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Abstract: A long focal length focusing device is proposed for the process of glass welding by 
femtosecond laser pulses at high repetition rate and report on the significant advantages. The 
study is performed using a 100 mm focusing length F-theta lens. The results are compared to 
those obtained with high numerical aperture microscope objective. The long focal length with 
the associated Rayleigh length method allows a robust high process speed: welding at 
1000 mm/s has been achieved, several order of magnitude larger compared to what was 
reported till now. Moreover, the heat accumulation process on a larger laser spot leads to a 
lower temperature increase after each pulse and thus a lower thermic gradient. As a result, the 
residual stress in the welding seams is reduced, preventing the formation of fractures inside 
the seams: mechanical resistance at 30 MPa has been measured  

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 
Glass welding by femtosecond laser pulses is a recent method which has been developed to 
overcome the weaknesses of the conventional glass bonding technics [1, 2]. Classical 
processes such as adhesive bonding or fusing require either the addition of an adhesive 
material or high temperature. The first one limits the chemical and thermal resistance of the 
bonding and the second one is unsuitable for temperature sensitive material [3]. By 
comparison, glass welding by ultrashort laser pulses presents many advantages in term of 
mechanical, thermal and chemical resistance, control and precision, biocompatibility and 
process speed [4-6]. This method is particularly suitable for micro-welding applications, such 
as micro-optics, microfluidics or MEMS packaging [7]. 

Femtosecond laser glass welding relies on the irradiation of a volume at the interface of 
two glass plates in close contact with a focused laser beam, as illustrated in Fig. 1. Due to the 
low linear absorption at 1030 nm in our case, the beam can propagate through the first glass 
plate until high optical intensity is reached in the focused spot, generating nonlinear 
absorption of the laser energy [7]. The use of a high repetition rate laser (above 300 kHz for 
borosilicate glass) introduces thermal accumulation effects leading to a localized temperature 
increase of the glass in the focusing point up to its melting point [1]. The bonding is obtained 
during the fast cooling of the melting pool. 

Probably due to the former difficulty  in reaching the non-linear absorption threshold with 
”classic” lasers (pulse duration ≥ ps), femtosecond laser glass bonding at high repetition rate 
has mainly been demonstrated using microscope objective with high numerical aperture 
(Fig. 2) [8]. The work presented in this paper demonstrates the benefits of using a scanner 
head containing a long focusing length lens with low numerical aperture (Fig. 3). At first 
glance, the welding process can be described similarly in both configurations: nonlinear 
absorption of the laser beam and thermal accumulation effect due to high repetition rate. The 

https://doi.org/10.1364/OA_License_v1


volumetric flu
case of a micr

Fig

This paper
of using a m
performance 
regarding the
performances

2. Experim

Please see the

2.1 Material 

Experiments h
The glass pla
and a flatnes
without the u
µm between 
fringes. 

uency involved
roscope objecti

Fig. 1. Schemat

g. 2. Schematic vie

r reports on  th
microscope ob
(welding spee

e temperature 
 of the two tec

mental system

e checklist in S

have been cond
tes have a high
s of 2 µm. Th
se of an extern
the two glass 

d in the proces
ive than that of

tic view of our gla

ew of the common
using m

he advantages 
bjective with 
ed) and weldin

dynamics w
hniques. 

m 

ection 8 that su

ducted on 700 
h surface quali
his surface qua
nal pressuring 

plates can be

s is however m
f a scanner hea

ss welding setup b

 glass welding pro
microscope objectiv

of using a long
high numeri

ng quality (lo
will be presen

ummarizes all 

µm thin boros
ity with an ari
ality is suitabl
device [9]. Ho
e locally obser

much higher (a
ad. 

 

by femtosecond las

ocess by femtoseco
ve. 

g focal length 
ical aperture, 
ow residual st
nted so as to 

of the style sp

silicate glass pl
ithmetic averag
le for obtainin
owever, air gap
rved by the p

around 100 tim

ser pulses. 

ond laser pulses 

focusing devic
in term of 

tress). The dis
explain the 

ecifications.  

lates (Mempax
ge roughness o
ng local optica
ps of typically 
resence of int

mes) in the 

 

ce instead 
industrial 
screpancy 

different 

x, Schott). 
of 0.5 nm 
al contact 
around 3 

terference 

Reviewer
Sticky Note
terms

Reviewer
Sticky Note
There is no section 8



Fig. 3

2.2 Laser sy

The experime
developed spe
high repetitio
generating 30
adapted using
The focusing
mirrors, and c
diameter of th
of 2 µm and c

Fig. 4. 

Welding s
focused beam
the focused d
example, 300

3. Schematic view 

ystem 

ents have been
ecifically for m
on rate laser f
00 fs duration p
g an attenuator,
g device conta
can be precede
he focused bea
can be adjusted

Experimental setu

samples have b
m along the int
diameter, ݂ the 
0 pulses are de

of glass welding b

n carried out u
micro-processin
from Amplitud
pulses at a cent
, composed by 
ains a 100 mm
ed by a beam e
am can be mea
d between 30 µ

up for femtosecond
as

been obtained 
erface, resultin
repetition rate

elivered in one

by ultra-short laser

using an indus
ng studies. Thi
de System, tun
tral wavelength
a half-wavepl

m focusing len
expander to ad
sured with a sc

µm and 100 µm

d laser glass weldi
 used in this paper

 
by raster scan

ng in a number
e and ݒ the sca
e spot when w

r pulses using a ga

strial laser stat
is station is com
nable from 20
h of 1030 nm. 
ate and a prism
ngth F-theta l
djust the focuse
canning split p

m. 

ing with a long foc
r. 

nning in one p
r of pulses by 

anning speed o
welding with a

alvanometric head.

tion at IREPA 
mposed of an 
00 kHz up to 
The laser pow

m polarizer, up
ens and galva
ed spot dimen
profiler with a 

 
cal length focusing

pass a 30 µm 
spot of ∅݂/ݒ

f the laser bea
a 30 µm diam

 

. 

LASER, 
industrial 
 2 MHz, 

wer can be 
 to 25 W. 

anometric 
sion. The 
precision 

g lens,  

diameter ݒ with ∅ 
am. As an 

meter, at a 

Reviewer
Sticky Note
adjusted



repetition rate
adjusted to ev
MHz, the lase
focal length m
resulting from
modification r
microscope ob

2.3 Characte

The welding 
modifications
can be observ
The microsco
called polariz
transmitted th

A classical m
stress. A comp
sample and th
retardation. T
by the laser w
the welded sa

3. Numeric

A numerical m
by the therma
described in d
research pape
considerable i
process. It is 
tendencies.  

Different 
mechanisms. 
picosecond i
temperature e
laser pulse mo
% in our cas
neglected. A 
stationary suc

The heat 

e of 500 kHz a
valuate their inf
er scanning sp
makes this scan
m the long Ra
region (200 µm
bjective. 

erization meth

process genera
s such as refrac
ved by photoela
ope is compos
zer (P) and a
hrough the syst

Fig. 5. Exp

easurement me
pensator plate 

he analyzer. Th
his known reta

welding process
amples has been

cal model  

model has been
al accumulatio
detail below, th
ers on glass w
interest to unde
not aimed to f

studies desc
As the time c

s smaller than
evolution proce
odelled as a he
se, to benefit 

simplified mo
ccessive pulses
transfer equatiܥߩ డ்ሺ,௭డ௧

and at a scann
fluence on the 
eed can be set
nning speed po
ayleigh length 
m measured). S

hod 

ates residual s
ctive index ch
asticimetry, us
sed of two po
nalyzer (A), b
em is observed

perimental setup fo

ethod is implem
(Leitz, Brace-K

he rotation of th
ardation allows
s as well as tha
n measured by

n developed to
n effect in the
his model is ba

welding by ultr
erstand the phy
fully describe t

cribe absorpt
constant for th
n the one fo
ess can be simu
eat source [11, 
from thermal 
odel has been
 irradiating the
ion describes th௭,௧ሻ െ ݎሺܶሺ݇

ing speed of 5
performance o

t up to 1000 m
ossible, mainly

(800 µm) of 
Such welding s

tresses inside 
ange or local b

sing an optical 
olarizers set in
between which
d as a function 

or stress observatio

mented to deter
Kohler compen
he compensato
s to determine t
at of residual st
y a tensile test.

o estimate roug
e glass due to t
ased on the un
rashort laser p
ysical mechani
the welding pr

tion physical 
he absorption 
r thermal diff
ulated by a sim
12]. As the pu
accumulation,

n developed fo
e sample. 
he temperatureݎ, ,ݖ ሻݐ ൌ ܳሺݎ, ݖ

50 mm/s. Diffe
of the process. 

mm/s for an en
y due to the fo

the beam, ind
speed has neve

the material, g
birefringence. 
microscope w

n crossed conf
h the sample 
of the sample 

on using photoelas

rmine the amo
nsator) is inser

or plate introdu
the level of bir
tress. The mech

ghly the tempe
the absorption 

nderlying princ
pulses [11, 12]
isms responsib
rocess, but rath

mechanisms
of the laser p

ffusion of a f
mple thermal d
ulse-to-pulse ov
, the translatio
or a first appr

e distribution Tݖ,    ሻݐ

erent paramete
At a repetition
ergy of 6 µJ. T

ocus position ro
ducing a long
er been reache

giving rise to 
These residua

with polarized l
figuration, res
is inserted. T

orientation (Fi

 
sticimetry. 

ount of laser-ind
rted between th

uces a tunable l
refringence intr
hanical resistan

erature increase
n of the laser p
ciples presented
]. This simulat
ble for the glass
her to identify 

s and heat 
pulses of aroun
few microseco

diffusion model
verlap is highe
on of the beam
roximation, co

T in space and t

(1) 

ers can be 
n rate of 2 
The large 
obustness  

g material 
ed using a 

structural 
al stresses 
ight [10]. 

spectively 
The light 
ig. 5). 

duced 
he 
level of 
roduced 
nce of 

e induced 
pulses. As 
d in other 
tion is of 
s welding 
the main 

transport 
nd a few 
onds, the 
l with the 
er than 95 
m can be 
onsidering 

time. 

Reviewer
Sticky Note
Are you referring to the depth of focus? This much smaller than the Rayleigh length and more critical to the process.



This equat
heat capacity 
set as constan
thermal cond
specific heat c

The heat s
has been mod

With 

The differ
seams dimens
our focused b
different than 

The simu
each pulse (F
welding proc
thermal diffus
each pulse arr
melting tempe
one given for
induced temp
the glass (Fig

Fig. 6. Temp
diffusion (103

length f = 100 m

In other s
temperature in
welding seam
°C after one 
explained by 
Rayleigh leng
Rayleigh leng
heat accumula

tion involves t
at constant pre

nt at first appro
ductivity is ݇
capacity is ܥ
source ܳሺݎ, ,ݖ ݐ
delled as a 3D sܳሺݎ, ,ݖ ሻݐ ൌ ܳ
rent parameter
sions. ܼ௦ ൌ 20
beam.  Due to t

the laser spot 
ulation of this 
Fig. 6-a), and c
ess. As the du
sion inside the 
rival (around 1
erature of the 
r a microscop
erature genera
. 7-b). 

perature distributio
30 nm, 3 µJ, 300 fs
mm and b) Heat so

studies on the
ncreases  from

ms obtained usi
pulse have be
the variation 

gth below 10 
gth of 800 µm 
ation effect: in

the thermal con
essure ܥ. Thes
oximation withൌ 1.12	ܹ ሺ݉⁄ൌ 820	 ܬ ሺ݇݃.⁄ݐሻ describes the
spatial and temܳ	݁ݔ ቀିଶమೞమ ቁ 	݁

ܳ ൌ ଼ாగమೞమ
rs of the equa0	μ݉, correspo
the non-linear 
size. ݐ, the pu
model reveals 
confirms the in
uration betwee
material (arou

100 °C between
glass (Fig. 7). 
e objective (F

ated by one sin

on inside glass indu
s), a) Heat source: 
ource:  ܼ௦ ൌ 50	μ݉
 heat accumu

m 1600°C (Fig. 
ing the F-theta
een observed f

of the focuse
µm for a mic
with the F-the

n the case of m

nductivity ݇, th
se parameters d
hout phase cha݉.ܭሻ , the deܭሻ. 
e absorbed part

mporal Gaussian݁ݔ ቀିଶ௭మೞమ ቁ ݔ݁	
ாబమೞ௧బ   

ation have bee
onds to the ma
absorption, the

ulse duration, h
a low tempera

nfluence of th
n two success

und 100 µs) [12
n two successi
This temperat

Fig. 6-b, with 
gle pulse is dir

uced by the absorp
 ܼ௦ ൌ 200	μ݉, ݎ௦݉, ݎ௦ ൌ 2	μ݉, gen
f = 10 mm. 

lation effect i
6-b) to 12000 

a lens, smaller 
from the simu
ed spot volum
croscope objec
ta lens. This d

microscope obje

he material den
depend on tem

ange. For boros
ensity is ߩ ൌ
rt of the energy
n heat source.ݔ ቀିଶ௧మ௧బమ ቁ

 (3) 

en chosen acc
aterial modifica
e seam width o
has been set to 
ature increase 

he thermal accu
sive pulses (2 
2], the tempera
ive pulses at th
ture evolution 
focal length f 
rectly well abo

ption of the first laൌ 4	μ݉, generate
nerated by an optic

in the case of
°C have been 
temperature in

ulations. This h
me from a dia
ctive to a diam

demonstrates a 
ective, the accu

nsity ߩ, and the
mperature, but h

silicate glass p2200	 ݇݃ ݉ଷ⁄
y in the materia

  (2)

cording to the
ation length in
observed, ݎ௦ ൌ
300 fs. 
of around 200
umulation effe
µs) is smaller

ature locally inc
he beginning), 
is low compar

f = 10 mm), w
ove the melting

aser pulse, before t
ed by a scanner he
cal microscope, fo

f microscope o
simulated [11
ncreases of aro
huge differenc
ameter of 2 µ
meter of 30 µ
different mech

umulation effe

e specific 
have been 
plates, the 

 and the 

al, and 

 

e welding 
nduced by 4	μ݉,  is 

0 °C after 
ect in the 
r than the 
creases at 
up to the 

red to the 
where the 
g point of 

 
thermal 
ead, focal 
cal length 

objective, 
, 12]. For 
ound 200 
ce can be 
µm and a 
µm and a 
hanism of 
ct is used 

Reviewer
Sticky Note
Is this the depth of focus volume?



to spatially in
effect is used 

Fig. 7.  Tempora
effect inside th200	μ݉, ݎ௦ ൌ

4. Results 

4.1 High wel

As can be see
brings one ma
scanning spee
interface. Na
available, alm
seams compa
and energy, a
measured. Th
interface. We
as described i

Table 1.

Po

Tole

In most o
focused by a 
which is alrea
our configura
device, it is po
3 µJ. Increas
welding has b

4.2 Low resi

The model de
been presente

ncrease the me
to increase the

al temperature evol
he material  in the 4	μ݉,), b) the fast

and discuss

lding speed 

en in the follo
ain advantage 
ed, also possib
amely, an inte
most 800 µm i
ared to those ob
at a repetition 
his elongated 
lding can even
n the Table 1, 

. Tolerance in pos

ower (W) 

rance (µm) 

of the current
microscope ob

ady much highe
ation, with a h
ossible to reach
sing the repeti
been obtained f

idual stress 

eveloped to est
ed in Section 

elted area, whe
e temperature o

lution for 3 µJ, 30
configuration with

t temperature incre
source:  ܼ௦

sion  

owing paragrap
in term of ind
le due to an ea

erest of the 10
in our case. L
btained by a m
rate of 2 MH

welded area a
n be obtained w
making the pro

itioning for differe

3.1

± 75

t glass weldin
bjective, the s
er than the firs

high repetition 
h a scanning sp
ition rate to 2
for scanning sp

timate the evo
3. Compared t

ereas for the F
of the entire vo

0 fs, 500 kHz puls
h the F-theta lens, 
ease with a microsൌ 50	μ݉, ݎ௦ ൌ 2
phs, the use of
dustrial process
asy positioning
00 mm F-thet

Long Rayleigh
microscope obj
Hz, welding se
allows a large

with more than 
ocess very robu

ent laser mean po

4.4

± 75

ng demonstrat
canning speed

st demonstratio
rate laser syst

peed of up to 2
2 MHz and th
peeds of up to 1

lution of the te
to the tempera

-theta lens, the
olume. 

ses, showing: a) th
focal length f =10

scope objective, foμ݉ሻ. 
f a long focal 
s: the possibili
g of the laser b
ta lens is the 

h length genera
jective. With s

eams deeper th
e freedom of 
±100 µm unce
ust. 

ower at a scanning

6.0

± 100

tion using fem
d is limited to 
on with low rep
tem and a long
200 mm/s with 
he pulse energ
1000 mm/s. 

emperature dis
ature distributi

e thermal accu

he slow thermal ac
00 mm (Heat sourc
ocal length f =10 m

length focusin
ity to reach a v
beam at the gla
 long Rayleig
ates elongated
suitable scanni
han 200 µm h
positioning ar

ertainties in po

g speed of 50 mm

12.0 

± 200 

mtosecond lase
around 1-10 m

petition rate las
g focal length 
low energy, i.

gy to 10 µJ, s

stribution evol
ion simulated 

umulation 

 
cumulation 
ce:  ܼ௦ ൌ
mm (Heat 

ng device 
very high 
ass plates 
gh length 
d welding 
ing speed 

have been 
round the 
sitioning, 

m/s 

er pulses 
mm/s [1], 
ser [7]. In 
focusing 

e. around 
successful 

lution has 
for glass 

Reviewer
Sticky Note
appears the temperature is decreasing

Reviewer
Cross-Out

Reviewer
Cross-Out



welding with 
induced by a l

The residu
in the case of 
stresses are ob
residual stress
where the sam
orthogonal to
parallel or ort
when the seam

Fig. 8.  Observa

The addit
photoelastic d
undergo stretc
been measure
for compariso
breakage [13]

4.3 High qua

The presence
microscope o
inside the we
possible by th
and defaults 
homogeneous
scanner head 

microscope ob
long focal leng
ual stresses ind
f the scanner he
bserved by pho
ses can be det
me area is ob

o the crossed p
thogonal to the
ms direction is 

ation by photoelast
ro

tion of a firs
determination o
ching stress or

ed lower than 6
on, this is we
]. 

ality welding s

e of cracks a
bjective can b
elding seams 
he use of a lon
in the welding

s and crack-fre
(Fig. 9) shows

bjective, the sp
gth focusing de
duced by the w
ead. The local b
otoelasticimetry
termined by th
bserved, rotate
polarizer-analy
e incident pola
rotated by 45 

ticimetry of weldin
otation of the samp

st-order wavep
of residual stre
rthogonal to th
60 MPa for low
ll below the i

seams 

along or at th
e induced by e
[1]. On the o

ng focal length 
g seams. By a
e welding seam

s a homogeneou

peed of the tem
evice are clearl
welding process
birefringence i
y, as described

he rotation of t
d at 45°. Whe
zer system, th

arization. On th
°: the stresses a

ng seams: determi
ple. (500 kHz, 100 

plate, accordin
ess (C 978-04 
he scanning di
w energy close
internal residu

he edges of th
either an exces
other hand, the

focusing devic
adapting the p
ms. The side vi
us section with

mperature incr
ly much smalle
s [10] are thus
in the glass int
d in Section 2.3
the sample, as
en the welded

he field appear
he opposite, th
are at 45° to th

ination of the resid
mm/s, 3-6 µJ) 

ng to the stan
standard), sho

irection [10].  
e to the absorpt
ual stress amou

he welding se
ss or an overla
e low residua
ce, allows for 

pulse energy, i
iew of welding
hout visible def

reases and the 
er.  
s expected to b
troduced by the
3. The orientati
s can be seen i
d seams are p
rs dark: the str
he contrast is m
he incident pola

dual stress orientat

ndard test me
ows that weldin
The residual s

tion threshold 
unt of 1 GPa 

eams perform
ap of the residu
al stress proce
lower risks of 
it is possible 
g seams obtain
faults. 

gradients 

be smaller 
e residual 
ion of the 
in Fig. 8, 
arallel or 
resses are 
maximum 
arization. 

 
tion by the 

ethod for 
ng seams 
stress has 
[10]. Just 
inducing 

med using 
ual stress 

ess, made 
f fractures 
to obtain 

ned by the 

Reviewer
Highlight

Reviewer
Sticky Note
adjusting



Fig. 9.  Top an
5 µJ), b) top v

The mech
parameters. B
of 30 MPa. 
strength of we
They may sti
laser paramete
Either the sea
plate and stay
investigated b
samples have
temperature, 
300°C have th

Fig. 10.  Macros
material abov

 

nd side views of w
view of inhomogen

hanical resistan
Breakout force u

These values 
elded samples 
ll be improved
ers, different m

ams can be ripp
y welded to the
by inducing su
e been deposite
before been im
hus been succe

scopic view of a w
ve the welding sea

welding seams: a) to
neous welding sea

welding seams (

nce of the wel
up to 200 N ha
are of the sa
realized with 

d using burst m
morphologies o
ped off, or the m
e other plate, a
uccessfully the
ed in an oven
mmersed in w
essfully implem

welding area after th
ams, b) second glas

op view of homog
ams (2 MHz, 100 m
(500 kHz, 50 mm/

ded samples h
as been measur
me order of m
microscope ob

mode or optim
of the welding s
material around
s shown in Fig
ermal shocks o
n at ambient te
water at ambien
mented on weld

he tensile test: a) f
ss plates showing 

geneous welding se
mm/s, 2.8 µJ), c) s
/s, 4.8 µJ). 

has been meas
red, resulting in
magnitude tha
bjectives witho

mized patterns [
seams after bre
d the seams ca

g. 10. The therm
on the welded
emperature and
nt temperature
ded samples. 

first glass plates sh
the corresponding

eams (500 kHz, 10
side view of homo

sured for differ
n a mechanica

an the best m
out burst mode
[16]. Dependin
eakout can be o
an be removed 
mal resistance 

d samples. For
d heated up to

e. Thermal sho

howing a bulging o
g hole in the weldin

 
00 mm/s, 
geneous 

rent laser 
al strength 
echanical 
 [14, 15]. 
ng on the 
observed. 
from one 
has been 

r this, the 
o the test 
ock up to 

 
of the glass 
ng area. 

Reviewer
Sticky Note
as

Reviewer
Sticky Note
   



5. Conclusion 

Femtosecond laser glass welding has been demonstrated using a long focal length lens 
integrated in a scanner head instead of the more conventional microscope objectives with 
high numerical aperture. The welding principle can be described similarly for both methods, 
relying on melting due to thermal accumulation effect. However, the temperature dynamics 
are completely different. In the case of a long focal length lens, the large focusing diameter 
generated a lower temperature increase by pulse. This smooth temperature dynamics reduces 
the residual stress induced in the welding seams and limits the risk of fracture in the glass 
material. The use of a long focal length lens also offers further advantages for an industrial 
process. The long working distance, corresponding to long Rayleigh length, reduces the 
difficulties involved in positioning the focusing spot on the interface. Thus, a large attainable 
welding scanning speed of up to 1000 mm/s has been obtained, thus being a great advantage 
in terms of industrialization. The mechanical and thermal resistance of the samples are 
besides reasonable for a welding process, with a tensile strength of 30 MPa and the ability to 
sustain thermal shocks of 300 °C.  
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