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We present an overview of recent studies of therlemluced forward transfer (LIFT) process
with femtosecond duration pulses. Potential adgegaver the technique with nanosecond pulses
in terms of depositing smaller features, and temisfy solid-phase and transparent materials have
been identified and demonstrated experimentallpddeoplets of Cr were deposited with diameters
as small as 300 nm. The transfer of discs of Csoiid-phase was achieved using multiple low-
energy pulses and simple spatial beam shaping.eCaad polymer films that are transparent at the
laser wavelength have been printed using multiphaibsorption of femtosecond pulses. A
femtosecond laser-induced fracturing technique #ilaws for the non-thermal transfer of bulk
transparent materials has been demonstrated. LBHily has been used to deposit lines of Ti onto
LiNbO; for subsequent in-diffusion to form waveguidesight mode operation of the waveguides
from 638-1750 nm is observed and losses as low0a8 dB/cm are measured for optimum Ti-
transfer conditions.
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1. Introduction

The laser-induced forward transfer (LIFT) technique
(as shown in Fig. 1) was initially proposed by Botha et
al. as a method for microdepositing metal for tlgair of
damaged photomasks [1]. In LIFT, a thin film of thate-
rial to be deposited (thdonor) is coated onto one face of a
transparent support substrate (taerier) and brought into
close contact (typically the separation is on thedeoof a
few micrometers) with another substrate (tleeeive).
Transfer of the donor film to the receiver is afféet by
focusing or demagnifying a laser through the caromto
the carrier—donor interface. The laser initiatedtinge [2]
or ablation [3] of the donor film, providing thertist re-
quired to propel material to the receiver.

LIFT has been successfully applied for the diregt-w
ing of metals and metallic pastes (e.g., see [114J,
polymers [12], oxides [13,14], superconductors [1dba-
mond [16], carbon nanotube field emission cathdd@$
conducting polymers [18], and an adenosine triphatp
sensor fabricated from luciferase [19]. Recentlguanber
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Fig. 1 Schematic of the LIFT process.

In this paper, we present a review of our recemrkvon
the fs-LIFT process. A discussion of the envisageédan-
tages of using femtosecond over nanosecond putses f
LIFT follows in section 2. The transfer of nanosgedolid-
phase, and transparent materials are the subjeséztons

of groups have also investigated the effects ohgisil-
trashort (sub-picosecond) pulses for LIFT (so-chlfs-
LIFT) [13,20-24]. The majority of work has focused
achieving the smallest possible structures, butiF3- has
also been shown to be capable of transferring @ibidma-
terial [25].

3, 4, and 5, respectively. A non-thermal, shockwdnreen
forward transfer technique is described in sedioRinally,
initial results of applying fs-LIFT for patterningetal onto
LiNbO; wafers for subsequent in-diffusion to form
waveguides are presented in section 7.
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2. The advantages of femtosecond pulses for LIFT laser fluence and donor thickness. More detailthefex-
The benefits of using femtosecond pulses for variou periments described in this section can be fourjdlh
material processing applications are well known pér-
ticular, the high intensities achievable with fesgoond 3.1 Experimental setup
lasers, results in reduced thermal effects, minicolateral For these experiments, and for all the work desdrih
damage, and ability to directly process virtualfyyanate-  this paper a Ti:sapphire femtosecond laser sys@ohetr-
rial. For similar reasons, we may expect LIFT todfe ent Mira9000 and Legend-F) was used. The system pro
from using femtosecond-duration pulses also. duced 2 mJ pulses at a repetition rate of up téid & a
The most important point concerns the size of #&-h  wavelength of 800 nm. The Gaussian spatial prefilses
affect zone (HAZ) in targets under laser radiatigvith were centrally incident on a variable diameter aperto
femtosecond lasers, the pulse duration is smalpepetl to  give an approximately top-hat intensity distribaticAn
characteristic thermal conduction timescales, sosfiread image of the aperture was relayed to the carrieodimter-
of laser energy is governed by electron motion Q~tith  face with a reverse projection, infinity correctetcro-
[26]). The size of the HAZ (due to thermal diffusjaat the  scope with a tubes lens of focal length 300 mm eAter-
end of a nanosecond laser pulse can be estimategl[2%] nal shutter was used to control laser exposuresamples
| = 1 D (1) were mounted on 3-axis translation stages.
a7 For the nanodroplet experiments, a X Qf@icroscope

p
wherelq is the diffusion lengthD is the diffusion coeffi- °bjective (NA = 0.8, Nikon) with an effective fockingth
cient andt, is the pulse duration. As an example, for CrOf 10 mm was used, resulting in a demagnificatibthe
(D=28.3x10° ms) with 10 ns irradiationlg~ 0.5um. Asa ~ aperture of 3. The aperture diameter was 12, hence
result of this, higher pulse energies are requivigll longer ~ the spot size at the carrier-donor interface wasm For
pulses so thermal damage and the HAZ are increased. ~ the donor, 30 nm of Cr was thermally evaporated dné

The reduction in thermal effects with ultrashortsps ~ concave face of 1 m focal length BK7 plano-concave
has implications for LIFT. Firstly, reducing lateraecat  lenses. The donor thickness was chosen to slighégter
diffusion in the donor film has obvious implicatiorfor ~ than the skin depth of Cr at 800 nm so as to bekthi
depositing smaller features. Secondly, LIFT canuged to ~ €nough to prevent laser damage of the receiveralsat
print films that are on the order of a few microhigk, i.e. ~ thin enough to minimise the amount of melted dahait
significantly thicker than the heat diffusion lengh the ~ Would form the jet. The plano-concave carriers wesed
film. Hence, it is possible that a large proportiohthe to aIIow_ for accurate control of the of th_e doneceiver
donor is not heated by the laser during trandfers llow- ~ Séparation. Si wafers were used as receiver stistiax-
ing for the printing of delicate materials directéyg. bio-  Periments were carried out in air ambient.
materials [25].
3.2 Nanodroplet transfer

3. Nanoscale features deposited by fs-LIFT A thorough fluence scan was conducted to identigy t
The transfer of sub-micron droplets via LIFT with threshold fluence for Cr transfer which was foudbe
nanosecond and femtosecond lasers has been obsgraed 325*5 mJ/crii Above this threshold, a single nanodroplet

number of authors [21,22,27,28]. Under optimal dbors, ~ Was obtained per laser shot with a diameter anginubr
these droplets are typically on the order of isto a few 09 that was strongly dependent on the applied [hse
microns in diameter [22,28]. The details of howstherop- ~ €Nce. The graph in Fig. 2 shows how the diameténesie
lets form is still not well understood, but it islieved that ~ droplets varied with fluence. The SEM micrograpbeis
the donor film melts through [2] and a small amoont A-C illustrate how the morphology of these deposésed
evaporation at the constrained interface leads bakiple ~ from spherical droplets around the transfer thriestio
forming [28]. It is believed that the bubble growttads to  larger, flatter structures at higher fluence.

a flow of molten material towards the centre of itnadi-

ated region and the subsequent expulsion of af jetate- 2500

rial from the bubble surface [29]. Such jets hagerbob- —~
served experimentally for nanosecond-LIFT of ligfiichs g —_—
[30]. Droplet formation in the case of films thaeaolid at
room temperature can be attributed to the rapid re @

solidification of the jet as it expands and theoasded
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nor material in the jet. This may result in smaltieoplets
with shorter duration pulses. It is also import@nhote that 5
the amount of material in the jet can be reduceddiyg a 300 320 340 360 380 400
thinner donor film. Here we describe the depositbi300 Fluence (mJ/cmZ)

nm diameter droplets of Cr with fs-LIFT by optinmag| the Fig. 2 Plot of nanodroplet diameter as a function of agplaser fluence.
SEM insets show typical deposit morphology at titkdated fluence.

Deposit diamet
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At low fluence, from around the transfer threshtid

~345 mJ/crfy, spherical droplets with diameters from 300-

400 nm were reproducibly obtained (Fig. 2 A). Ab@b
mJ/cnt, the variation in the droplet diameter began to in
crease, although most were still around 400 nmsacro
However, some were significantly larger, up to acb00-
800 nm in diameter. These larger deposits wereonger
spherical in shape, but instead exhibited a totqidafile
with a centrally depressed region (Fig. 2 B). Haerfices
greater than 370 mJ/émthe smallest spherical droplets
were no longer obtained. Instead the deposits hagk|
flattened centres and a thicker rim (Fig. 2 C). Bime of
these structures varied significantly from 500 nrh pm.
Above 390 mJ/cf multiple features were obtained for a
single laser shot.

An important point to note is that the volume oftea
rial transferred in the droplet did not appear noréase
significantly with fluence. Instead, it appearedttithe
momentum of the droplet upon impact at the receivas
critical in determining the final size and morphpjo As
the fluence was increased, the droplets impactédmore
momentum, which led to a flattening and spreadingad
the transferred material. The rapid re-solidifioatiof the
droplets upon impact on the ‘cold’ receiver frokerh dur-
ing the impact process, hence the morphology vanat

3.3 Microarray formation

An obvious application for metallic nanodroplets of
300-400 nm diameter is the formation of plasmonie m
croarrays. However, this requires sub-micron (aotbm
tially sub-diffraction limit) spacing of the nanaghets.
This presents a problem as droplets must be tnaedfe
from previously exposed areas of donor, unlessitmer is
also moved relative to the receiver between eaaster,
which is challenging technically.

Figure 3 shows SEM micrographs of microarrays pro-
duced with periodicities of gm (left) and Sum (right). It
was apparent that, even with a relatively largeussjpn of
2 um between laser exposures, a significant amoudeof
bris was transferred around the droplets and ttag apac-
ing was not constant. This can be attributed tofdleethat
a given area of donor was exposed to more pulsesa fo
given exposure separation here than in the 1D tadeed,
it was found that the array spacing had to be aszd such
that there was no overlap of multiple pulses @.spacing
greater than the laser spot size) for regular arcdyuni-
form droplets to be produced.

4. Transfer of metallic donors in solid-phase
Despite the great progress made using LIFT teclesiqu
in recent years, directly printing segments fromrdi films,
i.e. metals, glasses, crystals, ceramics etc.ngskg intact
after transfer to maintain the as-deposited prageedf the
donor is still challenging. Typically LIFT of solifilms
results in significant melting and shattering o tinaterial
during transfer. However, for the LIFT of, for expai®,
single-crystal, oriented, or single domain donémdi, or
for donors containing pre-fabricated structuresitigpious
solid-phase transfer is necessary. Recent ressltgy 1a
triazene polymer sacrificial layer have shown prsenin
this area [31]; however, there are potential issafa®sid-
ual-polymer contamination and difficulty in depasi
certain donor materials on the heat-sensitive petym
As was discussed in section 2, the reduced amdunt o

thermal diffusion in a target illuminated with waghort
pulses, means that it is possible to heat the @nstl do-
nor interface sufficiently to induce some evapamtiwith-
out fully melting through the film. In this sectioa tech-
nique is described that utilizes multiple low enefgmto-
second pulses to delaminate and weaken the domortpr

To investigate how closely spaced droplets could bdransfer so that melting and shattering is inhibit&his

placed on the receiver, the laser was raster-sdaacr®ss
the sample at various speeds to form 1D lines @&nani
croarrays of nanodroplets. In the 1D experimenif) &
fluence around the transfer threshold, it was fotlrat a
minimum spacing of around 1-1jin (i.e. ~1/2 the laser
spot radius) was achievable before droplet size aysi-
tioning began to vary significantly from shot tash

Fig. 3 Microarrays formed with am and 5um periodicity.

technique is known as Ballistic Laser-Assisted (6dlians-
fer (BLAST). More details can be found in [32].

4.1 Experimental

The same laser and imaging systems described in
tion 3.1 were used for BLAST experiments. Howetee,
aperture diameter was increased to g0and a % objec-
tive with an effective focal length of 30 mm wasdsre-
sulting in a spot diameter on the donor ofuh@.

Cr films 80 and 160 nm thick were evaporated onto
fused silica windows for BLAST targets. Si wafersre/
used as receivers and target-receiver separatienkeyat
around 2im by means of Mylar spacers. All results pre-
sented here were performed under vacuurs @tlmbar,
although BLAST has also been observed to work iaran
bient atmosphere.

sec

4.2 Ballistic Laser-Assisted Solid Transfer

Figure 4 shows SEM micrographs of structures trans-
ferred from the 80 nm Cr donor with 10 pulses arfiia
ence of 310 mJ/cmnote that this fluence was below that
measured for the onset of significant melting initCthe
nanodroplet experiments. Although there was some ev
dence of melting and ripple structures on the tagase
(formally the constrained surface) of the transf@mmateri-



Proceedings of LAMP2009 - the 5th International @@ss on Laser Advanced Materials Processing

10 pulses, 310 mJ/cm’

Fig. 4 SEM micrographs of Cr transferred with 10 pulse3l®) mJ/crh

al, the sharp, well-defined edges were clear indisaof
transfer in solid-phase. Note that none of the attaristic
splatter commonly seen with LIFT depositions wasbie

with the BLAST deposits and there was no evidenfce o

shattering of the material during transfer.

Observing Fig. 4, it was apparent that the size anc

shape of the BLAST deposits varied significantlgisTwas

because the film was amorphous and so shearedméndo

To obtain more reproducible deposits, it was neggst
define the area to be transferred by locally wegdgethe
film such that shearing occurred in a pre-definasition.

This controlled weakening could be achieved by mgvi

the carrier-donor interface a few microns from thest
image plane of the aperture to give a beam witintemse
outer ring to define the weak region. More detallghe
beam shaping principle can be found in [32].

4.3 Results with simple beam shaping

Figure 5 shows SEM micrographs of results from

BLAST with spatially shaped pulses. Figure 5(a)veh@
Cr pellet transferred from the 80 nm donor film twitO

pulses at 310 mJ/dmi.e. identical printing conditions to

those described in the previous section. CompaFigg
5(a) with Fig. 4 clearly demonstrates the benefftsising
spatially shaped pulses for BLAST. The deposit$ wja-
tial shaping were reproducibly circular, with snfoedges,

and displayed less surface damage than those with u

shaped pulses because the local intensity in thigecevas
lower in this case due to the mis-imaging.

Figure 5(b) shows a pellet of Cr transferred frare t

160 nm film using 10 shaped pulses at 340 n/émain,
the material had clearly been transferred in solidse. As
the film was slightly thicker in this case, a geratorce

was required for shearing, hence the edges wereasiot 5.1

smooth as with the thinner film. It is interestimgnote that,
although the average fluence was above the mdhimgh-

old of ~325 mJ/cthmeasured earlier, the local fluence was

only sufficient to induce melting around the edgesl in
the very centre due to the variation of intensityoas the
imaged spot.

Figure 5(c) shows an SEM micrograph of the 160 nm

donor film after exposure to 8 shaped pulses ar8a@nd,
i.e. insufficient to induce transfer. The effecttioé intense
outer ring of the shaped laser beam can be cleady de-
fining the point of the film that would ultimateshear with
sufficient pulses. Note also that there was eviderfenelt-
through in the centre of the exposed area. Thisiroed
because the very simple beam shaping techniquehsesed
meant that there was still a relatively high intgnat this
point. This was also the origin of the central dgeen 5(b).

%, X
Fig. 5 SEM micrographs of BLAST with shaped pulses. @nsferred
with 10 pulses at 310 mJ/éfiom the 80 nm donor film (a), 10 pulses at
340 mJ/criifrom 160 nm film (b), the 160 nm Cr donor film tvitess
pulses than the transfer threshold (c) and a Aletpeansferred with 10
pulses at 300 mJ/énid).

Figure 5(d) shows another BLAST deposit. In thiseca
the donor film was 150 nm thick Au. The pellet vies-
ferred with 10 pulses at 300 mJ/cn8imilar results to
those seen with the Cr films were observed; wedihee
edges indicated solid-phase transfer although thes
some central damage due to the non-optimal beafiiepro
used to do the pre-transfer weakening of the donor.

5. Transfer of transparent polymers and oxide donors
Transferring transparent materials with LIFT is leha

lenging due to the lack of direct absorption of khser in
the donor. Although shorter wavelengths can be tesggbt
direct absorption in many materials, commonly usadier
materials also absorb these wavelengths, rendéniegn
unsuitable for LIFT. Femtosecond LIFT allows foetti-
rect transfer of transparent materials by focusheglaser
at the carrier-donor interface to induce multi-gmoab-
sorption in the donor just at the interface [33,34]

Experimental
The laser and imaging setup used for transparetg-ma
rial transfer with fs-LIFT was identical to thatags for
BLAST, described in section 4.1. Two samples wene p
pared. The first had a single, 150 nm thick dorlon bf
GdGaO that was transparent to all wavelengths totnge
~300 nm prepared by room temperature PLD. The skecon
included a 100 nm thick dynamic release layer (DR35)
of triazene polymer (TP) [36] between the carried ghe
GdGaO donor. The TP-DRL was transparent to all wave
lengths longer than ~380 nm. Full details of thsoaption
properties of the DRL and donor films and the sampl
preparation can be found in [33].

5.2 Transfer results
The threshold for forward transfer of the GdGaOaiton
was measured to be ~90 mJfonith the TP-DRL and
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Fig. 6 SEM micrographs of GdGaO transferred using fs-LIR&@sult with
only the GdGaO donor (a) and with TP-DRL (b,c).

~110 mJ/crawithout it. Figure 6(a) shows an SEM image

of transferred GdGaO material using ~120 m3/aithout

the DRL, and Fig. 6(b,c) show SEM micrographs of
GdGaO discs deposited with the DRL; fluence ~90-100
mJ/cnf. The donor-receiver separation was ~50 nm; this

could be measured interferometrically as the fiwere

transparent. The benefits of using the TP-DRL For fs-

LIFT of solid material from hard donor films werpparent.
Surface profiling of typical discs transferred gsthe DRL,
similar to those in Fig. 6(b,c), indicated that theposits
were reproducibly ~130 nm thick, closely matchirg t
original thickness of the GdGaO donor and indigatinat

little or no DRL remained on the deposit post-tfans

A strong dependence of the deposit quality on the d

nor-receiver separation was observed with the TR-DR 90 mJ/cri. The points marked A-G correspond to the SEM
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Fig. 7 Plot of the maximum intensity in the DRL (solidé) and donor
(dotted line) films as a function of the sourceeiger separation. SEM
micrographs A-G correspond to the marked pointtherplot.

sample [33]. Figure 7 (A-G) shows SEM micrograplis o micrographs. As can be clearly seen, the most deshag

GdGaO deposits obtained with various values ofstpa-
ration. It was found that the variation of depasirphol-
ogy was roughly periodic with a period df/2. This varia-
tion could be explained by considering the intgneftthe
standing wave that formed in the transparent fimsfdue
to multiple reflections [34].

5.3 Interference and standing waves

As the TP and GdGaO films were transparent todhe |
ser wavelength, multiple reflections occurred ofé tvari-
ous interfaces within the sample. The laser coloeren
length was around 3@m, which was long compared to the
film thicknesses, so interference between the folveand
backward propagating waves led to the formationaof
standing wave [34].The strongest back-reflectionthis
setup was off the Si wafer surface; hence, vartfirgsize
of the air gap had a significant effect on the lacgensities
in the film.

The intensity profile of the standing wave couldelaes-
ily calculated using the refractive indices andtithiesses
of the various layers [34]. It was then simple how that
the peak intensity in the donor film varied pergadiy with
the donor-receiver separation with a periodicityi, as
seen in the experiments. The graph in Fig. 7 shbesal-
culated peak intensity in the donor and DRL lay&ssa
function of the separation assuming an incidergrfee of

deposits corresponded to values of the separatianesthe
standing wave intensity was maximised, whilst thdam-
aged deposits were obtained when interferenceeicldmor
layer was destructive.

The standing wave was an undesirable side effect of

transferring transparent films directly without liding an
absorber layer. Although it was possible to idgndih ap-
propriate combination of film thicknesses and denor
receiver separation that minimised the locally higensi-
ties, the standing wave introduced extra complexityhe
technique.

6. Shock-induced forward transfer of fused silica

In the previous section, fs-LIFT of transparenml
driven by multi-photon irradiation was presentetthéugh
good quality deposits could be produced by optimgshe
printing conditions, there are still challengess##y, it was
still necessary to directly irradiate the matet@abe trans-
ferred, with the associated thermolytic damage tteat
occur. Also, because the films are transparenhé¢oldser
wavelength, standing waves are produced in théd)lthat
can produce local high intensities which can damhge
donor.

In this section a non-thermal transfer mechanisprés
sented that relies on the shockwaves generatetdoyr @
tion of femtosecond pulses to fracture and tranttans-
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partial etching etching and microlensing
transfer

Fig. 8 SEM micrographs of silica deposited onto Si byEISchematics
of the envisaged transfer process as a functiguise number (a-c).

parent materials. This process is different fronrnrad
LIFT as it is sections of the carrier substratd #re trans-
ferred rather than the donor. This process is knawha-
ser-Induced Solid Etching (LISE) [37].

6.1 Experimental

For the LISE studies, the experimental setup was-id
tical to that used for BLAST, except that the lasais set
to fire at 250 Hz. 80 nm of Cr was again prepanedioe
face of a fused silica window by thermal evaporatithe
Cr-coated face of the silica was pressed into tagimtact
with the Si receiver. Experiments were carriediow vac-

uum chamber at ~0.1 mbar to ensure tight contaican
donor and receiver.
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Fig. 9 SEM micrograph of silica lines transferred usin§E.

ing N, at a fluence of 400 mJ/émNote that this fluence
was approximately equal to that measured for treetoaf
evaporation in Cr in the nanodroplet studies irige@.

It was observed that there were two thresholds for
transfer; a fluence threshold and a minimum nundfer
pulses,Ny. The fluence threshold corresponded approxi-
mately to the onset of ablation in the Cr film. Timini-
mum number of pulses was around 20-30. Figure & (a-
show schematics of the envisaged transfer process, a
was varied relative tbl,. With Ny< Ny, (a) the cracks that
formed did not develop sufficiently to etch matefram
the silica. Instead, just some of the Cr was temesfl to
the receiver. WitiN,~ N, (b) the silica was cleanly etched
and transferred to the Si. Witlf,> Ny, (c), pulses contin-
ued to be incident after transfer and could passith the
silica, damaging the underlying Si. Eventually, fy>>
N, the Si under the deposit was completely machimed/a
and the silica was removed [37].

6.3 LISE of line structures

LISE was also used to deposit lines of silica fotep-
tial applications in rib and strip-loaded wavegusidi@7]. In
these experiments, it was found that the thresfokhce
for etching (~600 mJ/cth was somewhat higher than in
the dome case due to the reduced overlap betwekipleu
pulses. There was also a raster speed thresholohif/g),

The Cr donor was exposed to varying numbers ofakin to the number of pulses threshold in the nevisec-
pulses,N,, using the external shutter. Absorption of the tion.

femtosecond pulses in the Cr caused a large peegsur
crease that generated strong shockwaves in toa ailid Si
substrates. The axial strain was greatest at the efithe
irradiated spot so cracks former in the silicahiis region.
These cracks grew under exposure to multiple pulag
a complete piece of silica was etched out of theieain
solid-phase. This etched piece could be collectethe Si
receiver where re-solidified Cr donor ensured gadte-
sion. The LISE process is described in more detg87].

6.2 LISE of dome-like structures

The first experiments focused on the transfer di-in
vidual domes of silica by exposing the Cr to vagymum-
bers of pulses. Figure 8 shows SEM micrographsiwipte
deposited features of silica on the Si after exposo vary-

Figure 9 shows typical lines transferred with 700
mJ/cnt and varying raster speeds from 0.9-1.7 mm/s, cor-
responding to separations between successive exgsost
3.5-6.8um at 25 Hz (recall that the laser spot size was 10
um). Similar continuous lines up todm in height were
obtained over a wide range of processing paramelers
was found that the optimal conditions for LISE énrbs of
producing the smoothest features were high flué¢r@e-1
Jlcnf) and raster speeds from 1.1 mm/s.

An interesting point to note is that, because thesl
were transferred with a pulsed laser, they displaygeri-
odic variation along the length. This can be seewstm
clearly in the line produced at 1.7 mm/s in Fig.S2ich
variation may have implications for forming segneeht
waveguiding structures with novel spectral progstti
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Fig. 100ptical microscope images of the transferred Tedion the
LiNbO;3 surface pre- (left) and post- (right) in-diffusion

7. LIFT for rapid prototyping of waveguides

Fig. 111mages showing the mode profiles of in-diffused eguides.

The key advantages of the LIFT technique are speedhose with exhibiting significant surface debris1&32nm.

simplicity, and versatility. In this section, reutombining
LIFT of Ti with subsequent in-diffusion into LiNbCfor
the rapid prototyping of in-diffused Ti:LiNbQvaveguides
are presented.

In-diffusion is an attractive technique for forming
waveguides due to the high refractive index cotdrésat
can be achieved relatively easily. However, it b@sn con-
sidered that the deposited metal should be extseonat
form prior to in-diffusion for good waveguides tce b
formed. As such, complex lithographic processingos-
mally applied. Here we demonstrate that good qualit
waveguides can be produced from metal depositefs-by
LIFT despite the inherent variation of metal thieka after
transfer. It appears that the in-diffusion procssmothes
out the variation of metal thickness.

7.1 Experimental

Figure 11 shows images of the output mode proéfehe
in-diffused waveguides produced at 9, 13, 17, @&hdin/s
shown in Fig. 10. The most striking observation s
significant dependence of the size of the modeilproh
the raster speed. This occurred because the avestige-
tive index of the waveguide decreased with incregsi
raster speed.

The losses of the waveguides were measured usthg cu
back methods. There was quite a significant vamaiti the
measured values of the loss; the key parameterasggpe
again to be the raster speed. The lowest losses weas-
ured to be ~0.8 dB/cm with waveguides written atahl
13 mm/s. This observation was somewhat surprisig b
cause these waveguides suffered from significarfaci
debris (see Fig. 10) which normally increases tss lin
buried waveguides.

The spectral properties of the waveguides were meas

The laser and imaging setup were the same as in théred using white-light spectral analysis. The wanvees

previous sections. The laser repetition rate wasnag5s0
Hz. Donor films of 100 nm thick Ti were prepared d&y

beam evaporation on fused silica windows. 1” square

were measured to be single-mode across a broatralpec
range from 639-1750 nm.
These results demonstrated that combining the tilersa

0.5mm thick LiNbQ wafers were used as receivers. LIFT ity of LIFT with the high refractive index contrasachiev-
was performed in air ambient onto the —z face & th able with in-diffusion is a viable method of prochg low-
LiNbO; wafers. Ti in-diffusion was performed in a furnace loss waveguides. Furthermore, as the techniquerestd
at 1060 °C with a ramp rate of 4 °C/min. The samplere  Write, it offers the capability to produce devigeih novel
diffused in a dry @ atmosphere with a flow rate of 0.5 spectral properties quickly and simply.
L/min.
8. Conclusions

In conclusion, a number of aspects of the femtasgco
LIFT process have been studied in detail. Advarsamyer
the process with nanosecond LIFT in terms of reayci
both the size of features that can be produced, thad
amount of photolytic and thermolytic damage sufieby
the donor, due to the reduced thermal effects feithto-

7.2 Results

Figure 10 shows optical microscope images of Tadin
transferred on LiNb@with fluence of ~350 mJ/chwith
the indicated raster speeds. The images show tHacez
before (left) and after (right) in-diffusion. Asrcde seen,
for slower scan speeds, a large amount of debrispra: . A
duced due to the overlap of successive pulses;dttisis ~ second pulses have been identified. .
was still present after in-diffusion. Once the easspeed Experimentally, fs-LIFT has been used to depospdr
was increased above ~15 mm/s such that there was réts of Cr 300 nm in diameter, significantly smaltean
overlap, there was very little debris and the tiemed ma-  those previously reported. It is believed that tkason
terial was almost completely in-diffused. such small droplets could be obtained was in paettd a

The waveguiding properties of the in-diffused struc reduction in lateral heat diffusion in @he donaonir using
tures were investigated at 632.8 and 1532 nm. Théemtosecond pulses, and also by using an ultraetiror
waveguides were all multi-mode at 632.8 nm, buglsin  film to reduce the amount of material w_radmtectlhglqser.
mode operation was observed for all the structene The transfer of Cr in solid-phase without shattgtias
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been achieved using multiple low energy pulseg fios
delaminate the donor from the carrier in the irateli re-
gion, and then shear it to transfer a pellet. Tachnique
benefits from the reduced thermal diffusion througle
donor film to prevent excessive melt-through ardlifate
solid-phase transfer. Simple spatial shaping ofdker was
incorporated to improve the reproducibility of thrans-
ferred features. The shaping resulted in an intenger
ring region that caused significant melting of temor and
encouraged shearing at a desired point, rather taan
domly as occurred with the unshaped pulses.

A major advantage of the fs-LIFT technique is thé-a
ity to directly print transparent materials withaotorpo-
rating an absorber layer that can cause post-gamcsin-
tamination. Transparent material transfer has lokgmnon-
strated using polymer and oxide thin films and #gzo¢
quality depositions could be obtained under optiprait-
ing conditions. However, an extra challenge wasdbthat
a standing wave was produced in the films if ajleta
were transparent. Hence, the experimental parasbtst
to be carefully controlled to prevent unintentiohadtally
high intensities being generated that damaged tmord
material. This introduced an extra degree of corifyléo
the technique but did not prohibit the transferunflam-
aged material.

A non-thermal forward transfer technique has been

demonstrated that is also applicable for pattertriaxgspar-
ent materials. The technique relies on femtose@erer-

ated shockwaves to fracture a bulk transparenttrsues

and transfer complete pieces in solid-phase. Inigaults
have demonstrated that LISE is capable of printng-
tinuous lines a couple of microns high. Howeveer¢hare
still major technical challenges to be addresseldftech-
nique is to be used for applications such as ribegmide
formation. Firstly, it will be necessary to elimteathe re-
sidual absorber layer between the transferred mhtand
the underlying substrate.

Finally, we have demonstrated that the strengththef

LIFT technique can be combined with those of irfudiibn
to form low-loss waveguides. The in-diffusion presep-
pears to smooth out the variation in metal layérktiess,
contrary to conventional wisdom on forming in-déd

waveguides. Using this technique we have been tble

define waveguides with losses as low as 0.8 dBfahare

single mode over a wide spectral range. This metbod

forming in-diffused waveguides is particularly atttive
due to its ability to control the waveguide propest
through the direct-write LIFT process.
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