"near the direct-bonded interface" refers to any distance 
which will result in an optical filament 37 formed from non-
linear optical phenomena to cross the direct-bonded interface 
30 and therefore enable the desired reinforcement thereof, as 
will be explained in more detail below. 
[0075] The focusing element 34 may be embodied, for 
example, by a spherical lens, an aspherical lens, a microscope 
objective lens, a cylindrical lens or any other appropriate lens 
assembly or combination thereof. Additionally, as will be 
readily understood by one skilled in the art, prior to being 
focused by the focusing element 34, the ultrashort laser pulses 
32 may go through any appropriate component for directing, 
amplifying, polarizing, attenuating, or otherwise acting on 
the laser beam formed by the ultrashort pulses 32, as may be 
required by the particularities of a given embodiment of the 
invention. For example, FIG. 15 shows an example of an 
experimental setup which can be used to realize the present 
method, in which the ultrashort pulses 32 emitted by the laser 
source 31 pass through a wave plate 56 and a polarizer 58 for 
power and polarization control, respectively. Moreover, the 
optical assembly 20 may be installed on a mount 60, which 
can be precisely aligned with the optical axis of the pulses 32 
using multiple axis translation stages 62 and goniometers 64. 
[0076] Referring now to FIGS. 1D and 4A to 4C, the rein-
forcing of the direct-bonded interface 30 further includes 
controlling a peak power of the laser pulses 32 at the direct-
bonded interface 30 so as to generate non-linear optical phe-
nomena inducing a localized junction 40 between the first and 
second optical components 22 and 24. 
[0077] In the present description, the expression "non-lin-
ear optical phenomena" generally refers to phenomena result-
ing from an interaction between light and a material charac-
terized by a non-linear relationship between the induced 
electric polarization of the material and the electric field of 
light. As is well known by one skilled in the art, non-linear 
optical phenomena can be observed by propagating light 
pulses of sufficiently high intensity in matter, typically by 
using ultrashort pulsed lasers along with proper focusing 
optics. 
[0078] In the present description, the term "peak power" 
refers to a property of the laser pulses which is equal to the 
pulse energy divided by the pulse duration at the full width at 
half maximum (FWHM). It is expressed in units of joules per 
second (J/s) or watts (W). Further, the term "peak intensity" 
refers herein to another property of the laser pulses governed 
by the peak power of the pulses which is averaged over the 
beam size in the plane perpendicular to the optical axis, 
wherein the beam size is controlled by the self-focusing effect 
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described below as well as by the focal length of the focusing 
element. Hence, the peak intensity is obtained by dividing the 
peak power by the beam size at 1/e2  of its axial value and is 
expressed in units of watts per square meter (W/m2). 
[0079] In the context of the present invention, the focal spot 
36 of the focusing element 34 is firstly positioned slightly 
inside the second optical component 24, as shown in FIG. 4A. 
In these circumstances, when an ultrashort pulse 32 having a 
peak power value higher than some threshold defined below is 
incident upon the first optical component 22, different tem-
poral slices of the ultrashort pulse 32 will be focused at 
different positions before that of the focal spot 36 throughout 
the pulse's growth in intensity. The focus positions of the 
slices will eventually cross back through the direct-bonded 
interface 30 and ultimately enter the first optical component 
22. The pulse 32 will generally evolve to create optical fila-
ments 37 having finite length and extending on both sides of 
the direct-bonded interface 30 (FIG. 4B). 
[0080] This process is a consequence of the well-known 
self-focusing phenomenon caused by the optical Kerr effect. 
As is also well known by those skilled in the art, the optical 
Kerr effect is a non-linear optical phenomenon by which the 
non-linear refractive index of a material depends on the inten-
sity of the light propagating in that material. Self-focusing is 
generated when the peak power of the laser pulses 32 
becomes larger than a critical power P, for self-focusing, 
which is can be expressed as: 

A2 	 (1) 
P, 

2'rnpn2' 

where X is the laser wavelength in vacuum and no  and n2  are 
the linear and non-linear refractive indices, respectively. 
[0081] As self-focusing develops, the peak intensity of the 
pulse increases along the direction of propagation thereof and 
eventually becomes sufficient to trigger non-linear ionization 
of the irradiated material through non-linear absorption of the 
laser energy. A plasma is thus generated and will exert a 
defocusing effect acting against self-focusing and preventing 
its further development. This balance between the self-focus-
ing effect resulting from the optical Kerr effect and the coun-
teracting plasma defocusing effect will clamp the peak inten-
sity of the beam (intensity clamping). This phenomena leads 
to the observation of a line of focusing (FIG. 4B), commonly 
referred to as an optical filament 37, along which the laser 
intensity is auto-regulated by intensity clamping. 
[0082] In preferred embodiments of the present invention, 
once the geometrical focus of the focusing element 34 is 
positioned slightly inside the second optical component 24, 
the peak power of the pulses 32 is controlled so as to position 
the beginning of the filaments 37 and ofnon-linear absorption 
on the optical axis 38 inside the first optical component 22. 
The evolution of non-linear absorption along the optical axis 
38 generates a local plasma channel 52 inside the optical 
filaments 37. This plasma channel crosses the direct-bonded 
interface 30, therefore setting proper conditions for laser 
welding, as shown in FIGS. 4B and 4C. 
[0083] In order to achieve self-focusing inside the first opti-
cal component 22, the peak power of the pulses 32 should be 
at least of the order of megawatts, that is, generally larger than 
the critical power P, for self-focusing of the first optical 
component 22 given by equation (1), which is readily acces- 

sible using ultrashort laser pulses 32 having a duration in the 
femtosecond range. It should be emphasized that neither the 
type nor the spectrum bandwidth of the laser source 31 has a 
strong impact on the result, inasmuch as the first optical 
component 22 is substantially transparent to the laser at the 
wavelength of operation according to the definition of the 
term "substantially transparent" given above. As those skilled 
in the art will readily understand, preferred embodiments of 
the present invention should require that the beam be of a 
fairly good quality, typically Gaussian, and emitted in a 
pulsed manner with minimal variations in pulse-to-pulse 
optical characteristics. Furthermore, the focal length of the 
focusing element 34 should be chosen so as to induce optical 
filaments 37 of sufficient length to cross the direct-bonded 
interface 30 when the focal spot 36 is positioned inside the 
second optical component 24. For typical embodiments, the 
focal length of the focusing element 34 is in the range 
between 1 and 200 millimeters. 

[0084] In addition, the peak laser intensity achieved by 
intensity clamping for the method according to the present 
invention of reinforcing a direct bond between two optical 
components 22 and 24 depends also on the non-linear prop-
erties of the substantially transparent materials used for the 
first optical component 22 and, for some preferred embodi-
ments, the second optical component 24. Preferably, the peak 
power of the laser pulses 32 should be adjusted so that the 
optical Kerr effect is sufficiently strong to induce self-focus-
ing of the laser pulses 32 inside the first optical component 22, 
as in the embodiment shown in FIG. 4B. 

[0085] Referring now to FIG. 4C, the relaxation of the 
plasma inside the optical filaments 37 creates a shock wave 
54, which propels molten matter originally contained in 
plasma from the first optical component 22 into the second 
optical component 24. A similar interaction may also take 
place inside the second optical component 24 if it is substan-
tially transparent to the spectral bandwidth of the laser. This 
region of mixing of molten material at the direct-bonded 
interface 30 may be referred to as a localized junction 40. The 
very short thermal cooling period (typically of the order of 
microseconds) associated with this phenomena may be 
lengthened by the moderate heat accumulation induced by 
successive ultrashort pulses 32 emitted at a sufficient repeti-
tion rate, for example beyond 300 kHz for fused silica glass. 
This increase of the thermal cooling period by proper adjust-
ment of the repetition rate of the ultrashort laser pulses 32 
creates conditions similar to thermal annealing, but in a much 
more localized manner inside the localized junction 40, thus 
favoring the creation and transformation of atomic bonds 
between the materials making up the first and second optical 
components 22 and 24. 

[0086] In embodiments of the invention wherein the second 
optical component 24 is opaque to the wavelength ofthe laser, 
linear absorption of the laser energy takes place at its bonding 
surface 28 and through a small fraction of its thickness. The 
opaque area exposed to laser irradiation is lightly melted 
without preventing the generation of self-focusing and the 
creation of a localized junction 40 (see FIG. 1D), in accor-
dance with the method of the present invention. For these 
embodiments of the invention, self-focusing is effective 
inside the first substantially transparent optical component 
22, provided the peak power of the laser pulses 32 is suffi-
ciently high and does not depend on the laser energy absorbed 
by the second optical component 24. As a plasma channel 52 
is generated inside the first optical component 22, a micro- 
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scopic volume of matter is propelled toward the second opti-
cal component 24, as explained above. Since the material 
making up the second optical component 24 is preheated by 
the initial linear absorption of the laser energy, fusion and 
thermal dilatation contribute to mix materials between the 
first and second optical components 22 and 24 and to support 
the formation of atomic bonds. Furthermore, since the 
induced mechanical stress is limited due to the very short 
cooling period, a large weld seam an be inscribed between 
dissimilar materials, as is demonstrated in FIGS. 3, 7A and 
7B. 
[0087] Ina preferred embodiment ofthe invention, the peak 
power of the laser pulses 32 adjusted so as to be slightly 
higher than the self-focusing threshold at the direct-bonded 
interface 30 separating the first and second optical compo-
nents 22 and 24. The materials composing the first and second 
optical components 22 and 24 are thus modified only on a 
very small fraction of their respective thickness, thereby per-
mitting to achieve ideal bonding and welding conditions as 
well as minimal residual stress build-up around the localized 
junction 40 shown in FIG. 10. Hence, the method according to 
the present invention allows controlling the pulse peak power 
so as to generate, through self-focusing, optical filaments 37 
having a length typically ranging between 40 to 80 microme-
ters, therefore limiting the damage and excessive exposure 
inside each of the first and second optical components 22 and 
24. 
[0088] As mentioned above, non-linear ionization pro-
cesses are responsible for the absorption of a sufficient 
amount of laser energy to modify matter in a very localized 
and smooth manner, thereby allowing reinforcement of the 
direct bond between the first and second optical components. 
Depending on the peak intensity reached within the optical 
filaments, the dominant mechanism governing the ionization 
of the materials making up the two optical components can 
either be multi-photon absorption, a tunnelling effect or a 
combination thereof. 
[0089] The multi-photon ionization mechanism consists in 
the absorption of several low energy photons (typically in the 
infrared part of the electromagnetic spectrum) by an electron, 
thus enabling the electron to cross the band gap energy of the 
material and reach the conduction band. The minimal number 
of photons which must be absorbed is defined as the smallest 
integer k verifying the following condition: 

khvaEg 	 (2) 

where v is the photon frequency, h is the Plank constant and 
Eg  is the material band gap energy. Equation (2) indicates that 
the sum of the individual photon energies must be at least 
equal to the band gap energy. This process is typically domi-
nant for pulse peak intensities below 1013  W/cm2 . 

[0090] When the peak intensity reaches higher values, the 
intense electric field of the ultrashort pulses distorts the elec-
tron's potential barrier and reduces the Coulomb potential 
linking the electron to the atom. The strong electric field also 
increases the kinetic energy of the electron, so that there is a 
significant probability that the bound electron can tunnel 
through the barrier and reach the conduction band. This tun-
nelling effect is typically dominant for peak intensities 
between 1014-1016  W/cm2 . 

[0091] For intermediate peak intensities in the range 
between 1013  and 1014  W/cm2, which is typically the case of 
the self-focusing of ultrashort pulses in glass, both multi-
photon absorption and tunnelling effect processes compete to 

free the bound electrons from the valence band. The absorp-
tion of one or several incident photons by the electrons will 
help them gain enough kinetic energy to overcome the dis-
torted potential barrier. By these processes and very shortly 
after the passage of the ultrashort laser pulses 32 through the 
medium, an electron-hole plasma channel 52 is locally 
formed close to the direct-bonded interface 30, as shown in 
FIG. 4C. Relaxation of the excited electron-hole plasma 
channel 52 in the bulk material leaves behind a small region 
characterized by a smooth refractive index change and small 
residual birefringence. As discussed previously, the relax-
ation of such plasma close to the direct-bonded interface 30 
between two direct-bonded optical components 22 and 24 
results in the formation of a reinforced localized junction 40. 

[0092] The reinforcing process described so far concerns 
the inscription of a single localized junction 40 at the direct-
bonded interface 30 between two optical components 22 and 
24, the position of the localized junction 40 being determined 
by the position of the focal spot 36 of the pulses 32 in the plane 
defined by the direct-bonded interface 30 (see FIGS. 1C and 
1D). In order to inscribe a weld seam 46 including at least one 
substantially continuous reinforcing weld line 42 forming a 
dose shape enclosing a sealed direct-bonded region 44, the 
reinforcing process according to embodiments of the present 
invention requires translating the focal spot 36 of the laser 
pulses 32 with respect to the direct-bonded interface 30 in a 
pattern defining the dosed shape, as shown in FIGS. 1E and 
1F. For illustrative purposes, FIG. 3 shows a preferred 
embodiment of the present invention in which a direct bond 
between fused silica and silicon was reinforced following 
exposure to ultrashort pulses. 

[0093] In the present description, the expression "weld 
line" refers to a series of preferably seemingly contiguous yet 
punctual localized junctions, which is obtained by translating 
the focal spot of the laser pulses with respect to the direct-
bonded interface according to a pattern enclosing a sealed 
direct-bonded region. A weld line is understood herein to be 
the result of one pass of the laser along the path defining the 
sealed direct-bonded region. For example, the preferred 
embodiment of FIG. 1E illustrates schematically the ongoing 
process of inscribing a first substantially continuous reinforc-
ing weld line 42 along a path enclosing and defining a sealed 
direct-bonded region 44. Likewise, the expression "weld 
seam" is understood herein to refer to the resulting set of at 
least one substantially continuous reinforcing weld line. As 
an example, the embodiment of FIG. 1F shows a schematic 
representation of a reinforced optical assembly 20 reinforced 
by a weld seam 46 comprising two weld lines 42 enclosing a 
sealed direct-bonded region 44. 

[0094] It should be emphasized here that since the 
ultrashort pulsed laser reinforcing method according to the 
present invention is accompanied by no significant displace-
ment of matter around the localized junction by thermal dila-
tion, the expressions "weld line" and "weld seam" as 
employed herein should not be construed in view of the 
traditional meaning of "welding" as involving a fusion and 
thermal dilatation of the "welded" materials. 

[0095] Furthermore, the expression "sealed direct-bonded 
region" is understood herein to designate a region that has 
been "sealed" by the method of ultrashort pulsed laser weld-
ing of the present invention so as to become substantially 
impervious to the migration of air gaps or other bonding 
alterations from the outside to the inside thereof. 
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[0096] Referring to the embodiments of FIGS. 5A to 5E, 
the sealed direct-bonded region 44 enclosed by a weld seam 
46 can be substantially rectangular (FIG. 5A), square (FIG. 
5B) or circular (FIG. 5C) in shape, or may possess rounded 
corners (FIGS. 5D and 5E). Preferably, as exemplified by the 
embodiments of FIGS. 5A, 5D and 5E, the weld seam 46 
defines a sealed direct-bonded region 44 having a circular or 
rounded-corner shape, which allows inscribing each of the at 
least one weld line 42 comprising the weld seam 46 with less 
starting and stopping points, thereby limiting build-up of 
constraints and crack initiation from corners. 
[0097] In some embodiments, the at least one substantially 
continuous reinforcing weld line 42 preferably includes a 
plurality of substantially continuous reinforcing weld lines 
42, as illustrated in FIG. 5E, since the multiplication of weld 
lines 42 upon a direct-bonded interface 30 reinforces the 
mechanical strength of the optical assembly 20. Also prefer-
ably, the at least one substantially continuous reinforcing 
weld line 42 may be inscribed along an outer edge of the 
direct-bonded interface 30, as for the embodiments shown in 
FIGS. 5A, 5C and 5D. Advantageously, the inscription of 
weld lines 42 along the outer edge of the direct-bonded inter-
face 30 will maximize the size of the sealed direct-bonded 
region 44 wherein the optical transmission properties of the 
reinforced optical assembly 20 are not affected by the mate-
rial's density change occurring in the vicinity of the weld 
seam 46. However, depending on the intended use of the 
resulting reinforced optical assembly 20 the sealed direct-
bonded region 44 may cover only a portion of the joined 
optical components 22 and 24 without departing from the 
scope of the present invention. 
[0098] Optionally, some embodiments of the invention 
may include at least one additional reinforcing weld line 47 
inscribed inside the sealed direct-bonded region 44, thereby 
reinforcing the central part thereof. In particular, the direct-
bonded interface 30 may be reinforced by multiplying weld 
lines 47 inside the sealed direct-bonded region 44, for 
example by inscribing successive parallel and equally spaced 
weld lines 47 along one direction in the plane of the direct-
bonded interface 30, as shown in FIG. 5F. It is to be noted, 
however, that inscribing such additional weld lines 47 inside 
the sealed direct-bonded region 44 may not be appropriate in 
embodiments wherein the optical transmission properties of 
the reinforced optical assembly 20 should remain unaffected 
by the ultrashort pulsed laser welding. 
[0099] In some embodiments of the invention, the spacing 
between successive weld lines may be at least equal to the 
maximum width of a modified region induced by a weld line 
in either the first or second optical component, thereby avoid-
ing unnecessary overlapping of weld lines and important 
damage to the two optical components. For these embodi-
ments, the reinforcement factor will thus be optimal. 
[0100] In some embodiments of the invention, the step of 
translating the focal spot of the impinging pulses is performed 
by moving the direct-bonded interface to be reinforced with 
respect to the optical axis of the laser pulses, preferably by 
mounting the direct-bonded optical components on a motor-
ized linear translation device. In the setup shown in FIG. 15, 
the direct-bonded interface may be moved by using multiple 
axis translation stages 62 activated with a multiple axis con-
troller. Also preferably, the controller may be connected to a 
computer in which a built-in or custom user interface allows 
programming the movement of the stages to follow predeter-
mined paths (e.g. rectangular or circular patterns) corre- 

sponding to the shape of the sealed direct-bonded region to be 
inscribed by the laser pulses. Alternatively, in other embodi-
ments, the step of translating the focal spot includes moving 
the optical axis of the laser pulses with respect to the direct-
bonded interface, for example using a similar apparatus or a 
galvanometer controlling one or more optical elements in the 
path of the laser pulses. 
[0101] In some embodiments, the method according to an 
aspect of the present invention gives the freedom to inscribe 
weld lines with controllable length, spacing, direction and 
curvature. As one skilled in the art will readily understand, the 
scan speed at which the focal spot of the pulses is translated 
with respect the direct-bonded interface to be reinforced 
should be adjusted in accordance with the repetition rate of 
the pulses. In preferred embodiments, the scan speed is slow 
enough to allow sufficient spatial overlapping of the consecu-
tive focused pulses, where the resulting plasma regions are 
typically of cylindrical geometry, while the repetition rate of 
the pulses is in the range between 1 kHz and 1 MHz. The 
ensuing strong overlapping leads to the formation of seem-
ingly continuous weld lines by the inscription of discrete 
localized junctions, in a process that limits the generation of 
adverse thermal effects. 
[0102] In some embodiments, the method according to an 
aspect of the present invention may further include an addi-
tional step of thermally annealing the joined optical compo-
nents. This slow annealing process is used to further reinforce 
a direct bond following the inscription of weld lines, but it 
may also help minimizing the change in refractive index 
induced by exposure of the optical components to ultrashort 
laser pulses. However, as those skilled in the art will readily 
understand, such an annealing treatment may not be suitable 
for the direct-bonded combination of two dissimilar materials 
whose thermal dilatation coefficients exhibit a large differ-
ence in value. 
[0103] In preferred embodiments of the invention, such as 
shown in FIG. 6A, the optical axis 38 along which the 
ultrashort laser pulses 32 propagate is substantially perpen-
dicular to the direct-bonded interface 30. Alternatively, in 
other embodiments, the optical axis 38 is tilted with respect to 
a normal 48 to the plane defined by the direct-bonded inter-
face 30, as exemplified in FIG. 6B. It should be noted that in 
this tilted configuration, the ultrashort laser pulses 32 may 
enter the first optical component 22 through the top surface 
thereof, as for the embodiment shown FIG. 6B, but also 
through a side surface thereof (not shown). 
[0104] According to another aspect of the invention, there 
is provided another method for joining together a first and a 
second optical component, each of the first and second optical 
components having a respective bonding surface, the respec-
tive bonding surfaces having matching boundaries, that is, 
they have identical sizes and shapes and are mirror images of 
each other. Preferably, the first and second optical compo-
nents have substantially identical optical parameters, wherein 
the term "optical parameters" is understood in this context to 
include at least the transmittance and the non-linear refractive 
index n2  of the first and second optical components. 
[0105] The method according to this aspect of the invention 
first includes a step of aligning the boundaries of the respec-
tive bonding surfaces of the first and second optical compo-
nents and assembling the first and second optical components 
by direct bonding of their respective bonding surfaces, 
thereby defining a direct-bonded interface therebetween. Thi s 
step of the method can be accomplished as described above 
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for other embodiments of the invention, with reference to 
FIGS. 1A and 1B. The method further includes a step of 
reinforcement of the direct-bonded interface with a weld 
seam including at least one substantially continuous reinforc-
ing weld line forming a closed shape enclosing a sealed 
direct-bonded region. In typical embodiments, the sealed 
direct-bonded region has a shape that is substantially identi-
cal to that of the respective matching bonding surfaces. 
[0106] Referring now to FIGS. 8A and 8B, this reinforce-
ment step first includes, for each of the at least one weld line 
42, propagating ultrashort laser pulses 32 along an optical 
axis 38 lying substantially in a plane defined by the direct-
bonded interface 30, the laser pulses 32 having a spectral 
bandwidth within which both the first and second optical 
components 22 and 24 are substantially transparent. In the 
illustrated embodiment, since the respective bounding sur-
faces 26 and 28 of the two optical components 22 and 24 have 
matching and aligned boundaries, each of the one or more 
side surfaces of the first optical component lies substantially 
in a same plane as a corresponding one of the one or more side 
surfaces ofthe second optical component 24, thereby defining 
one or more common side surfaces 33 on which the ultrashort 
laser pulses 32 impinge, as shown in FIGS. 8A and 8B. 
[0107] A focusing element 34 is preferably used to focus 
the ultrashort laser pulses 32 to a focal spot 36 positioned 
precisely in the plane of the direct-bonded interface 30, as 
shown in FIG. 8C. The peak power of the laser pulses 32 is 
controlled so as to reach a threshold for self-focusing given by 
equation (1). As self-focusing develops, the peak intensity of 
the pulses 32 increases sufficiently to trigger non-linear 
absorption of the laser energy followed by non-linear ioniza-
tion of the irradiated materials and is formation of a plasma 
channel by optical filaments 37 centered substantially in the 
plane of the direct-bonded interface 30. Due to its finite 
radius, the plasma channel spreads out slightly inside the two 
optical components 22 and 24, so as to modify matter in a very 
localized and smooth manner on both sides of the direct-
bonded interface 30 and induce a localized junction 40 rein-
forcing the direct bond between the first and second optical 
components 22 and 24, as shown in FIG. 8C. 
[0108] Referring now to FIGS. 8B and 8D, the method also 
includes translating the focal spot 36 of the laser pulses 32 
with respect to the direct-bonded interface 30 in a pattern 
defining the closed shape, so as to inscribe a weld seam 46 
including at least one substantially continuous reinforcing 
weld line 42 forming a close shape enclosing a sealed direct-
bonded region 44. The at least one weld line 42 defines a weld 
seam 46 reinforcing the direct-bonded interface 30, thereby 
resulting in a reinforced optical assembly 20, as shown in 
FIG. 8D. In preferred embodiments, both the sealed direct-
bonded region 44 enclosed by a weld seam 46 and the respec-
tive bonding surfaces 26 and 28 of the first and second optical 
components 22 and 24 can be substantially rectangular (FIG. 
8D), square or circular in shape. The sealed direct-bonded 
region 44 may possess rounded corners if the respective 
bonding surfaces 26 and 28 of two optical components 22 and 
24 also exhibit such geometry. 
[0109] As those skilled in art will readily understood, in the 
embodiments according to this method of the invention, the 
step of translating the focal spot 36 of the pulses 32 so as to 
inscribe at least one weld line 42 is performed while keeping 
as much as possible the optical axis 38 of the pulses 32 and the 
direct-bonded interface 30 in a same plane. Those skilled in 
the art will also readily understand that in the configuration 

shown in FIGS. 8A to 8D, the ultrashortpulsed laser welding 
process according to the present invention requires that 
proper care should be given to ensure that the quality and 
planarity of common side surfaces 33 are appropriate. 

[0110] According to a further aspect of the invention, there 
is provided a reinforced optical assembly. Referring now 
more specifically to FIGS. 1A to 1F, the reinforced optical 
assembly 20 includes a first optical component 22 joined 
together with a second optical component 24, each of the first 
and second optical components 22 and 24 having a respective 
bonding surface 26 and 28. The first and second optical com-
ponents 22 and 24 are assembled by direct bonding of the 
respective bonding surfaces 26 and 28 thereof together, 
thereby defining a direct-bonded interface 30 therebetween. 

[0111] It will be understood by those skilled in the art that 
the optical components 22 and 24 forming the reinforced 
optical assembly 20 may be made up of any solid, non-
plastically deformed material, provided that at least the first 
optical component is substantially transparent to the wave-
length of the laser. As long as this requirement is fulfilled, 
each of the first and second optical components 22 and 24 
may thus be made up of single elements (e.g. Si, Ag, Al), 
compounds or organic compounds. 

[0112] Typical non-limiting examples of such compounds 
are glasses, crystals, metals, semiconductors, polymers and 
organic polymeric compounds such as polycarbonate, poly-
tetrafluoroethylene (known under the trademark Teflon), and 
the like. It is an advantage of the present invention that the first 
and second optical components 22 and 24 forming the rein-
forced optical assembly 20 of embodiments of the invention 
can but need not be of a same type. 

[0113] It will also be understood that the first and second 
optical components 22 and 24 can have various physical 
parameters such as their shape, size, bonding surface area and 
thickness, and that these physical parameters can but need not 
be the same for both components. 

[0114] It will further be understood that the process of 
direct bonding employed to assemble the first and second 
optical components 22 and 24 may have been performed 
according to embodiments of the present invention as 
described above. 

[0115] Referring now to FIGS. 1F and 5A to 5E, the rein-
forced optical assembly 20 according to embodiments of the 
present invention also includes a weld seam 46 reinforcing 
the direct-bonded interface 30. The weld seam includes at 
least one substantially continuous reinforcing weld line 42 
forming a closed shape enclosing a sealed direct-bonded 
region 44. Each of the at least one weld line 42 have been 
obtained by following the steps of the method described 
above and illustrated in FIGS. 1C to 1F. 

[0116] The sealed direct-bonded region 44 enclosed by a 
weld seam 46 may be of different shapes including, but not 
limited to, substantially rectangular (FIG. 5A), square (FIG. 
5B) or circular (FIG. 5C). In these or other embodiments, the 
sealed direct-bonded region 44 may possess rounded corners 
(FIGS. 5D and 5E). Preferably, as exemplified by the embodi-
ments of FIGS. 5C, 5D and 5E, the weld seam 46 defines a 
sealed direct-bonded region 44 having a circular or rounded-
corner shape, which allows inscribing each of the at least one 
weld line 42 comprising the weld seam 46 with less starting 
and stopping points, thereby limiting build-up of constraints 
and crack initiation from corners in the reinforced assembly 
20. 
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[0117] In some embodiments, the at least one substantially 
continuous reinforcing weld line 42 preferably includes a 
plurality of substantially continuous reinforcing weld lines 
42, as illustrated in FIG. 5E, since the multiplication of weld 
lines 42 upon a direct-bonded interface 30 reinforces the 
mechanical strength of the optical assembly 20. Also prefer-
ably, the at least one substantially continuous reinforcing 
weld line 42 may be inscribed along an outer edge of the 
direct-bonded interface 30, as for the embodiments shown in 
FIGS. 5A, 5C and 5D. Advantageously, the inscription of 
weld lines 42 along the outer edge of the direct-bonded inter-
face 30 will maximize the size of the sealed direct-bonded 
region 44 wherein the optical transmission properties of the 
reinforced optical assembly 20 are not affected by the mate-
rial's density change occurring in the vicinity of the weld 
seam 46. However, depending on the intended use of the 
resulting reinforced optical assembly 20 the sealed direct-
bonded region 44 may cover only a portion of the joined 
optical components 22 and 24 without departing from the 
scope of the present invention. 
[0118] Optionally, some embodiments of the invention 
may include at least one additional reinforcing weld line 47 
inscribed inside the sealed direct-bonded region 44, thereby 
reinforcing the central part of thereof. In particular, the direct-
bonded interface 30 may be reinforced by multiplying weld 
lines 47 inside the sealed direct-bonded region 44, for 
example by inscribing successive parallel and equally spaced 
weld lines 47 along one direction in the plane of the direct-
bonded interface 30, as shown in FIG. 5F. It is to be noted, 
however, that inscribing such additional weld lines 47 inside 
the sealed direct-bonded region 44 may not be appropriate in 
embodiments wherein the optical transmission properties of 
the reinforced optical assembly 20 should remain unaffected 
by the ultrashort pulsed laser welding. 
[0119] According to yet another aspect of the invention, 
there is provided a reinforced optical assembly. Referring 
now more specifically to FIGS. 1A, 1B and 8A to 8D, the 
reinforced optical 20 assembly includes a first optical com-
ponent 22 joined together with a second optical component 
24, each of the first and second optical components 22 and 24 
having a respective bonding surface 26 and 28, the respective 
bonding surfaces 26 and 28 having matching and aligned 
boundaries. The first and second optical components 22 and 
24 are assembled by direct bonding of the respective bonding 
surfaces 26 and 28 thereof together, thereby defining a direct-
bonded interface 30 therebetween. 
[0120] It will be understood by those skilled in the art that 
the optical components 22 and 24 forming the reinforced 
optical assembly 20 may be made up of any solid, substan-
tially transparent and non-plastically deformed material. 
Each of the first and second optical components 22 and 24 
may thus be made up of single elements (e.g. Si, Ag, Al), 
compounds or organic compounds. Typical non-limiting 
examples of such compounds are glasses, crystals, metals, 
semiconductors, polymers and organic polymeric com-
pounds such as polycarbonate, polytetrafluoroethylene 
(known under the trademark Teflon), and the like. Preferably, 
the first and second optical components 22 and 24 have sub-
stantially identical optical parameters. 
[0121] It will further be understood that the process of 
direct bonding employed to assemble the first and second 
optical components 22 and 24 may have been performed 
according to embodiments of the present invention as 
described above. 

[0122] Referring now to FIG. 8D, the reinforced optical 
assembly 20 according to embodiments of the present inven-
tion also includes a weld seam 46 reinforcing the direct-
bonded interface 30. The weld seam 46 includes at least one 
substantially continuous reinforcing weld line 42 forming a 
closed shape enclosing a sealed direct-bonded region 44. In 
typical embodiments, the sealed direct-bonded region 44 has 
a shape that is substantially identical to that of the respective 
matching bonding surfaces. Each of the at least one weld line 
42 have been obtained by following the steps of the method 
described above and illustrated in FIGS. 8A to 8D, wherein 
the optical axis 38 of the ultrashort laser pulses 32 used to 
reinforce the direct bond between the first and second optical 
components 22 and 24 lies substantially in the plane of the 
direct-bonded interface 30 to be reinforced. 
[0123] Preferably, both the sealed direct-bonded region 44 
enclosed by a weld seam 46 and the respective bonding sur-
faces of the first and second optical components 22 and 24 and 
can define various shapes including, but not limited to, sub-
stantially rectangular (FIG. 8D), square or circular. In these or 
other embodiments, the sealed direct-bonded region 44 may 
also possess rounded corners. 
[0124] In some embodiments, the at least one substantially 
continuous reinforcing weld line 42 preferably includes a 
plurality of substantially continuous reinforcing weld lines 
42, since the multiplication of weld lines 42 upon a direct-
bonded interface 30 reinforces the mechanical strength of the 
optical assembly 20. Also preferably, the at least one substan-
tially continuous reinforcing weld line 42 may be inscribed 
along an outer edge of the direct-bonded interface 30. Advan-
tageously, the inscription of weld lines 42 along the outer 
edge of the direct-bonded interface 30 will maximize the size 
of the sealed direct-bonded region 44 wherein the optical 
transmission properties of the reinforced optical assembly 20 
are not affected by the material's density change occurring in 
the vicinity of the weld seam 46. However, depending on the 
intended use of the resulting reinforced optical assembly 20 
the sealed direct-bonded region 44 may cover only a portion 
of the j oined optical components 22 and 24 without departing 
from the scope of the present invention. 

Experimental Demonstration 

[0125] FIG. 3 shows a picture of a reinforced optical assem-
bly obtained by the method according to the present invention 
and consisting of a fused silica plate joined to a silicon wafer 
using the method of the present invention. The resulting 
sealed direct-bonded region has an area of 8x13 mm2  and was 
inscribed by raster scanning the sample at speed of 1 mm/s in 
the plane perpendicular to the optical axis of the pulses in 
order to write each side of the weld seam. A lens having a 
15-mm effective focal length was used to focus ultrashort 
laser pulses (wavelength of 789 nm, pulse energy of 500 n7, 
pulse duration at FWHM of 50 fs and repetition rate of 250 
kHz) at a geometrical focal point positioned slightly inside 
the silicon. 
[0126] As explained above, since embodiments of the 
present invention rely on the formation of optical filaments 
with finite lengths, it proves to be less sensitive to the posi-
tioning of the focal spot than other methods. Embodiments of 
the present invention may be used to join optical components 
of several millimeters in thickness, as exemplified in FIGS. 2, 
3 and 7. The maximum eligible thickness for the first optical 
component is limited by the effective focal length of the laser 
focusing element, which may be adjusted accordingly as long 
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as the peak power of the laser pulses allows self-focusing and 
plasma formation at the interface between the first and second 
optical components. Proof of this concept was demonstrated 
using two plates of fused silica substrates having each a 
thickness of 2.3 mm, as shown in FIG. 2B, where direct 
bonding was initially achieved on an area of 10x15 mm2, 
which corresponds to the whole area of the bonding surfaces 
between the two optical components. A region occupying at 
least 1 cm2  of the direct-bonded interface was subsequently 
sealed by exposure to ultrashort laser pulses, the sealing being 
realized without affecting the transmission properties at the 
center of the sealed region. 
[0127] Referring now to FIGS. 7A and 7B, there are shown 
reinforced optical assemblies according to embodiments of 
the present invention, wherein a direct bond between fused 
silica and silicon was reinforced following laser exposure. 
FIGS. 7A and 7B thus illustrate how the method of the present 
invention can be applied to join dissimilar materials. In FIG. 
7A, ultrashort laser pulses were used to inscribe 100 weld 
lines defining a weld seam enclosing a sealed direct-bonded 
region having a rectangular shape with rounded corners. 
Likewise, in FIG. 7B, ultrashort laser pulses were used to 
inscribe 50 weld lines defining a weld seam enclosing a sealed 
direct-bonded region having a circular shape. 
[0128] FIGS. 9A and 9B illustrate samples of similar and 
dissimilar substantially transparent materials which were 
joined according to embodiments of the invention. In FIG. 
9A, a 10x15 mm2  fused silica window was direct-bonded to a 
one-inch diameter BK7 glass window. Subsequently, 
ultrashort laser pulses were used to inscribe reinforcing weld 
lines at a distance of 0.5 mm from the outer edge of the fused 
silica window, producing a rectangular shaped sealed direct-
bonded region. FIG. 9B shows two undoped yttrium alumi-
num garnet (YAG) blanks which were first direct-bonded 
together and subsequently reinforced with 10 circular shaped 
weld lines. The sample was then cut in half perpendicularly to 
the direct-bonded interface for allowing observation of the 
cross-section of the weld lines and for testing its resistance to 
mechanical processing. These types of reinforced optical 
assemblies are most suitable in applications where a refrac-
tive index change, an air gap or other bonding alterations must 
be avoided in order to conserve the optical properties of light 
passing through the assembly. 
[0129] Optionally, some embodiments ofthe present inven-
tion may further include, prior to the step of assembling the 
first and second optical components, a preliminary step of 
performing a surface treatment on the respective bonding 
surface of at least one of the first and second optical compo-
nents. This surface treatment may include, for example and 
without limitation, depositing an optical coating on the 
respective bonding surface of at least one of the first and 
second optical components. 
[0130] FIGS. 10A and 10B illustrates schematically 
another embodiment of the present invention, wherein an 
optical coating 50 is deposited on the bonding surface 26 of 
the first optical component 22 (FIG. 10A) prior to the direct 
bonding of the respective bonding surfaces 26 and 28 of the 
first and second optical components 22 and 24 together (FIG. 
10B). Alternatively or additionally, an optical coating 50 may 
be also deposited on the bonding surface 28 of the second 
optical component 24 prior to assembling of the two optical 
components 22 and 24 by direct bonding thereof. 
[0131] In the embodiments shown in FIGS. 11 to 13, a thin 
optical coating was deposited on the bonding surface of a 

fused silica window prior to the j oining of the coated bonded 
surface thereof, to similar and dissimilar materials according 
to a method of the present invention. The coating is composed 
of alternate layers of titanium dioxide (Ti02) and silicon 
dioxide (Si02), the final surface state of which was carefully 
engineered to permit direct bonding. In FIG. 11, the coating 
deposited on fused silica was direct-bonded to another fused 
silica window, followed by laser reinforcement of the result-
ing optical assembly. The sample was then cut in two using a 
dicing saw and the slice of the cut was polished. This treat-
ment was applied to verify the resistance of the reinforced 
optical assembly to typical mechanical processing. In FIGS. 
12 and 13, the same coating was deposited on a fused silica 
window, which was subsequently joined by direct bonding to 
a BK7 window and a silicon wafer, respectively. A rectangu-
lar sealing pattern by laser welding was then inscribed along 
the outer edge of the direct-bonded region. The embodiments 
shown in FIGS. 11 to 13 demonstrate that the method accord-
ing to the present invention can be applied to various combi-
nations of similar and dissimilar materials. The main interest 
of embodiments of the invention such as those shown in 
FIGS. 11 to 13 resides in the possibility to seal or protect an 
optical coating from ambient conditions which could other-
wise deteriorate its performance. A further application of the 
method may be to assembly various types of materials in such 
a "sandwich" configuration. 

Examples of Applications 

[0132] Multiple applications of the method of direct bond-
ing of optical components reinforced with ultrafast laser 
pulses can be conceived in a wide array of domains. Below is 
a non-exhaustive list of current and foreseen practical appli-
cations of the embodiments of the invention: 

[0133] Joining of optical components for applications in 
which the final reinforced optical assembly must not 
contain any adhesive agent. For example, in aerospace 
applications, assemblies are subjected to harsh environ-
mental constraints and adhesives are a source of con-
tamination and of early aging of the bonds. 

[0134] Realization of precise micro-optical junctions in 
photoemissive semiconductors, laser diodes and elec-
troluminescent diodes. 

[0135] Protection of photovoltaic cells (solar cells) with 
a glass plate covering. 

[0136] Assembly of optical components for high-power 
emission devices which may be directly joined to the 
emission sources, such as, for example, a setup sub-
jected to high-power laser emission and thermal con-
straints, characteristically to laser diode stacks and ach-
romatic doublets. 

[0137] Joining of materials in a "sandwich" configura-
tion, composed of doped and non-doped material, for 
use in the assembling of disk lasers, semiconductor 
stacks and laser gain medium. 

[0138] Protection of hydrophilic materials by the bond-
ing of a damp proof glass which is substantially trans-
parent to the spectral content of the intended application. 

[0139] Sealing of a micro-structured optical fiber in 
order to avoid gas or particle intrusion. 

[0140] Assembly of a macro-crystal by bonding of 
smaller crystalline structures. 

[0141] Reinforcement of an optical cavity pre-as-
sembled using direct bonding such as, for example, a 
Fabry-Perot or a compact laser pumping cavity. 
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[0142] Protection and sealing of thin optical coatings 
between two solid materials, wherein the coating is sen-
sitive to ambient conditions or may be subjected to a 
harsh environment. For example, the assembly and pro-
tection of beam splitters, etalons, mirrors, wave plates, 
dichroic filters, dichroic mirrors and prisms may benefit 
from this bonding process. 

[0143] Splicing of optical fibers made of similar or dis-
similar glasses. 

[0144] Any application field where optimal surface qual-
ity is needed and direct bonding is used, wherein the 
direct bond would benefit from being reinforced in order 
to withstand important mechanical, thermal and atmo-
spheric constraints while maintaining optimal optical 
transmission properties. 

[0145] Of course, numerous modifications could be made 
to the embodiments described above without departing from 
the scope of the present invention. 

1. A method for joining together a first and a second optical 
component, each of said first and second optical components 
having a respective bonding surface, the method comprising 
the steps of: 

a) assembling the first and second optical components by 
direct bonding of the respective bonding surfaces 
thereof together, thereby defining a direct-bonded inter-
face therebetween; 

b) reinforcing said direct-bonded interface with a weld 
seam comprising at least one substantially continuous 
reinforcing weld line forming a closed shape enclosing a 
sealed direct-bonded region, said reinforcing compris-
ing, for each of said at least one weld line, the steps of: 
1) propagating ultrashort laser pulses along an optical 

axis through the first optical component toward the 
direct-bonded interface, the ultrashort laser pulses 
having a spectral bandwidth within which at least the 
first optical component is substantially transparent, 
focusing said ultrashort laser pulses on a focal spot 
inside the second optical component near the direct-
bonded interface and controlling a peak power of said 
ultrashort laser pulses at the direct-bonded interface 
so as to generate non-linear optical phenomena induc-
ing a localized junction between said first and second 
optical components; and 

2) translating the focal spot of the ultrashort laser pulses 
with respect to the direct-bonded interface in a pattern 
defining said closed shape. 

2.-13. (canceled) 
14. The method claim 1, wherein the step of translating the 

focal spot of the ultrashort laser pulses with respect to the 
direct-bonded interface is performed at a scan speed that is 
adjusted with a repetition rate of the ultrashort laser pulses so 
as to produce said at least one substantially continuous rein-
forcing weld line. 

15. (canceled) 
16. The method according to claim 1, wherein the at least 

one substantially continuous reinforcing weld line comprises 
a plurality of substantially continuous reinforcing weld lines. 

17. The method according to claim 1, wherein the at least 
one substantially continuous reinforcing weld line is 
inscribed along an outer edge of the direct-bonded interface. 

18. (canceled) 
19. The method according to claim 1, wherein the sealed 

direct-bonded region has rounded corners. 

20. The method according to claim 1, wherein at least one 
additional reinforcing weld line is inscribed inside the sealed 
direct-bonded region. 

21. (canceled) 

22. The method according to claim 1, further comprising, 
prior to the step of assembling the first and second optical 
components, a preliminary step of performing a surface treat-
ment on the respective bonding surface of at least one of the 
first and second optical components. 

23. The method according to claim 22, wherein the pre-
liminary step of performing a surface treatment comprises 
depositing an optical coating on the respective bonding sur-
face of at least one of the first and second optical components. 

24. (canceled) 

25. (canceled) 

26. A method for joining together a first and a second 
optical component, each of said first and second optical com-
ponents having a respective bonding surface, the respective 
bonding surfaces having matching boundaries, the method 
comprising the steps of: 

a) aligning the boundaries of the respective bonding sur-
faces of the first and second optical components and 
assembling said first and second optical components by 
direct bonding of the respective bonding surfaces 
thereof together, thereby defining a direct-bonded inter-
face therebetween; 

b) reinforcing said direct-bonded interface with a weld 
seam comprising at least one substantially continuous 
reinforcing weld line forming a closed shape enclosing a 
sealed direct-bonded region, said reinforcing compris-
ing, for each of said at least one weld line, the steps of: 

1) propagating ultrashort laser pulses along an optical 
axis lying substantially in a plane defined by the 
direct-bonded interface, the ultrashort laser pulses 
having a spectral bandwidth within which the first and 
the second optical components are substantially 
transparent, focusing said ultrashort laser pulses on a 
focal spot positioned along the direct-bonded inter-
face, and controlling a peak power of said ultrashort 
laser pulses at the direct-bonded interface so as to 
generate non-linear optical phenomena inducing a 
localized junction between said first and second opti-
cal components; and 

2) translating the focal spot of the ultrashort laser pulses 
with respect to the direct-bonded interface in a pattern 
defining said closed shape. 

27.-35. (canceled) 

36. The method according to claim 26, wherein the step of 
translating the focal spot of the ultrashort laser pulses with 
respect to the direct-bonded interface is performed at a scan 
speed that is adjusted according to a repetition rate of the 
ultrashort laser pulses so as to produce said at least one 
substantially continuous reinforcing weld line. 

37. (canceled) 

38. The method according to claim 26, wherein the least 
one substantially continuous reinforcing weld line comprises 
a plurality of substantially continuous reinforcing weld lines. 

39. The method according to claim 26, wherein the at least 
one substantially continuous reinforcing weld line is 
inscribed along an outer edge of the direct-bonded interface. 

40. (canceled) 
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41. The method according to claim 26, wherein the respec-
tive bonding surfaces of the first and second optical compo-
nents and the sealed direct-bonded region have rounded cor-
ners. 

42. (canceled) 
43. The method according to claim 26, further comprising, 

prior to the step of assembling the first and second optical 
components, a preliminary step of performing a surface treat-
ment on the respective bonding surface of at least one of the 
first and second optical components. 

44. The method according to claim 43, wherein the pre-
liminary step of performing a surface treatment comprises 
depositing an optical coating on the respective bonding sur-
face of at least one ofthe first and second optical components. 

45. A reinforced optical assembly, comprising: 
a first optical component joined together with a second 

optical component, each of said first and second optical 
components having a respective bonding surface, the 
first and second optical components being assembled by 
direct bonding of the respective bonding surfaces 
thereof together, thereby defining a direct-bonded inter-
face therebetween; and 

a weld seam reinforcing said direct-bonded interface, the 
weld seam comprising at least one substantially continu-
ous reinforcing weld line forming a closed shape enclos-
ing a sealed direct-bonded region, each of said at least 
one weld line having been obtained by: 
propagating ultrashort laser pulses along an optical axis 

through the first optical component toward the direct-
bonded interface, the ultrashort laser pulses having a 
spectral bandwidth within which at least the first opti-
cal component is substantially transparent, focusing 
said ultrashort laser pulses on a focal spot inside the 
second optical component near the direct-bonded 
interface and controlling a peak power of said 
ultrashort laser pulses at the direct-bonded interface 
so as to generate non-linear optical phenomena induc-
ing a localized junction between said first and second 
optical components; and 

translating the focal spot of the ultrashort laser pulses 
with respect to the direct-bonded interface in a pattern 
defining said closed shape. 

46.-50. (canceled) 
51. The reinforced optical assembly according to claim 45, 

wherein the at least one substantially continuous reinforcing 
weld line comprises a plurality of substantially continuous 
reinforcing weld lines. 

52. The reinforced optical assembly according to claim 45, 
wherein the at least one substantially continuous reinforcing 
weld line is inscribed along an outer edge of the direct-bonded 
interface. 

53. (canceled) 
54. The reinforced optical assembly according to claim 45, 

wherein the sealed direct-bonded region has rounded corners. 
55. The reinforced optical assembly according to claim 45, 

further comprising at least one additional reinforcing weld 
line inscribed inside the sealed direct-bonded region. 

56. The reinforced optical assembly according to claim 45, 
wherein a surface treatment was performed on the respective  

bonding surface of at least one of the first and second optical 
components prior to the assembling thereof. 

57. The reinforced optical assembly according to claim 56, 
wherein the surface treatment comprises depositing an opti-
cal coating on the respective bonding surface of at least one of 
the first and second optical components. 

58. A reinforced optical assembly, comprising: 
a first optical component joined together with a second 

optical component, each of said first and second optical 
components having a respective bonding surface, the 
respective bonding surfaces having matching and 
aligned boundaries, the first and second optical compo-
nents being assembled by direct bonding of the respec-
tive bonding surfaces thereof together, thereby defining 
a direct-bonded interface therebetween; and 

a weld seam reinforcing said direct-bonded interface, the 
weld seam comprising at least one substantially continu-
ous reinforcing weld line forming a closed shape enclos-
ing a sealed direct-bonded region, each of said at least 
one weld line having been obtained by: 
propagating ultrashort laser pulses along an optical axis 

lying substantially in a plane defined by the direct-
bonded interface, the ultrashort laser pulses having a 
spectral bandwidth within which the first and the sec-
ond optical components are substantially transparent, 
focusing said ultrashort laser pulses on a focal spot 
positioned along the direct-bonded interface, and 
controlling a peak power of said ultrashort laser 
pulses at the direct-bonded interface so as to generate 
non-linear optical phenomena inducing a localized 
junction between said first and second optical com-
ponents; and 

translating the focal spot of the ultrashort laser pulses 
with respect to the direct-bonded interface in a pattern 
defining said closed shape. 

59.-61. (canceled) 
62. The reinforced optical assembly according to claim 58, 

wherein the at least one substantially continuous reinforcing 
weld line comprises a plurality of substantially continuous 
reinforcing weld lines. 

63. The reinforced optical assembly according to claim 58, 
wherein the at least one substantially continuous reinforcing 
weld line is inscribed along an outer edge of the direct-bonded 
interface. 

64. (canceled) 
65. The reinforced optical assembly according to claim 58, 

wherein the respective bonding surfaces of the first and sec-
ond optical components and the sealed direct-bonded region 
have rounded corners. 

66. The reinforced optical assembly according to claim 58, 
wherein a surface treatment was performed on the respective 
bonding surface of at least one of the first and second optical 
components prior to the assembling thereof. 

67. The reinforced optical assembly according to claim 66, 
wherein the surface treatment comprises depositing an opti-
cal coating on the respective bonding surface of at least one of 
the first and second optical components. 
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