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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

by Kamalpreet Kaur

The subject of this thesis is to study the Laser-Induced Forward Transfer (LIFT) tech-
nique using a time-resolved method in order to gain a better insight into the dynamics of
the transfer process and to use the technique for rapid prototyping of photonic devices

and printing piezoelectric materials for energy harvesting applications.

A nanosecond shadowgraphy technique was used to study the triazene polymer (TP)-
dynamic release layer (DRL) assisted LIFT technique for solid-phase ceramic materials
namely gadolinium gallium oxide (Gd-Ga-O)and ytterbium doped yttrium aluminium
oxide (Yb:YAG). The dependence of the distance travelled by the shockwave and the
ejected donor material, their velocities and the quality of the ejected donor pixel on the
laser fluence, the thickness of the TP-DRL and donor film thickness was studied and is

discussed.

Segmented channel waveguides, X-couplers and mode-filters based on titanium (Ti) in-
diffused lithium niobate (LN) have been fabricated using the LIFT technique. The
segment separation was found to be the key factor in determining mode profiles of
waveguides. The corrugations due to the segmented nature of the deposits was observed
to introduce non-adiabatic behavior in the mode filters which was further confirmed by

theoretical modeling.

Forward transfer of donor films with patterns to be transferred machined into them prior
to LIFT have been investigated. This technique allows debris-free printing of thicker and
fragile donors films with extremely smooth and uniform edges in intact and solid-phase
without the need of any sacrificial layer. Results of debris-free printing of micro-pellets
of zinc oxide (ZnO) with extremely good quality edges from donor films pre-machined

using focused ion beam (FIB) are presented.

Printing and post-transfer characterization of both lead zirconate titanate (PZT) and
non-lead based ZnO piezoelectric materials for energy harvesting applications using the
LIFT and TP-DRL assisted LIFT techniques have been studied and discussed.
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Chapter 1

Introduction

1.1 Motivation

The deposition and controlled patterning (from meso - to nanoscale) of thin film ma-
terials is an inherent requirement to a vast range of fields extending from microelec-
tromechanical systems (MEMS) to biological sensors and optoelectronics. The most
established technique for material processing and large-scale production of micron and
sub-micron size devices is photolithography. For cases where rapid prototyping of devices
is required and patterning and transfer of materials is desired onto non-planar substrates
photolithography offers limited flexibility and increased complexity, time and cost. Laser
Direct Write (LDW) techniques are ideal candidates for such cases (Chrisey, 2000), as
they offer significant advantages in terms of simplicity, cost effectiveness, flexibility, fast
processing speeds for rapid prototyping and also eliminate the need for a clean room
environment, which is a must for photolithography. A family of LDW techniques that
has emerged quite rapidly in the past few years is the Laser-Induced Forward Trans-
fer (LIFT) (Bohandy et al., 1986) method which uses a laser for selective ablation of
materials from thin film targets coated onto transparent carrier substrates and forward
transfers them onto receiver substrates placed in closed proximity. Figure 1.1 depicts

the general principle of the LIFT technique.
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Incident laser
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Material in Thin film target
transfer e - ‘ )

(the donor)

FIGURE 1.1: Illustration of the general principle of the LIFT technique.

The LIFT process was first demonstrated by Bohandy et al. (Bohandy et al., 1986) for
depositing metals to repair damaged photomasks. Due to its simplicity and flexibility
its use was quickly extended to print a variety of metals (Bohandy et al., 1986; Zergioti
et al., 1998a), semiconductors (Toet et al., 1999), superconductors (Fogarassy et al.,
1990), oxides (Mailis et al., 1999; Zergioti et al., 1998b), and biomaterials (Barron et al.,
2004). As LIFT is a laser-based direct-writing method the focused laser beam can be
used for in-situ micromachining, annealing and feature-trimming applications by simply
removing the target from the laser beam path. Hence LIFT is both an additive and
subtractive direct-write (DW) process but it will be referred to, and was used as an

additive LDW process in the remainder of this thesis report.

In the conventional LIFT process the material to be transferred (the donor) acts as
its own propellant which leads to its unavoidable damage. To prevent this damage of
the donor material due to the direct exposure to the laser many complementary LIFT
techniques have been introduced and developed in the past years such as Matrix-Assisted
Pulsed Laser Evaporation Direct-Write (MAPLE-DW)) (Pique et al., 1999), Dynamic
Release Layer (DRL)-LIFT (Tolbert et al., 1993), Laser Induced Thermal Imaging (LITT)
(Blanchet et al., 2003), Ballistic Laser-Assisted Solid Transfer (BLAST) (Banks et al.,
2008), Laser-Induced Solid Etching (LISE) (Banks et al., 2009) and Laser Molecular
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Implantation (LMI) (Fukumura et al., 1994). A detailed overview of the conventional

LIFT technique and all these complementary LIFT techniques is presented in chapter 2.

The main aim of this thesis was to use the LIFT technique for printing functional
materials and fabricating devices for photonics and energy harvesting applications. In
particular, fabrication of channel waveguides and index-tapered mode filters based on
titanium (Ti) in-diffused lithium niobate (LN), and printing of lead zirconate titanate
(PZT) and zinc oxide (ZnO) for micro-energy harvesters were the main focus for the
thesis work. In addition to that, some work dedicated to understand the dynamics of
the transfer process itself using a time-resolved technique was also done as part of the

thesis.

1.2 Achievements

The main achievements of the thesis can be summarized as below:

1.2.1 Time-Resolved Study of the LIFT Technique

In chapter 3, the laser-induced forward transfer process was studied using triazene poly-
mer (TP) as a sacrificial layer by means of a conventional time-resolved ns-shadowgraphy
imaging technique for the first time for solid-phase ceramic donor materials such as
gadolinium gallium oxide (Gd-Ga-O) and ytterbium doped yttrium aluminium oxide
(Yb:YAG). The time evolution of the process, dependence of the ablation dynamics and
quality of the ejected donor material disc (flyer) on the various key operating parameters
such as laser fluence and thickness of the TP-DRL and donor layers were investigated
and results are discussed in this chapter. Elements of the work presented in chapter 3

have been published in (Kaur et al., 2009).

1.2.2 Fabrication of Photonic devices using LIFT

Rapid prototyping of Ti in-diffused channel waveguides, X-couplers and mode-filters
using the LIFT technique followed by thermal treatment is reported for the first time in
chapters 4 and 5. Optical propagation losses as low as 0.8 dB/cm were measured from

channel waveguides showing great potential of this very simple yet powerful technique.
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The Ti segment separation was observed as the key factor in determining the waveguide
mode profiles. This dependence on the segment separation was employed as the basic
principle for preparing index-tapered waveguide mode filters, which were fabricated by
varying the segment separation along the length of the waveguide. The corrugations in
the refractive index profile due to the segmented geometry of the deposits was identified
as introducing non-adiabatic behavior in the mode-filters and this was confirmed by
theoretical modelling results. This work has been published in (Sones et al., 2010; Kaur
et al., 2011b).

1.2.3 LIFTing of Pre-Machined Donor Films

In chapter 6, femtosecond (fs) LIFT of pre-machined donor films is studied for the first
time. 1 pm thick ZnO films were first machined using the focused ion beam (FIB)
technique up to a depth of 0.8 um. Debris-free micro-pellets of ZnO with extremely
smooth edges and surface uniformity were subsequently printed from these pre-machined
donors using LIFT. Printing results of non-machined ZnO donor films and films deposited
on top of a polymer DRL are also presented in this chapter for comparison, indicating
the superior quality of transfer achievable and utility of this pre-machining technique.
The initial results obtained show great potential for printing thick and fragile donors in
solid and intact format without any DRL layer. Results of this work have been published
in (Kaur et al., 2011a).

1.2.4 Printing Piezoelectric Donor Materials

In chapter 7, printing and post-transfer characterization of both lead based (PZT) and
non-lead based (Zn0O) piezoelectric donor materials for energy harvesting applications
is reported. Micron-sized PZT deposits were transferred using fs-TP-DRL LIFT but
due to the small size of the features, reliable dgg measurements were not possible. PZT

2 size were then printed using nanosecond (ns)-TP-DRL LIFT and

deposits with mm
dss coefficients with small values of ~ 19 - 20 pC/N were measured making it the first
time for printing of PZT deposits using LIFT that show piezoelectric behavior post-
printing. ZnO printed pellets showed poor adhesion onto the receiver substrates so

couldn’t be characterized. Work is being pursued to print piezoelectric deposits with

electrodes on top in one shot and to improve the adhesion using chemical treatment
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or an adhesion promoter layer. These issues once resolved would make possible the
realization of a micro-energy harvester printed using LIFT, something which has not

been achieved /reported before.

1.3 Thesis Structure

A brief outline of each chapter of the thesis is presented below:

Chapter 2 begins by giving an overview of the LIFT technique, its historical origin, the
success it has achieved in the past years and its current state-of-the-art. In addition to
LIFT some complementary LIFT techniques such as MAPLE-DW, DRL-LIFT, LITI,
BLAST, LISE and LMI introduced to overcome some of the challenges faced by the

conventional LIFT technique are also presented in this chapter.

The experimental results obtained during the thesis work are presented in chapters 3-7.
Study of the dynamics of the TP-DRL assisted LIFT process using ns-shadowgraphy
technique for Gd-Ga-O and Yb:YAG ceramics and the effect of various operating pa-
rameters such as laser fluence, donor and DRL thickness on the quality of the ejected

donor are discussed in chapter 3.

Chapter 4 and 5 discuss the rapid prototyping of Ti:LN segmented channel waveguides,
X-couplers and index-tapered mode filters respectively, using LIFT with post-transfer
thermal diffusion. The details of experimental set-up used, fabrication and optical char-
acterization of the prepared devices are presented in this chapter. Theoretical models
developed to show the variation of the effective refractive index with segment separation
and the non-adiabatic nature of the mode filters attributed to the segmented nature of
the deposits is also presented in chapters 4 and 5 respectively. It should be mentioned
that these models were developed in assistance with Dr. Pranabendu Gangopadhyay
from the Indian Institute of Kharagpur, India and Dr. Ying from the Optoelectronics
Research Centre (ORC), University of Southampton.

Initial results of printing ZnO donor films pre-machined up to a depth of 0.8 um using
the FIB technique prior to transfer are described in chapter 6. A comparison with the
deposits printed using non-machined ZnO films employing the conventional LIFT and

TP-DRL assisted LIFT techniques is also presented in this chapter.
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Various attempts to print piezoelectric materials (PZT and ZnO) using ns/fs-LIFT and
TP-DRL assisted LIFT techniques and to measure the their piezoelectric coefficients
post-transfer are described in chapter 7. The problems faced such as poor donor quality,
Pb deficiency and adhesion of the printed features onto receiver substrates that hampered

the characterization of the deposits are also discussed in this chapter.

Finally, in chapter 8 conclusions and suggestions for future work based on the results

obtained in this thesis are presented.
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Chapter 2

Overview of laser-induced forward

transfer (LIFT) technique

In this chapter a general overview of the LIFT technique is presented and will include
its historical origin, the success it has achieved to date, some variations of LIFT that
have been developed and reported in the literature with the intent to overcome some of
the basic limitations of the technique. Section 2.1 describes the basic LIFT technique,
suggested physical mechanisms responsible for the forward transfer and the fundamental
difference between the ns and fs LIFT methods. Section 2.3 is focused on the various
complementary LIFT techniques and the transfer results achieved using them. Finally
the significant works reported in the literature using LIFT and LIFT-related techniques

are listed in chronological order in Table 2.1.

2.1 Laser-Induced Forward Transfer (LIFT)

LIFT is an additive laser based direct-write (DW) technique for spatially-selective print-
ing of materials from thin film precursors. In LIFT, a thin film of the material to be
transferred (the donor) is coated onto a laser-transparent substrate (the carrier) and is
placed in close proximity to another substrate (the receiver) as depicted in fig. 2.1. A
laser pulse is then focused or imaged onto the carrier-donor interface which induces the
necessary impulsive force to push the donor onto the receiver substrate placed below.

The physical mechanism responsible for LIFT was suggested to be the thermal ablation
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of the donor film (Bohandy et al., 1986). It was believed that the laser pulse was ab-
sorbed by the metal donor film causing its vaporization at the carrier—donor interface
(fig. 2.1 (a)). The hot metal vapour trapped between the carrier and the donor film
provided the required driving force for forward transfer of donor material to the re-
ceiver substrate (fig. 2.1 (b)). This hypothesis was supported by the theoretical models
proposed by Adrian et al. (Adrian et al., 1987) and Baseman et al. (Baseman et al.,
1990).

Incident laser pulse Incident laser pulse
Carrier Carrier
5 — Ablated/melted
Hot gaseous pocket of Transferred - t 3 donor provides
vaporized donor donor pellet the thrust for
— - transfer
Receiver Receiver
a b

FIGURE 2.1: Schematic of LIFT technique.

The LIFT technique was first demonstrated for the deposition of copper metal lines onto
a silicon receiver, using ns pulses from an excimer laser (193 nm, 15 ns) by Bohandy
et al. in 1986 (Bohandy et al., 1986). In this work, it was observed that the quality of
the transferred material depended strongly on the laser fluence and an optimum fluence
value was required to transfer uniform and clean deposits of the donor to the receiver.
The transferred material splattered away from the irradiated area at higher fluences and
material transfer was incomplete at lower fluences. Although LIFT was originally devel-
oped to repair damaged photomasks, its use was quickly extended to deposit a variety of
metals (Ag (Bohandy et al., 1988), Pd (Esrom et al., 1995), W (Kantor et al., 1995), Cr
(Zergioti et al., 1998, 2003a,b), Ni (Yamada et al., 2002), Pt (Papakonstantinou et al.,
1999), Au/Sn (Bahnisch et al., 2000)), metal oxides (Mailis et al., 1999), (Koundourakis
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et al., 2001), (Zergioti et al., 2002)), semiconductors (Mogyorosi et al., 1989), supercon-
ductors (Fogarassy et al., 1989b), quantum dots (Xu et al., 2007), carbon nanotubes
(Chang-Jian et al., 2006), polymers (Lee and Lee, 2004) and biomaterials (Serra et al.,
2004a; Dinca et al., 2007).

Typically feature sizes of the LIFT-transferred structures are of the order of the laser
spot size (Zergioti et al., 1998; Papakonstantinou et al., 1999; Yamada et al., 2002).
Recently, the printing of donor material with features size significantly smaller than the
laser spot size has been reported (Willis and Grosu, 2005; Banks et al., 2006; Narazaki
et al., 2008; Kuznetsov et al., 2009b). All these studies used the standard LIFT exper-
imental set-up of fig. 2.1 except for the work reported by Chichkov et al. (Kuznetsov
et al., 2009a,b) where the transfer was performed in the backward direction to the laser
incidence direction and the technique was termed as laser induced backward transfer
(LIBT). Nanodroplet transfer using LIFT and LIBT technique is depicted in fig. 2.2

(a-c) and 2.3 (a-c) respectively.

Incident laser pulse (b)

Carrier
Droplet formation

Do
The whole donor (C)

film melts through

Receiver

(a)
Droplet release
l and transfer

FIGURE 2.2: Illustration of nanodroplet growth and transfer using the LIFT technique.
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Droplet formation (b)

Incident laser iulse -—-

Receiver

- - Droplet release t (C)

\4 and transfer
The whole donor

film melts through
Carrier - -
(a)

F1GURE 2.3: Illustration of nanodroplet growth and transfer using the LIBT technique
[Kuznetsov2009a).

In the case of nanodroplet transfer using LIFT it was suggested that a laser pulse with
a fluence just above the transfer threshold melts the donor film at the carrier-donor
interface over the irradiated region. With an accurate control of the laser fluence the
melt can be made to reach the free surface i.e. the donor film over the irradiated area
fully melts through, thereby allowing sub-spot size depositions. For the LIBT case the
laser pulse first melts the donor material on the free surface before the whole donor film
completely melts through over the irradiated area. The expansion of the melted donor
is confined by the surrounding solid film leading to build up of pressure that pushes the
melted donor material out of the film towards the receiver (Kuznetsov et al., 2009b).
Two obvious advantages offered by these nanodroplet printing methods are the sub-spot
size printing and less splattering due to the surface tension of the molten donor material.
The smallest features of ~500 nm (Willis and Grosu, 2005; Narazaki et al., 2008)and
~300 nm ((Banks et al., 2006); the smallest transferred to date) have been transferred
using LIFT process with ns pulses and fs duration pulses respectively, and feature sizes

of ~ 220 nm have been deposited using the LIBT technique (Kuznetsov et al., 2009b).

Although we have reported fs LIFT in previous paragraph, in fact > 90 % of the pub-
lished work has used ns laser pulses except for the work by Kantor et al. in which they

used s pulses to transfer tungsten segments (Kantor et al., 1995, 1994). The use of
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ultrashort pulses for ablation applications has resulted in features with high precision
and significantly reduced collateral damage (Dausinger, 2003; Dausinger et al., 2004;
Misawa and Juodkazis, 2006). As LIFT is also an ablation-based process these results
inspired the idea of using fs pulses for LIFT. In the past few years, fs-LIFT has gained
much attention and the transfer of metals (Zergioti et al., 1998; Banks et al., 2006; Ger-
main et al., 2007), oxides (Zergioti et al., 2002; Mailis et al., 1999; Papazoglou et al.,
2002b) and biomaterials (Zergioti et al., 2005a; Serra et al., 2004a), ceramics (Banks
et al., 2008b) using fs-LIFT has been reported. The difference between ns and fs-LIFT
is attributed to the fundamentally different laser-material interactions involved in these

two pulse regimes as discussed below.

When a laser pulse interacts with a material, energy is first absorbed by the electrons
and then subsequently transferred to the lattice by electron-phonon collisions, in a time
scale of picoseconds, typically 1- 10 ps (Elsayedali et al., 1987; Gamaly et al., 2002a,b;
Schoenlein et al., 1987) for most of the materials. In the case of fs pulses, there is not
enough time for the electrons to transfer the heat to the lattice during the pulse, resulting
in a reduced heat-affected zone, while conversely for ns pulses there is a significant energy
transfer from the electrons to the lattice during the pulse, leading to a relatively larger

heat-affected zone. The thermal diffusion length can be estimated by using equation 2.1

1
ld = 5\/ 7T_Dtp (21)

where 1, D and t,, are thermal diffusion length, heat diffusion coefficient and laser pulse
duration respectively (Papakonstantinou et al., 1999). For the fs regime 1; < 15 (optical
skin depth of the donor material), so the heat diffusion is limited to the skin depth,
while for the ns regime 1; > l; implying a greater heat-affected area (Yao et al., 2005).
The restriction of the heat diffusion to the skin depth only due to the extremely short
energy deposition time in the case of ultrashort pulses gives the possibility of localized
laser-material interaction resulting in improved quality deposits with reduced thermal
damage to the donor and higher spatial resolution as has been reported in the literature
(Mailis et al., 1999; Papazoglou et al., 2002a; Zergioti et al., 2005b; Banks et al., 2006;
Bera et al., 2007; Germain et al., 2007).
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In the conventional LIFT process (using ns or fs duration pulses) the donor material is
directly exposed to the laser radiation leading to its ablation, melting or evaporation.
The donor forward transfer is achieved either through the propulsion of the material by
the ablated/evaporated film at the interface (Bohandy et al., 1986) or by melting of the
entire donor film (Willis and Grosu, 2005; Banks et al., 2006; Narazaki et al., 2008).
The phase transformations involved in the transfer are not a problem for materials like
metals or those insensitive to light and heat. However, photo/thermal sensitive donors
such as biological cells/tissues are quite susceptible to damage by the incident laser pulse.
Also the conventional LIFT process is not suitable when an intact transfer of a donor
material in solid phase is desired. To surmount these problems various complementary
LIFT techniques have been introduced and developed in the past years and are discussed

in the next section.

2.2 Complementary LIFT techniques

2.2.1 Matrix-Assisted Pulsed Laser Evaporation-Direct Write (M APLE-
DW)

The MAPLE-DW technique is based on the LIFT and the MAPLE (Pique et al., 1999a)
processes. This technique therefore takes advantage of the technical approaches of both
the LIFT and MAPLE techniques. In MAPLE-DW the target is prepared by making a
solution of the material to be deposited with a volatile laser absorbing solvent matrix.
The matrix helps in avoiding the laser degradation of the material to be deposited. A
uniform coating of this solution is then applied onto a transparent carrier and upon
irradiation with a focused laser pulse, the solvent evaporates and propels the donor
material to the receiver (Pique et al., 1999b). A schematic of the MAPLE-DW process

is shown in fig. 2.4.
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FIGURE 2.4: Illustration of MAPLE-DW technique.

High-resolution displays (Fitz-Gerald et al., 2000), thick film resistors (Modi et al., 2001),
ferroelectric capacitors (Modi et al., 2002; Arnold et al., 2002a), micro-batteries (Pique
et al., 2004; Wartena et al., 2004), chemical sensors (Pique et al., 2003b) and solar cells
(Kim et al., 2004a) have been realized using this technique. The preferential vaporization
of the matrix solvent makes possible the deposition of the delicate biomaterials which
otherwise is not possible by the conventional LIFT process (Pique et al., 2002; Wu et al.,
2001; Ringeisen et al., 2002). However, an inherent disadvantage of the MAPLE-DW is
that the donor material has to be used in a particulate form so that an ink, fluid or paste
of it with the volatile matrix solvent can be deposited onto the carrier before printing.
This limits the choice of materials to only those that can be obtained in powder or
particulate form which obviously is not suitable when printing of solid donor materials
is desired. In addition, evaporation of the matrix solvent leaves high porosity in the
printed materials/devices resulting in a significant difference in the properties of the

transferred materials with respect to the original source film (Pique et al., 1999b).

2.2.2 Dynamic Release Layer (DRL)-LIFT

In the DRL-LIFT technique, also known as absorbing film assisted (AFA)-LIFT (Hopp
et al., 2004, 2005b), a sacrificial layer referred to as DRL is sandwiched between the
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carrier and the donor. This sacrificial layer absorbs the incident laser energy and ab-
lates/evaporates thereby providing the thrust required for transferring the donor to the

receiver as shown in fig. 2.5.

Incident laser pulse

Carrier Ablation/dissociation of DRL
by the laser pushes the donor
to the receiver

Donor pixel being transferred
without getting directly
exposed to the incident laser

Receiver

F1cUre 2.5: Illustration of the DRL-LIFT technique.

The DRL technique helps to transfer materials without directly exposing them to the
incident laser energy thereby printing them without damage. It can also be used for
materials having weak absorption at the incident laser wavelength without the need
of producing them in a powder form as in the case of MAPLE-DW. The use of Al as
an absorbing layer for producing high-resolution colour images demonstrated the first
implementation of DRL-LIFT in 1993 by Tolbert et al. (Tolbert et al., 1993a,b). Most
commonly thin metal and metal oxide layers are used as DRLs (Barron et al., 2004a;
Hopp et al., 2004; Serra et al., 2004a). Functional DNA and bio-molecule microarrays
have been realized using liquid targets with Ti metal and titanium oxide (TiO2) as the
sacrificial layer materials respectively (Barron et al., 2004a; Serra et al., 2004a; Colina
et al., 2006; Fernandez-Pradas et al., 2004). Living fungi have also been transferred
using silver as a DRL (Hopp et al., 2004).

However, contamination of the deposits with metallic residual DRL post-transfer is a

matter of concern with the DRL-LIFT technique as was reported by Smausz et al. using
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Ag as DRL (Smausz et al., 2006). A specially designed nitrogen (Ng) releasing UV-
absorbing TP has shown great potential as a DRL material in the past few years (Nagel
et al., 2007; Lippert and Dickinson, 2003). The TP decomposes upon irradiation to
release N9 gas and other gaseous molecular fragments (Nagel et al., 2007) which provide
the push required for forward transfer. Mammalian cells (Doraiswamy et al., 2006),
quantum dot emitters (Xu et al., 2007), organic light-emitting diode () pixels (Fardel
et al., 2007a)and ceramic materials (Banks et al., 2008b) have been deposited using
the triazene-assisted LIFT technique. Due to its decomposition into gaseous fragments
the TP shows very little or no contamination of the transferred deposits (Fardel et al.,
2007a; Banks et al., 2008b). However the TP decomposes at ~ 250 °C (Lippert and
Dickinson, 2003) so it is not compatible with donor deposition processes that involve
high temperatures e.g. thermal evaporation (Banks et al., 2008b). The TP is also
sensitive to solvents such as chloroform, chlorobenzene and toluene. This heat and
solvent chemical sensitivity of the TP puts a limit on the range of donor materials that
can be deposited using TP as a DRL. Thick layer of polymers used as radiation absorbers
for the DRL-LIFT technique have also been proposed for contamination-free printing of
delicate biological materials that are highly sensitive to thermal and mechanical shocks.
Living mammalian embryonic stem cells have been transferred using a thick polyimide

(~ 4 pm) layer as DRL by Arnold et al. (Arnold et al., 2007a).

2.2.3 Hydrogen assisted LIFT

In this technique, developed by Toet et al., the donor film consists of a hydrogenated
amorphous silicon (a:Si:H) thin layer (Toet et al., 1999) (fig. 2.6 (a)). The mechanism
for transfer involves melting of the a:Si:H layer at the interface by the incident laser pulse
which leads to an explosive effusion of hydrogen thereby providing the required thrust for
transfer. The Si film melts and breaks down into droplets during ejection (fig. 2.6 (b))
and condenses on the receiver substrate as polycrystalline silicon (poly-Si) (fig. 2.6 (c)).
Other materials such as Al have also been transferred using this technique employing
the a:Si:H as the propellant layer (Toet et al., 2000a,b). However only hydrogen gets
ejected by the incident laser pulse and the rest of the film melts completely leading to

contamination of the resultant deposit with poly-Si.
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Incident laser pulse

(b)

Carrier v Si droplets propelled

towards the receiver by

the pressure exerted by
Melting of a-Si:H layer at the (c)

trapped H,
interface releases H, which is
confined between donor and

Receiver Ejected droplets coalesce
g on receiver as poly-Si

(a) Al

FIGURE 2.6: Ilustration of the hydrogen assisted LIFT technique.

2.2.4 Laser-Induced Thermal Imaging (LITT)

In LITT an additional layer is introduced between the carrier and the donor (Blanchet
et al., 2003; Lee and Lee, 2004) that absorbs the energy of the incident laser pulse (fig.
2.7 (a)), gets heated up and evaporates the surrounding organics at the interface. The
expansion of the gaseous decomposition products provides the push necessary to propel
the donor onto the receiver (fig. 2.7 (b)) (Blanchet et al., 2003). The additional layer
between the carrier and the donor is referred to as a light-to-heat conversion (LTHC)
layer in the literature. The LITI technique is usually used for transferring organic
materials such as conducting light emitting polymers (Lee and Lee, 2004) and a thin
metal film is generally used as the LTHC layer. The pixelated transfer is achieved
by splitting a continuous wave (CW) laser diode into individually addressable laser
spots. The use of metallic nanoparticles as the LTHC layer has also been reported for
transferring OLEDS with the technique termed as nanoparticle enabled laser transfer

(NELT) (Ko et al., 2008).
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Receiver Receiver

(a) (b)

FicUre 2.7: Illustration of the LITI technique.

2.2.5 Ballistic Laser-Assisted Solid Transfer (BLAST)

Another complementary LIFT technique called BLAST was reported recently mainly
for transferring materials in intact and solid phase (Banks et al., 2008a). The principle
of BLAST relies on using multiple spatially-shaped pulses with fluence well below the
transfer threshold (Banks, 2008). The basic idea of BLAST is to delaminate the donor
film over the irradiated region first by weakening the carrier—donor adhesion with the
initial sub-threshold pulses (fig. 2.8 (a)) and then to achieve the transfer gently with
the subsequent pulses as shown in fig. 2.8 (b). The spatial shaping of pulses in the
BLAST work reported was achieved using the Fresnel (near-field) diffraction pattern of
a circular aperture (Banks et al., 2008a). The BLAST technique does offer advantages
in terms of having the transfers achieved without the need for a DRL material and thus
widening the range of materials that can be transferred. Also the use of sub-threshold
pulses reduces the damage to the donor as compared to the conventional LIFT technique
and makes the transfer process relatively gentler as the donor is delaminated prior to
LIFT. However, the exposure of the whole donor region to be deposited to the multiple
pulses lead to significant damage especially in the centre of the printed pellets and a

better pulse-to-pulse control is required to prevent this damage.
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a)
Defining the area to be print.ed by first
weakening it using pulse shaping
b)
Spatially shaped
incident pulse
C)

Preferential cracking of donor l
over the weakened regions

FIGURE 2.8: Tllustration of the BLAST technique [Banks2008].

2.2.6 Laser Molecular Implantation (LMI)

The LMI technique also known as Laser Induced Molecular Implantation technique
(LIMIT) is a laser based method for doping polymer films by implanting functional
molecules from a doped polymer film (known as the source film) to an undoped polymer
film (known as the target film) (Fukumura et al., 1994; Okada et al., 1998; Goto et al.,
1999). The source and the target film are placed in tight contact with each other
and irradiated with a laser pulse at the interface of source and target film (fig. 2.9).
The suggested transfer mechanism involves absorption of many photons by one dopant
molecule in the polymer matrix that heats up the surrounding polymer network, and gets
ejected with a high kinetic energy from the expanded doped polymer network into the
undoped polymer (fig. 2.9). The laser intensity is not enough to decompose the polymer
or the dopant molecules so this process does not involve either polymer ablation or
transfer and only the dopant molecules are transferred from one polymer host/source film

to the target film. The transfer of dopant molecules has been reported both in forward
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(Karnakis et al., 1998a) and backward directions (Fukumura et al., 1996) implying that
the source and target films are interchangeable. The LMI technique is different from
LIFT is the sense that no ablation-driven transfer of donor films occur but it involves the
implantation of dopant molecules by a thermally activated diffusion process. It has been
successfully employed for spatially-selective doping of polymer films with fluorescent
dye molecules (Fukumura et al., 1996), zinc tetraphenyl porphine (ZnTPP) (Goto et al.,
2004) and dicyanoanthracene DCNA (Goto et al., 2000).

Incident laser pulse

Implanted layer of

. L dopant molecules
Carrier Ejection of dopant molecules

from source to target film

Source film t t t
(a) (b)

FiGUuRE 2.9: Tllustration of the LMI technique.

2.2.7 Laser Induced Solid Etching (LISE)

The LISE technique, although it doesn’t fit exactly into the category of complementary
LIFT techniques, is being mentioned here as it uses the same set-up as the conventional
LIFT method and has recently reported etching of solid brittle materials (Banks et al.,
2009b). In principle, a thin shock generation layer (SGL) is sandwiched between the
transparent carrier and the brittle solid material to be etched using the LISE technique
as shown in the schematic in fig. 2.10. The SGL and the brittle solid material are placed
in tight contact with each other (fig. (2.10 (a))). A huge pressure is generated in the
SGL by the incident fs pulses which in turn generate shockwaves (fig. 2.10 (c)). Multiple
cracks can be generated in the substrate by controlling the spatial profile of the incident
laser pulse (fig. 2.10 (d)). These shockwaves then travel through the underlying solid
layer thereby cracking and etching it (fig. 2.10 (e,f)). The etched material can then be
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transferred on a nearby receiver substrate and the solid state of the material is preserved
throughout the transfer process. In the initial LISE experiments a thin Cr film (~ 80
nm) was used as the SGL and the transparent quartz carrier and/or the Si receiver were
etched (Banks et al., 2009b). Although the initial results of LISE are promising this
technique is still at an early stage of development and requires further investigations to

entirely understand the phenomena and the effect of experimental parameters on it.

Carrier a) b)
seL
Substrate to SGL at high
be etched pressure
c)
d)
N N
Il I B
Crack propagation in the
Substrate Multiple cracks introduced
e) by pulse shaping
I N f)

Multiple cracks intersectin : . .
P g Etching of substrate in solid phase

FIGURE 2.10: Ilustration of the LISE technique [Banks2009a).

2.3 Summary of the significant works

In this section significant works representing the state of the art of LIFT and its com-

plementary techniques is presented in a chronological order and in tabular form:
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TABLE 2.1: Overview of laser-induced forward transfer work
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Chapter 3

Time resolved study of the LIFT
process using ns-shadowgraphy

3.1 Introduction

The basic principle of the LIFT technique involves pulsed irradiation of a donor material
to achieve transfer from the carrier substrate to a nearby placed receiver substrate (Bo-
handy et al., 1986). As discussed in the previous chapter to avoid the direct exposure
of the donor (especially thermally and photosensitive materials) to the incoming laser,
a sacrificial layer commonly known as the dynamic release layer (DRL) is introduced
between the donor and the carrier (Tolbert et al., 1993). Good quality transfer depends
on optimisation of various operating parameters such as the fluence, donor and DRL

thicknesses, pulse shape and duration.

To understand the dynamics of the LIFT process and to study the influence of key
parameters such as laser fluence, DRL and donor thicknesses on the transfer dynamics
and the quality of the ejected donor material we studied the DRL-assisted LIFT process
in real time using a time-resolved technique called shadowgraphy (Settles, 2001). A
specially designed polymer called a triazene polymer (TP) (Lippert, 2004) was used
as the DRL material in all these experiments (for more details please refer to section
2.2.2). This shadowgraphy technique has been used to study the ablation of biomaterials
(Zergioti et al., 1998), polymers (Hauer et al., 2005), metals (Zhang et al., 2007), for
imaging the ejection process during LIFT and to compare the ns and sub ps LIFT
process (Zergioti et al., 2005). The basic working principle of shadowgraphy includes

illuminating the object of interest by a light source and the shadows are cast on a screen.

49



50 Chapter 3 Time resolved study of the LIFT process using ns-shadowgraphy

In our set-up (explained below) the screen was replaced by a camera and the objects of
interest were the opaque transferred discs of donor (from now on referred to as the “flyer”)
and the transparent shockwave induced by the huge pressure jump at the ablation site.

An opaque flyer obviously will cast shadows on the screen but when the refractive index

. 2, 92 .
gradients (gTZ’gTZ) are non-zero, transparent media such as shockwaves can also form
shadows. The inhomogeneous zone deviates the previous linear propagation of rays in
an inhomogeneous manner, thereby producing a variation of intensity and hence casting

a shadow on the screen.

The chapter begins with a description of the pump-probe set-up used for studying the
time evolution of the TP-DRL assisted LIFT process for solid phase ceramic mate-
rials gadolinium gallium oxide (Gd-Ga-O) and ytterbium-yttrium aluminium garnet
(Yb:YAG). It is followed by the discussion of the results obtained by varying the oper-

ating parameters and their influence on the quality of the flyer.

3.2 Experimental set-up'

The samples for the the ns-shadowgraphic studies were prepared by depositing the films
of donor materials of Gd-Ga-O and Yb:YAG on top of previously TP coated fused silica
substrates (25 x 25 x 1 mm3). The TP was synthesized by the method described in (Nagel
et al., 2007) and spin-coated on the silica substrates from solutions of the polymer in
chlorobenzene and cyclohexanone (1:1w/w). Samples with polymer thicknesses of 50
nm, 150 nm and 350 nm were prepared by varying the viscosity of the solution and the
spin speed. The donor material layer was then deposited on top by employing the pulsed
laser deposition (PLD) technique (Eason, 2007). The target used was a single crystal
gagolinium gallium garnet (GdsGasOj2). In the PLD technique the target material is
ablated in partial vacuum and the resultant laser-plasma is incident on a target substrate
located nearby. A thin film progressively grows on this substrate at a rate of some few
pm per hour. All the donor films were prepared under room temperature conditions and
in an oxygen atmosphere (7x 1072 mbar for GdGaO and 2x 1073 mbar for Yb:YAG).
Several samples with different donor thicknesses (200 nm and 1000 nm) on top of different

thicknesses of TP were prepared to study the effect of the relative thicknesses of the DRL

!This work was done at General Energy Research department, Paul Scherrer Institut, Villigen,
Switzerland
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and donor material on the quality of the ablated flyer. The reason for choosing Gd-Ga-O
and Yb:YAG as donor materials is the temperature sensitivity of the TP (it decomposes

at 250 C (Nagel et al., 2007) as these materials can be deposited at room temperature.

The pump-probe set-up used for the experiments is shown in fig. 3.1. A XeCl excimer
laser (Compex, Lambda Physik, A = 308 nm, t = 30 ns) was used as the pump source.
The reason for choosing this laser was the strong absorption of the TP at this wavelength
(Lippert, 2004). The second harmonic of the Nd:YAG laser (A= 532 nm, 1 = 6 ns )
was used as the probe beam. The pump pulses were centrally incident on a square
mask with an aperture of 2 mm, resulting in an effectively spatially homogeneous beam.
This uniform beam was then imaged by a lens (f = 250 mm) onto the sample with
a demagnification of x 4, yielding a spot size of 500 pm x 500 gm. The pump laser
energy incident on the target was controlled by a variable attenuator plate. The pulse
energy was measured by a pyroelectric energy meter (Molectron J4-09 or Gentec QE
50) placed at the end of the beam line. The sample was placed on a motorized 3D
translation stage, with the film facing away from the laser beam. The probe beam
generated fluorescence in a dye (Rhodamine 6G) in a quartz cuvette placed on the camera
axis on the opposite side of the sample, which in turn illuminated the ejected flyer and
the released shockwave. The dye was used to remove the coherence of the probe laser and
hence laser speckle effects thereby providing better quality illumination. The fluorescence
decay time for the dye was ~ 6-10 ns that determined the temporal resolution of the
experiment. Visualization of the process was achieved by a complementary metal-oxide
semiconductor (CMOS) camera with a microscope objective placed perpendicular to the
laser beam (i.e. parallel to the sample surface) with the focus at the point of ablation,
as shown in fig. 3.1. The delay between the pump and the probe beam was achieved
using a digital pulse/delay generator (Stanford Research Systems DG535). A computer-
controlled system allowed variation of the fluence, exposed position of the sample, the
delay time between the pump and probe beam, and capture of a sequence of frames
showing the generated shockwave and the ejected flyer. Each picture was recorded using

a different pulse and corresponded to a new position on the sample.
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FIGURE 3.1: Schematic of the ns-shadowgraphy set-up.

3.3 Results

The results corresponding to the study of the effect of the laser fluence, TP-DRL and
donor thicknesses on the flyer dynamics are discussed in the sub-sections 3.3.1, 3.3.2 and

3.3.3, respectively.

3.3.1 Laser fluence dependence

To study the influence of laser fluence on the dynamics of the transfer process and the
quality of the ejected flyer the pump laser pulse was raster scanned across the samples
to selectively ablate an array of square holes with each row corresponding to a different
laser fluence value. Figure 3.2 shows the schematic of the corresponding ablated matrix
generated on the samples and the inset to the figure shows one of the ablated square
patterns (500 pm x 500 pum) observed under an optical microscope. The laser fluence
value was varied from ~ 60 mJ/cm? to ~ 700 mJ/cm? and for each fluence value the
camera recorded a sequence of pictures at different delay times between the pump and

the probe pulses.
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FIGURE 3.2: Schematic of the donor sample ablated using different fluence values (from
Fito F5) for each row. The inset shows the optical microscope image of an ablated

region on the donor.

Figure 3.3 shows time-resolved shadowgraphs of the target (carrier-donor unit) having a
1 pm thick Gd-Ga-O film deposited on top of a 350 nm thick TP at fluence values of ~
60 mJ/cm?(i) and ~ 600 mJ/cm?(ii). The time delay between the pump and the probe
pulses was varied from 400 to 2400 ns with a delay step of 400 ns.
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0001

F1cURrE 3.3: Shadowgraphs recorded for 1 ym thick Gd-Ga-O target with 350 nm TP

for fluence values of (i) 60 mJ/cm? and (i) 600 mJ/cm?. The shockwave front and

the flyer have been marked as 1 and 2, respectively as an example in (ii). Also the

solid chunks of the Gd-Ga-O layer from the shattered edges of its flyer are circled and
marked as (a) and (b).

Figure 3.4 (i, ii) show the images for the second donor material Yb:YAG (1 pm thick)
with all other conditions kept the same. The shockwave released by the huge pressure

jump at the ablation site and the opaque flyer ejected from the target surface are clearly
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visible in all these pictures. It is clear from these images that the higher the fluence,
the farther the shockwave and flyer propagate away from the target surface. In figs.
3.3 (i) and 3.4 (i), for a delay time of 1200 ns, while the flyer had just started to
delaminate from the surface at an irradiance of ~ 60 mJ/cm? pulse, it had already
moved a substantial distance from the target surface for a ~ 10 x higher fluence (~ 600
mJ/cm?) (see 3.3 (ii) and 3.4 (ii)). This can be attributed to the fact that at low fluence
the pressure generated by the decomposed polymer was not sufficient to expel the flyer
far from the surface. However, as the fluence was increased, the ablation depth also
increased, which in turn decomposed a larger fraction of the TP film, and this released
more gaseous fragments and hence an increased pressure was exerted on the top donor
layer. A distorted shockwave front was also observed at the higher fluence value (~ 600
mJ/cm?) for both the materials. The reason for this is believed to be the decomposed
TP escaping out from the sides of the flyer at the time of ejection due to an extremely
high pressure present at the ablation spot which led to the overlapping side shockwaves.
After time delays of around 1600 ns the shockwave appeared to regain the hemispherical

shape (refer to fig. 3.3 (ii)).
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(1)

(1)

FIGURE 3.4: Images for the 1 pm thick Yb:YAG target with 350 nm TP for fluence

values of (i) 60 mJ/cm? and (ii) 600 mJ/cm? at delay times of 400-2400 ns between the
pump and the probe.

On comparing the shadowgraphs of the two ceramic materials it is evident that the

Yb:YAG flyer was travelling farther than that of the Gd-Ga-O flyer at all delay times,
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for both fluences. Two additional much smaller flyers were also observed in the case of
the Gd-Ga-O donor layer (circled and marked as (a) and (b) in Fig. 3.3 (ii)). These
observations can be attributed to the difference in the quality of the two donor films
as analysed by a scanning electron microscope (SEM) shown in fig. 3.5 (a,b). The
Yb:YAG film was somewhat porous and had substantial surface texturing while the Gd-
Ga-O was a much smoother and flatter film. The solid Gd-Ga-O film is likely to offer
more resistance to shearing than the porous Yb:YAG layer, which was relatively easily
detached resulting in a cleaner and less violent detachment process. Comparatively less
force was therefore required to forward-transfer the Yb:YAG layer and hence the greater
distance of travel observed by the flyer from this film for the same fluence. The solid
material which resulted from the comparatively violent shearing of the flyer from the
non-porous solid Gd-Ga-O film which in turn may have disrupted the edges of the flyer
during its detachment from the donor surface. These shattered edges appear as the two
smaller flyers when captured by the camera mounted perpendicular to the target surface
as depicted in fig. 3.6. However only fragments are observed for the case of Yb:YAG
due to the relatively less violent shearing process and difference in the surface quality.
This clearly explains the lesser amount of debris seen in the case of the flyer from the

Yb:YAG film.
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WD = 8.0mm 343GGGflier02.tif 15:50:25 WD = 8.0mm 345YbAGHlier03 tif 16:05:36

FIGURE 3.5: SEM images displaying the difference in the surface quality of (a) the
Gd-Ga-0 and (b) Yb:YAG donor films respectively.
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Laser pulse

FIGURE 3.6: The 3D schematic of the Gd-Ga-O shearing process.

The graphs shown in fig. 3.7 (a, b) show the distance propagated by the shockwave and
the flyer respectively as a function of delay time for a range of pump laser fluence values
for the 1 pm thick Yb:YAG on top of 350 nm TP-DRL target sample. The solid lines
in fig. 3.7 (a,b) are simple guides to the eye. The experimental data for the shockwave
propagation follows the similar qualitative trend (shown in fig. 3.8) as predicted by the
theoretical model (Freiwald, 1972; Bennett et al., 1996) which is based on Eq. (3.1).

2/3

R= {[1.505 (E0)1/2t+CZ’/2} —04}/05 (3.1)
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Here R is the propagation distance, E, is the laser energy, v is the specific heat ratio
of the atmosphere, A is the laser-ablated area, ps is the TP density, ¢ is the ablation
depth p, is the atmospheric density and t is the delay time. However, quantitatively the
experimental and theoretical values differ by ~ 60% as shown in fig. 3.8. The reason for
this discrepancy is the overlying donor layer in the present case, while the theoretical
model takes the TP layer into account only. The generated shockwave has to travel
through the donor layer which results in the lower values of distance propagated. For
the case of the flyer, the range of incident energy densities spans more than one order of

magnitude, and while a straight-line fit appears to be appropriate for the lowest incident
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energy density results (~ 60 mJ/cm?), the data points for the ~ 680 mJ/cm?are seen to
depart from a simple straight line fit, as shown in fig. 3.7 (b). Given that the flyer will
experience a frictional damping force from the surrounding air, it is to be expected that
some slowing down will occur, particularly for the higher velocities recorded, as the drag
experienced by an object is proportional to (velocity)?. For this reason, the fits (which

remain as guides to the eye) are not shown as straight lines.
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FIGURE 3.7: Variation in the position of (a) the shockwave and (b) the flyer as functions

of the pump fluence at different delay times with 1 pym thick Yb:YAG on top of 350 nm

TP. The flyer is shown to slow down and depart from a constant velocity straight line
fit for a fluence of 680 mJ/cm? in (b).
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FIGURE 3.8: Plot showing the variation in the propagation distance of the shockwave
as a function of delay time as predicted by the theory and that given by experimental

values for 1 pm thick Yb:YAG on top of a 350 nm TP at a fluence of 100 mJ/cm?.

The variation of the propagation velocity, for both the shockwave and the flyer, as a
function of the fluence at a delay time of 800 ns is also shown in fig. 3.9 (a) and (b)
respectively for 1 um thick Gd-Ga-O donor film on top of a 350 nm TP-DRL. The velocity
for both the shockwave and the flyer increase monotonically with the laser fluence. The
solid line drawn through the experimental data points for the shockwave is a guide to
the eye (fig. 3.9 (a)). However the dashed curve drawn along the flyer data points in the
log-log plot of fig. 3.9 (b) is a theoretical fit based on the following model: The energy
density of the incident laser pulse was used to decompose the TP-DRL layer into gaseous
fragments which in turn pushed the irradiated donor film forward. Assuming that the
incident absorbed energy of the laser pulse was proportional to the kinetic energy of the

ejected flyer i.e.

1
Epuise imv2 (3.4)

where Ej; s, m and v are energy of the laser pulse, mass and velocity of the ejected

flyer respectively. For fixed values of m

Epuise v? (3.5)
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v =K\/Epuse (3.6)

where K is a proportionality constant. Eq. (3.6) represents the analytical dashed plot
of fig. 3.9 (b) and it is consistent with the experimental data. However it should be
mentioned that the experimental data points corresponding to low fluences depart from
the theoretical straight line fit based on the above model. This is due to the fact that
at these fluence values the laser energy is not sufficient to completely decompose the
TP layer hence a lesser forward push acts on the flyer leading to a lower value of the
flyer velocity (Fardel et al., 2008, 2009). A similar trend in the variation of propagation
distance and velocity with laser fluence was observed for all the other samples irrespective
of the TP-DRL and donor material (Gd-Ga-O or Yb:YAG) and their thicknesses. As an
example plots for the variation of propagation velocity of both the shockwave and flyer
as a function of laser fluence, for a sample with 200 nm thick Yb:YAG on top of 350 nm
thick TP is shown in fig. 3.10 (a) and (b) respectively.
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FIGURE 3.9: Variation in the propagation velocity of (a) the shockwave and (b) the
flyer as a function of the pump fluence at a delay time of 800 ns for a sample with 1

pm thick Gd-Ga-O donor film on top of a 350 nm TP-DRL.
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FIGURE 3.10: Variation in the propagation velocity of (a) the shockwave and (b) the
flyer as a function of the pump fluence at a delay time of 800 ns for a sampe with 200

nm thick Yb:YAG donor film on top of a 350 nm TP-DRL.

To better understand the relative pathways for conversion of the incident absorbed laser
energy into the kinetic energy of the flyer, the shockwave, the physical processes behind
the DRL decomposition and rupture of the donor film, we considered the overall energy
budget for the entire LIF'T process based on the above analysis. The efficiency of energy
conversion from incident pulse energy to kinetic energy of the flyer was directly inferred
from the fit to the experimental data points in fig. 3.9 (b) for a 1 ym thick Gd-Ga-O
donor film on top of a 350 nm TP-DRL. The kinetic energy of the flyer resulted in
~ 20% of the pulse energy using the slope of the fit (~ 0.62) and the y-intercept (~
11.2). What remains therefore is the energy required to rupture or shear the donor film,
and the residual energy contained within the multiple shockwaves generated. The TP
decomposition process is exothermic and the amount of energy released is 6.97 x 10°
J/kg. The thermal energy released by the decomposition of a 500 pum x 500 pym region
of a 350 nm thick TP film is therefore ~68 uJ (density of triazene = 1.12 x 103 kg/m3).
This is only 4% of the incident laser energy (for a fluence of 600 mJ/cm?) so the energy
released during TP decomposition can be considered to contribute little to the energy

balance equation.

Apart from the laser fluence, the thickness of the donor and the underlying TP layer
should also play an important role in determining the dynamics of the flyer. For example
if the ablation depth exceeded the TP layer thickness, then the donor would be damaged
and the basic idea of achieving an intact transfer using a DRL is defeated. Also for a
thicker donor film the flyer would travel a smaller distance as compared to the flyer

from a sample with a thinner donor film due to the greater force required to shear a
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thicker film. The study of the effect of these parameters is discussed in the next two

sub-sections.

3.3.2 Donor thickness dependence

The influence of the donor thickness on the quality of the ejected flyer was studied by
performing pump-probe experiments with the delay time between the pump and the
probe pulses set at a constant value of 1600 ns. Pump pulses with a constant energy
density were raster-scanned across the sample and the shadowgraphs of the ejected
flyer and the shockwave were recorded. For the case of a constant donor thickness the
distance propagated by the shockwave or the flyer as a function of the position on the
donor should also be constant, provided the DRL film had a uniform thickness. In the
present case, a very homogeneous layer of TP-DRL on the silica substrate was obtained
by spin-coating. However, the donor layer deposited by PLD had a radial thickness
variation. Any deviation from the straight line behavior can thus be attributed to the

thickness variation of the donor film and not the TP.
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FIGURE 3.11: (a) Plot showing the dependence of the position of the shockwave and
the flyer on the donor thickness for fixed values of TP thickness (350 nm) and delay
time (1600 ns) for a Gd-Gd-O sample having a maximum thickness (~ 1.7 pm) at the
centre and a minimum thickness (~ 1 wm) around the edges. The x-axis corresponds

to the position on the sample with varying thickness as shown in (b).

Figure 3.11 (a) shows such a plot for a Gd-Ga-O sample having a maximum thickness
(~ 1.7 pm) at the centre and a minimum thickness (~ 1 pm) around the edges and
fig. 3.11 (b) shows the schematic of the target with varying donor thickness. The TP
thickness was 350 nm and the fluence was ~ 100 mJ/cm?. The layer thicknesses were
measured using a stylus profiler. The dip at the centre of the plot (arrowed) coincides
with the point of maximum thickness on the target which suggests a clear dependence

of the transfer mechanism on the donor thickness.
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The graph depicting the decrement of the distance travelled by the flyer with the donor
thickness, for the above discussed sample, is shown in fig. 3.12. The dashed line rep-
resents the analytical fit to the experimental data points. It was obtained using the
following simple model: As mentioned in the previous section, the energy of the laser
pulse is proportional the kinetic energy of the flyer (Eq. (3.4)), so for different donor
film thicknesses X; and Xs

1 1,

Epulse X §m1v% = §m2v2 (37)
2
ml UQ
=22 3.8
ma U% ( )

where m; and ms are the masses of the ejected flyer corresponding to the thicknesses Xy
and Xs respectively and v; and vy are the corresponding velocities. For a given distance

d travelled by the flyer and at a given time t,

d=vt 3.9
(3.9)

d2
vt = = (3.10)
= v? oc d? (3.11)

From Eq. (3.8) and Eq. (3.11) we obtain

ma d%
— == 3.12

d2 mq X1
N AL R a | 3.13
d1 meo X2 ( )

Here d; and ds represent the distances travelled by the flyer corresponding to thicknesses
X; and Xy respectively. Eq. (3.13) represents the theoretical curve plotted in fig. 3.12
and is consistent with the experimental data. Similar dependence of the flyer propagation
distance was observed for all the other samples with different thickness of donor (Gd-

Ga-O and Yb:YAG) and TP-DRL.
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FIGURE 3.12: The propagation distance of the flyer plotted against the thickness of the
donor film of Gd-Ga-O for the fixed values of TP (350 nm) and the delay time (1600

ns). The curve clearly shows that thicker films have slower velocities, as expected.

3.3.3 TP thickness dependence

To examine the effect of the DRL layer thickness on the transfer process, shadowgra-
phy experiments were performed for target samples with different thickness values of
TP while keeping the central thickness of the donor material approximately constant.
Figures 3.13 (a, b) show the recorded time-resolved images of the 1 pm thick Yb:YAG
flyers with pulses of ~ 100 mJ/cm? and at delay times of 0-3600 ns between the pump
and the probe for 50 nm and 350 nm thick TP respectively.
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FIGURE 3.13: Shadowgraphs recorded for targets with (a) 50 and (b) 350 nm TP-DRL
while keeping the donor (Yb:YAG) thickness constant (~ 1 pm) at the delay times of
0-3600 ns between the pump and the probe and a fluence of 100 mJ/cm?.
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The key observations and the qualitative conclusions from the shadowgraphs obtained
from the 1pum Yb:YAG samples with two different values of TP (50 nm and 350 nm) are

stated below:

a) It appears that the delamination of the donor material started earlier for samples
with a thicker TP layer (350 nm) as compared to those with thinner TP layer (50 nm).
For example even after 400 ns only a weak shockwave was visible for the sample with a
50 nm TP-DRL, while the flyer and shockwave were both clearly visible for the 350 nm

TP sample.

b) The ejected flyer travelled a significantly greater distance for the sample with the
thicker TP-DRL film (350 nm) than for the one with the thinner TP layer (50 nm). For
example after 1600 ns the flyer from the former sample was already hundreds of microns
away from the donor surface while the flyer from the latter target was barely detached

from the surface of the donor.

¢) The flyer from the sample with the thicker TP appears to be associated with noticeably

more debris than the one from the thinner TP.

d) The flyer started to disintegrate and deform in shape with increasing distance. This

effect was more prominent for targets with thicker TP layers.

The explanation for these observations is based on the decomposition of the DRL layer
beneath the donor film into gaseous fragments by the pump pulse which then exerted
a forward push on the donor material. The thicker TP layer applied a greater force on
the ejected flyer causing its early delamination and providing it with a greater kinetic
energy to propagate farther from the sample surface. This long distance travel of the
flyer is useful for any practical industrial applications that require large donor-receiver
separations e.g. for transferring multi-layers of dissimilar materials sequentially. In
contrast, the lesser pressure exerted on the flyer for the sample with thinner TP layer
explains the smaller distance travelled by the flyer and its delayed delamination. The
pump pulse decomposed the TP-DRL layer over the irradiated region thereby shearing
the flyer apart from the donor surface by the exerted pressure. For the thicker TP-DRL
sample the huge pressure exerted on the flyer made this shearing a violent process and
shattered the edges of the flyer during its detachment from the surface, and this may

well explain the debris seen in the images for the thicker TP samples.
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It should be mentioned that the ablation depth depends not only on the fluence but on
TP-DRL thickness as well (Fardel et al., 2008). For a given fluence the absolute amount
of ablated TP increases with increasing film thickness, thereby providing more thrust for
flyer ejection with thicker DRLs, however beyond a certain value of thickness (beyond
the ablation depth) the relative percentage of undecomposed TP increases (Fardel et al.,
2009). For example at 100 mJ/cm? a 50 nm TP film is completely dissociated while ~ 30
% of the TP remains undecomposed for the sample with a 350 nm TP-DRL layer (data
interpolated from that presented in (Bennett et al., 1996). So the flyer from this sample
was bilayered i.e. consists of both the ceramic material (Yb:YAG or Gd-Ga-O) and the
remaining TP. This undissociated TP could also be a possible cause of the debris seen in
the shadowgraphs apart from the shattered edges of the flyer. The actual reason behind
this debris is not known for the present case due to the absence of a receiver to collect
the transferred flyers, however this can be very well investigated using an experimental

set-up including a receiver substrate to collect the flyer along-with the debris.

Also the quality of the flyer deteriorated as it moved away from the target surface.
Therefore, for an intact long distance transfer of the flyer, an optimal thickness of the
sacrificial layer has to be chosen taking into account the fluence, donor material and
thickness. It should me mentioned here that these experiments were only performed for
two different TP thicknesses, and hence for definitive and fully quantitative conclusions
a much more systematic study of what is actually a complex and coupled problem should

be done.

3.4 Conclusions

In this chapter the results of the study of the dependence of the TP-DRL assisted LIFT
process on laser fluence and thickness of the donor and the TP-DRL using a time-resolved
ns-shadowgraphy technique, for solid phase ceramic Gd-Ga-O and Yb:YAG materials
were presented and discussed. The results showed that the propagation distance and
velocity for both the shockwave and the flyer increase with the laser fluence. Also the
distance travelled by the ejected flyer decreases with increasing donor film thickness.
Finally, the investigation of the effect of the thickness of the TP layer on the process
revealed that an optimal value of the TP-DRL thickness is required and that the optimal

thickness varied with donor material, donor thickness and the laser energy.
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Chapter 4

Rapid prototyping of photonic
devices using LIFT

4.1 Introduction

Channel waveguides are at the heart of a large number of photonic devices/circuits and
are most commonly fabricated using photolithography. Photolithography is a well estab-
lished technique used for mass production of photonic devices and is compatible with the
current wafer-scale parallel techniques used in the microelectronics industry. However,
for cases that require rapid prototyping of devices, e.g. at the device development stage
in any industry, more flexible and faster techniques are needed that allow quick fabrica-
tion of good quality devices particularly at the experimental level. Flexibility (essential
for rapid prototyping) is one of the key advantages offered by the LIFT technique along
with simplicity, less stringent experimental conditions, patterning and transfer in a sin-
gle step and the ability to transfer on non-planar receiver substrates (Bohandy et al.,
1986). We employed LIFT followed by thermal post-processing (Alferness and Buhl,
1980; Hofmann et al., 1999) for the fabrication of channel waveguides and other complex
photonic structures in lithium niobate (LN). LN is one of the best dielectric materials
in the optoelectronics industry due to its excellent electro/acousto-optical properties.
It has been used in a diverse range of applications and has been the work-horse of the
optoelectronics industry for switching applications and nonlinear frequency generation

(Weis and Gaylord, 1985).
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This new method offers both the flexibility of the established non-contact LIFT tech-
nique, and the large refractive index change, low optical loss and stability associated
with the thermal diffusion method. Additionally, printing of multiple diffusion sources
in a single shot, post processing (e.g. repairing or trimming, local addition of secondary
in-diffusants) of existing waveguides, local tailoring of the refractive index profile and
deposition on pre-patterned non-planar structures, which is challenging for conventional

photolithographic methods, are the other advantages offered by this technique.

The chapter begins by describing in section 4.2 the experimental set-up used for fab-
ricating the titanium (Ti) in-diffused channel waveguides and X-couplers in LN using
the above mentioned approach. The characterization results are presented in section 4.3
with the loss measurements, optical mode profile characterisation of the devices and the

discussion of the results obtained discussed in sub-sections 4.3.1 and 4.3.2, respectively.

4.2 Fabrication

The fabrication of devices was a two step process. First segmented lines of Ti metal
were printed on top of LN substrates using the LIFT technique as shown in fig. 4.1.
The donor samples were prepared by depositing thin films (~ 150 nm) of Ti on top of
transparent borosilicate glass substrates (50 x 50 x 1 mm) by e-beam evaporation. In
the e-beam evaporation technique the target is bombarded with an electron beam that
transforms the atoms from the target onto gaseous phase which then precipitate into
solid form over the substrate thereby, depositing a thin film of the target material (Singh
et al.).
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FIGURE 4.1: Schematic showing the LIFTing of segmented Ti lines onto LN substrate.

For all the experiments a commercial Ti:sapphire femtosecond (fs) laser system based
around an oscillator (Coherent MIRA 900) and a regenerative amplifier (Coherent Legend-
F) was used. The laser system delivered = 130 fs pulses with a Gaussian spatial profile
having full width at half maximum (FWHM) =~ 10 mm with an average power of 2.5 W
at 800 nm. The repetition rate of the laser could be tuned from single shot up to 1 kilo-
hertz (kHz). It is the high repetition rate of the laser that made it suitable for this rapid
prototyping method. These fs pulses were then demagnified and relayed to the donor-
receiver assembly using a commercial micromachining workstation (New Wave UP-266,
USA). The micromachiner contained an aperture wheel with aperture diameters varying
from «~ 120 pm to 2 2 mm. Laser pulses from the amplifier were first reduced using a
telescope to ~ 4 mm diameter (FWHM) and then centrally incident on a 450 pm diam-
eter aperture of the aperture wheel, resulting in a homogeneous circular beam. A highly
demagnified image of the aperture was then relayed to the target using an intermediate
relaying lens (f ~ 400 mm) and an objective lens (5 x with ~ 35 mm working distance)

resulting in a ~ 10-12 pym diameter spot at the carrier-film interface (as measured by
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the laser damaged area). For real time observation of the deposition process a white
light source and a CCD camera were used and the image plane of the CCD was adjusted
using a lens to coincide with the best image plane of the laser. Figure 4.2 shows the
schematic of how the incident laser pulses are relayed to the carrier-donor interface using
the micromachining workstation. The donor-receiver assembly was mounted on a highly
precise (10 nm resolution), fast (max velocity ~ 100 mm/s), computer-controlled 3D
translation stage to achieve relative movement with respect to the incoming laser pulses.
It should be noted that as the writing velocity approach the maximum available velocity

the resolution decreases. All experiments were performed under a background pressure

of 10~! mbar.
CCD
camera
/ Aperture \
l M3 wheel M2 ‘
Obijective Laser beam
lens
<4
LIFT chamber% M1
||
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FIGURE 4.2: Show the front view of the micromachiner used for the LIFT experiments.
The incident laser pulse is directed to the computer-controlled aperture wheel by the
mirrors M1 and M2. The spatial extent of the pulse is controlled by the aperture and
the pulse is then directed to an objective lens by the mirror M3. The objective lens

then focuses the pulse onto the carrier-donor interface.

Ti metal pixels approximately circular in shape with diameter ~ 10-12 ym (comparable

to the incident laser spot size) were printed onto a nearby placed congruent undoped
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z-cut LN substrate (18 x 18 mm; the receiver) on —z face along the crystallographic
y-direction with the separation between donor and receiver maintained at 1 pym using
Mylar spacer. The holes created in the donor substrate after the transfer matched the
size of the deposited metal dots. To identify the optimum conditions for LIFT several Ti
lines were written with different writing parameters such as fluence values and segment
separations. The separation between adjacent Ti dots could be controlled either by
adjusting the laser repetition rate or the stage scan speed. The optimum value of laser
threshold fluence for Ti metal transfer was found to be ¢y,~0.4 J/cm?. The effect of
laser fluence on the quality of printed dots/lines is shown in fig. 4.3. The best deposits
were obtained at ¢y, (4.3 b), below which the transfer was not complete (4.3 a), and
on increasing the fluence values the deposits got quite splashy with lot of debris around
them (4.3 ¢). When the laser fluence was further increased etching of the LN substrate
was observed (4.3 d) rather than the Ti metal deposition. The reason for this was
believed to be the LISE effect (Banks et al., 2009) where the Ti metal layer acted as a
shock generation layer for etching the LN substrate in solid phase by the incoming laser
pulses. The effect was seen to be more pronounced at slower scan speeds and when the
donor and the receiver substrates were kept in tight contact with each other as shown

in fig. 4.4 for a scan speed of 0.5 mm/s at a fluence value of ~ 2 J/cm?.
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F1GURE 4.3: Optical microscope images of segmented Ti lines deposited at different

values of laser fluence.

FIGURE 4.4: Etching of LN substrate observed at high fluence values and slow scan

speeds due to the LISE effect.
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FIGURE 4.5: Schematic illustrating the segment separation.

Figure 4.6 shows optical microscope images of segmented Ti lines printed using LIFT
at scan speeds varying from 3 mm/s to 25 mm/s at a laser repetition rate of 1 kHz

and a fluence value of ~ 0.4 J/cm?

. The Ti segment centre to centre separation (fig.
4.5) varied from 3 pm (more than 50 % overlapping) to 25 um (completely separated)
corresponding to these scan speeds. Stylus profiling results for the Ti deposits are shown
in fig. 4.7. The deposits were of ~ 150 nm thickness (same as the donor thickness) and
did not have very smooth surface. The rough surface and edges can lead to a lossy
waveguide however, in the case of diffusion the deposited metal is distributed over an
area which is roughly 10 % (for Ti on LN) larger than the deposited pixel area. This
process will then smooth out any sharp features contained in the original metal dot and

as a result the diffusion profile is much smoother than the deposited pattern which is

beneficial for the waveguide performance.
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FI1GURE 4.6: Optical microscope images of Ti lines printed at different scan speeds.
The segment separation increased from 3 pm to 25 pm with increasing the scan speed

from 3 mm/s to 25 mm/s at a laser repetition rate of 1 kHz.

After printing, the metal line patterns were successively in-diffused into the LN sub-
strates by placing the samples into a furnace at 1050°C in an oxygen atmosphere for 10
hours. The schematic of the cross-section of Ti in-diffused LN waveguides is shown in
fig. 4.8. Figure 4.9 (a) and 4.9 (b) show the optical microscope images of typical de-
posited linear arrays of Ti pixels at different scan speeds and the corresponding sample
area after diffusion respectively. The outline of the deposited metal is still visible after
diffusion due to the presence of TiOo residue on the surface of the sample. However
the TiO3 residue was not the same for all the deposited lines. The top line with slight
overlap of the adjacent Ti dots showed significantly less residue than the bottom line
with completely separated Ti dots. This reason for this was believed to be the overlap
between adjacent deposited metal pixels that resulted in a partial re-ablation process for
each subsequent laser pulse which removed metal from the sample surface thus reducing

the available diffusion source for the case of overlapping pixels.
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FIGURE 4.7: Stylus profiling measurement of Ti pixelated lines printed using LIFT.
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FI1GURE 4.8: Schematic of the cross-section of waveguides prepared by thermal in-

diffusion of Ti into LN substrate.
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FIGURE 4.9: a) Optical microscope images of linear pixelated Ti LIFTed lines at dif-

ferent separations. b) The same surface of the sample after diffusion has taken place.

4.3 Characterisation

4.3.1 Loss measurements of the waveguides

The in-diffused LN substrates were subsequently edge-polished perpendicular to the
Ti lines for characterizing the fabricated optical waveguides. The optical loss of the
waveguides was estimated by two different methods: cut-back (Hunsperger, 1982) and
Fabry-Perot (FP) (Regener and Sohler, 1985). The set-up used for measuring the losses
of the waveguides is shown in fig. 4.10. Light from a tunable fiberised laser was cou-
pled into the waveguides using an objective lens (40 x) and the output was collected
using another objective lens (40 x) and the throughput was measured using a power me-
ter. Cut-back method involved repetitive measurement of throughput for progressively
shorter channel lengths. First the losses were measured for ~ 17 mm long samples which
were then cut into two shorter length samples (~ 8.8 mm and ~ 5.2 mm ) and these
samples were then again edge polished for throughput measurements. Cut-back was
clearly a destructive and time-consuming method and is therefore of limited utility for
measurement of waveguide loss. The second method relied on formation of a low finesse
Fabry-Perot cavity between the two end faces of the waveguide. In this method the light

was launched into the waveguide using a single mode fibre and the coupled light formed
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a standing wave pattern within the waveguide. The contrast of these fringes (standing
wave pattern) of the optical cavity gave an estimate of the upper limit to optical loss
in the waveguide. Table 4.1 shows the range of loss values measured for the Ti:LN

segmented waveguides using these two techniques.

Laser ) BD — a —
(1500-1600 nm) 40x 40x

Ti:LN waveguide Power meter

FIGURE 4.10: Experimental set-up used for measuring the loss of Ti:LN waveguides.

Both methods confirmed that large segment separations resulted in increased optical loss
mainly due to poor confinement of the light inside the waveguide. The lowest propagation
loss of ~ 0.8 dB/cm was measured, using cut-back method, for transverse magnetic
(TM) modes in the telecommunication wavelength range for waveguides written with a
segment separation of 11 um. For waveguides with segment separation of 7 pm the loss
was measured to be ~ 2.4 dB/cm and for waveguides having larger segment separations
of > 13 pm the measured loss was much much higher (~ 7 dB/cm) due to optical
leakage of the guided wave to the substrate. Typical loss values reported in literature
for Ti-indiffused waveguides are of order of ~ 0.1 dB/cm. The factors that contributed
to the higher losses from the waveguides produced by LIFT are thought to be i) the
rough surface quality of the printed Ti dots and ii) the TiOg residue on the waveguide
surface after diffusion. To improve the surface quality of the dots further optimisation
of the deposition process is required and a thinner Ti donor film could result in little
or no final TiO9 residue. Apart from the rough surfaces of dots and TiO4 residues the
corrugations introduced in the waveguides by the circular geometry of Ti dots could also
lead to additional scattering losses. Printing square or rectangular Ti segments (using
the corresponding aperture) might help in bringing down the waveguide scattering losses.
However, even with the non-optimal deposition quality and geometry, and after diffusion,
residual losses as low as ~ 0.8 dB/cm measured from the waveguides further confirms
the potential of this technique for rapid prototyping of good quality optical waveguide

devices.
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Technique | Waveguides written with Ti Range of loss values
dot separations in the range (dB/cm)
of (pm)
FP 10 - 13 1.5-7.7
Cut-back 11-15 0.8-7

TABLE 4.1: Waveguide losses measured using FP and cut-back methd at 1550 nm.

4.3.2 Mode profile characterization

The main feature of the optical waveguides fabricated by LIFT deposition was that
the refractive index change along the length of the waveguides was not regular and
continuous but there was a local refractive index increase within the volume where Ti
metal had been diffused. The refractive index profile along the channel waveguide should,
to some extent, reflect the Ti deposition pattern. The separation of the adjacent pixels or
segments defines the average refractive index value along the waveguide hence different
separations should result in different mode sizes. This was verified by characterizing the
optical mode profiles of two distinct waveguides written with different speeds and hence
different Ti segment separations. The experimental set-up used for capturing mode
profiles of the waveguides was the same as that used for the cut-back method (fig. 4.10)
but with the power meter being replaced with an infrared (IR) camera. The significantly
different mode sizes of the fundamental modes obtained from these two waveguides at the
probe wavelength of 1.532 pm is as shown in fig. 4.11. These waveguides were fabricated
by scanning the samples at speed of 9 mm /s and 19 mm/s that corresponded to a segment
separation of 9 pum (slight overlap) and 19 pum (complete separation) respectively for
repetition rate of the laser set at 1 kHz. The average refractive index change for the
more closely spaced depositions resulted in tighter confinement as observed in the mode
profile shown in fig. 4.11 (a) while the less dense deposition resulted in a much larger
waveguide mode profile shown in fig. 4.11 (b). In the case of waveguides with a partial
overlap between successively deposited Ti-metal segments, any possible re-ablation of
the deposited Ti metal segments would reduce the total amount of the deposited metal
in the overlapping area. However for the range of overlaps used we observed that it was
the segment separation that predominantly determined the mode profile of the resulting

waveguide and the re-ablation had a negligible effect on it.
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FIGURE 4.11: Near-field mode profiles of LIFT/diffused segmented Ti:LN waveguides

corresponding to a) 9 um and b) 19 pum segment separation.

As discussed above there should be some correlation between the refractive index profile
along the channel waveguide and the Ti deposition pattern. It is possible to calculate the
mode index of the waveguide by monitoring the mode profile and we used the method
as discussed in (Ganguly et al., 2009) to do that '. The scalar wave equation for the

fundamental mode of a waveguide is given by (McCaughan and Bergman, 1983):

V2A(z, 2) + [K*n?(z, 2) — fHA(z,2) =0 (4.1)

where
Az, z) = [I(z, 2)"/?] (4.2)
kE=2m/A (4.3)

I (x,2) is the normalized modal intensity, A is the wavelength, n (x,z) is the refractive
index of the waveguide, 3 is the propagation constant of the fundamental mode, x and
z correspond to lateral and depth dimensions of the waveguide. Rearranging Eq. 4.1

gives

B2 VA
A

!These simulations were done by Dr. Pranabendu Gangopadhyay from the Indian Institute of Kharag-
pur, India

n?(z,z) = ( (4.4)
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The refractive index change An (x,z) of a single mode waveguide due to Ti in-diffusion

is given by
62 VQA
An(z,z) = (ﬁ_ A

)2 —ng (4.5)

where ny is the LN substrate refractive index. The refractive index change and mode in-
dex of the single-mode waveguides can be determined simultaneously using the following

computation steps (Ganguly et al., 2009):

1. The measured near-field profile is fitted with a Gaussian distribution.

2. The result of the fit are used to compute the refractive index profile using Eq. 4.5,

by taking the mode index equal to the substrate index.

3. Finally, the mode index value is increased to get the minimum refractive index

change to be equal to zero outside the waveguide region.

We chose to fabricate the waveguides to be single moded at 633 nm in order to benefit
from the measuring accuracy of our beam profiler (which has a silicon detector that
is not sensitive to telecom wavelengths). The Ti donor layer used for the LIFT depo-
sitions was ~ 150 nm thick, the laser repetition rate was set to 250 Hz, the segment
separation was varied between 8 ym and 16 um and the laser fluence used for transfer

was ~ 0.4 J/cm?

. The intensity profiles of these single mode waveguides (at 633 nm)
were used for the calculation of the effective mode profiles using the method described
above. The waveguide mode profiles were controlled just by varying the writing speeds.
Figure 4.12 shows three different mode profiles which corresponded to three different
segment separations as a result of different scanning speeds used during Ti deposition.
It is clear that the mode changed from single to higher order mode by just changing the
scanning speeds from 3.25 mm/s to 2 mm/s, which corresponded to segment separations
of 13 pm and 8 pm respectively at 250 Hz. These results strengthens the versatility of
this LIFT based technique for fabricating waveguides with pre-designed modal intensi-
ties. These results also suggested the possibility of changing the waveguide propagation
characteristics along the length of the waveguide simply by manipulating the segment

separation along the length to fabricate complex photonic devices such as mode filters

and converters (discussed in the next chapter).
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2.5 mm/s

FIGURE 4.12: Near-field intensity profiles of three different waveguides fabricated with
different segment separation by changing the deposition scanning speed as indicated in

the figure.

Figure 4.13 shows a plot of the calculated effective indices (for TM modes) as a function
of the segment separation. The extraordinary refractive index of LN is 2.13807 and the
corresponding An value after Ti diffusion is 0.018. For segment separations longer than
16 pm there was no confinement of light (cut-off) while for separations less than 11 pm
the waveguides became multi-moded. As expected the effective mode index decreased
with increasing segment separation, as the average refractive index along the waveguide

decreased, until cut-off was reached for a separation of 16 pm.
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F1cURE 4.13: Calculated effective refractive indices of single mode waveguides as a

function of segment separation. These effective indices correspond to TM modes.

In order to demonstrate the device fabrication functionality of this rapid prototyping
method an X-coupler, which consisted of two straight channel waveguide crossing each
other at a specific angle (Nakajima et al., 1982) was fabricated. The waveguides that

constitute the X-couplers were fabricated by depositing Ti segmented lines at a writing
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speed of 2.5 mm/s for a laser repetition rate of 250 Hz that corresponded to a segment
separation of ~ 10 pym. The angle between the two crossing waveguides was kept at
a small value of 2 © for a reasonable overlap between them. Figure 4.14 (a) and 4.14
(b) show the schematic and an optical microscope image of the X-coupler fabricated
respectively. The coupling ratio was measured at 1.55 pm by coupling light into one
of the channels and measuring the power output of each channel on the opposite edge.
The coupling ratio (for TM modes) was measured to be ~ 0.2. The output edge of the

X-coupler was imaged onto an IR camera.

r
&= i b ‘

FIGURE 4.14: a) Schematic of the X-coupler b) optical microscope image of a 2 ®coupler

fabricated using the LIFT/diffusion process.

Figure 4.15 shows the images of the X-coupler output when light was launched into the
waveguide A (4.15 (a)) and waveguide B (4.15 (b)) respectively, as indicated in the mode
images. The mode profiles of A and B were not identical and the reason for this was
an asymmetry in the fabrication of the constituent waveguides. This asymmetry was
most likely due to the slight misalignment between the donor and the receiver assembly

during the deposition process.
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FIGURE 4.15: Near-field intensity profiles of the outputs of an X-coupler.

4.4 Conclusions

In this chapter we presented a method based on LIFT followed by thermal post-processing
for the rapid prototyping of optical waveguide devices. Experimental set-up used for
fabricating Ti in-diffused segmented waveguides in ferroelectric LN crystal was demon-
strated in section 4.2. The characterisation of the fabricated channel waveguides that
included loss and optical mode profile measurements of the waveguides were discussed
in sub-sections 4.3.1 and 4.3.2 respectively of section 4.3. Losses as low as 0.8 dB/cm
were obtained for some of the waveguides and the segment separation was observed
to play a crucial role in determining the mode profiles of the waveguides. At smaller
segment separations < 11 pm the waveguides were seen to be multimoded while for
segment separations that increased up to 16 pm the waveguides became single moded
with less tightly confined modes. Apart from straight channel waveguides fabrication
and characterisation of X-couplers was also demonstrated using this method in section

4.3.2.
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Chapter 5

Waveguide mode filter fabricated
using LIFT

5.1 Introduction

In the previous chapter segmented waveguides fabricated using LIFT were presented
and it was shown that the mode profile of the waveguides depends on the Ti segment
separation: if the segment separation is varied along the length of the waveguide its
propagation characteristics can be altered accordingly. Based on this idea a segmented
waveguide mode filter was fabricated using LIF'T and this is now discussed in this chap-
ter. The mode control was achieved by adjusting the separation between adjacent Ti
segments thus varying the average value of the refractive index along the length of the
in-diffused channel waveguides. Mode filters are particularly important for non-linear
applications such as frequency converters where it is difficult to have the single mode
regime for all the interacting (especially the shorter pump) wavelengths. The common
technique used for fabricating segmented mode filters is proton exchange (Jackel et al.,
1982). However (as also discussed in the previous chapter) for cases that require rapid
prototyping of devices more flexible and faster techniques are needed that allow rapid
fabrication of good quality devices, particularly at the experimental level. Fabricating
the mode filters using LIFT offers both the flexibility of the LIFT technique, and the
large refractive index change, low optical loss and stability associated with the thermal

diffusion method along with all the other advantages mentioned in the previous chapter.

93
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The device fabrication details are provided in sub-section 5.2.1. This is followed by
their characterization, that includes loss and optical mode profile measurements, in
subsections 5.3.2 and 5.3.3, respectively. Theoretical simulation results discussing the
devices performance and finally the conclusions are presented in sections 5.4 and 5.5

respectively.

5.2 Experiments and results

5.2.1 Fabrication

The process used for fabricating the index tapered mode filters was a two step process
similar to that used for producing the channel waveguides with slight modifications in
the writing conditions. As before segmented lines of Ti metal, formed from sequential
Ti pixels, each ~10 pm in diameter, were first printed on top of the -z face of LN
substrates (18 x 18 mm; the receiver) along its crystallographic y-direction, using the
LIFT technique as shown in fig. 5.1. The donor samples were prepared as earlier by
depositing thin films (~ 150 nm) of Ti on top of transparent borosilicate glass substrates
(50 x 50 x 1 mm; the carrier) by e-beam evaporation. The donor-receiver assembly
was mounted on a high precision (10 nm resolution), fast (max velocity ~ 100 mm/s),
computer-controlled 3-axis (x,y,z) translation stages to achieve its relative movement
with respect to the incoming laser pulses. All experiments were performed under a
background pressure of 10~! mbar. For details of the experimental set-up please refer
to section 4.2 and fig. 4.2 of chapter 4. The laser threshold fluence value used for
transfer of Ti dots was ~ 0.4 J/cm? and the separation between donor and receiver was
maintained at 1 pm using a Mylar spacer. After printing, the deposited metal lines
were subsequently diffused into the LN crystal by heating it to 1050 °C in an oxygen

atmosphere for 10 hours.
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Incident laser
pulse

Carrier

Donor

port 2

port 1 (low refractive index)

(high refractive index )

Uniform printing

FIGURE 5.1: Schematic showing the LIFTing of segmented Ti lines onto LN substrates.
The exaggerated version of how the Ti dots separate out by increasing speed from one
end of the substrate to the other for fabrication of a tapered waveguide as well as

constant velocity lines for comparison are also shown.

All the channel waveguides discussed in the previous chapter were fabricated by keeping
the laser writing repetition rate or the stage scan speed constant along the length of the
waveguide. To realize index tapered waveguides the segmented metal lines were written
by varying the writing speeds across the segmented Ti lines at a constant acceleration.
The reason for writing lines at constant acceleration was to avoid any sudden change
in index to minimize losses and to obtain a smooth mode filter effect from the tapered
waveguides. The idea was to have the ability to alter the behavior of the waveguides
just by manipulating the scan speed and hence the segment separation along the length
of the waveguides. The segment separation increased with increasing scan speed thereby
decreasing the average amount of material deposited and then diffused per unit length
which in turn decreased the average effective index of the mode. The mode confinement
decreased with increasing speed and the waveguide modal behavior changed from multi-
mode to single-mode. By increasing the segment separation and hence the index contrast
a mode filter was realized that allowed only the fundamental mode to propagate. Three
different values of constant acceleration 0.3, 0.4 and 0.5 mm/s? were used for fabricating
the index tapered waveguides. The initial velocity was kept constant at 2.5 mm/s for

all the tapers. Waveguides with a constant velocity of 2.5 mm/s that corresponded to
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a segment separation of 10 pm were also written for comparison. A schematic of the
index tapered waveguides fabricated by increasing the Ti dots separation from one end
of the waveguide to the other along with the constant velocity segmented waveguides is
shown in fig. 5.1. The samples were then end polished for optical characterisation and

loss measurements.

5.2.2 Loss measurements

To measure the waveguide losses three different techniques were used namely FP (Castal-
dini et al., 2007); fibre mismatch (Tittelbach et al., 1993) and mode mismatch (Campbell,
1979). All these losses were measured at 1550 nm and the samples were 16 mm in length.
In the FP method, the light from a tuneable laser (1500-1600 nm) was launched into the
waveguide using a single mode fibre (SMF) and the output was collected by a detector
that was controlled by a computer using LabView interface. The output was oscilla-
tory in nature because of the standing waves formed inside the waveguide by tuning the
wavelength. The contrast of the fringe pattern was used to calculate the propagation
loss. It should be mentioned that due to uncertainty of the reflection coefficient of the
end-facets, this method gave an upper limit on the optical loss in the waveguides. The
loss measured in our samples was in the range of 4.6 + 0.8 dB/cm at 1550 nm. In the
fibre mismatch technique a SMF was used to launch the input light into the waveguide
and the output was first collected using a similar SMF and then with a multimode fibre
(MMF). The difference in the collection efficiency gave the coupling loss of 6 dB for
the SMF. In this technique it was assumed that the MMF collected all the output light
from the waveguide. The propagation loss was then calculated by taking the difference
between the insertion loss (total loss due to the waveguide) and the coupling loss. The
insertion loss of the waveguides was measured to be 11 dB resulting in a propagation
loss of 3.1 £ 1 dB/cm. In the mode-mismatch technique, mismatch between the input
fibre mode and the waveguide mode was calculated by performing an overlap integral
between the two modes that gave an estimate of the coupling loss of 5 dB. The prop-
agation loss of 3.7 £ 0.65 dB/cm was obtained again by taking the difference between
the insertion loss (11 dB) and the coupling loss. All three techniques yielded almost
similar waveguide loss within experimental error. The loss values measured for the ta-
pered waveguides were more than those measured for the constant velocity waveguides

presented in the previous chapter. These higher values of losses were attributed to the
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variation in the velocity and hence average refractive index along the waveguide length
for the tapers. The loss values measured for the index tapered waveguides using the

three different techniques discussed above are listed in Table 5.1.

Measurement technique Losses measured (dB/cm)
Fabry-Perot 4.6 £ 0.8
Fibre-mismatch 3.1+1
Mode-mismatch 3.7 £ 0.65

TABLE 5.1: Losses measured for index-tapered waveguides using three different tech-

niques at 1550 nm.

5.2.3 Optical characterization

For optical characterization of the waveguides the set-up shown in fig. 5.2 was used.
Light from a tunable fiberised laser (1500-1600 nm, TM polarization) was coupled into
the waveguides from port 1 using an objective lens (40 x). The output was collected
using another objective lens (40 x) and the near-field mode profiles were observed using
an IR camera. All these measurements were performed at 1550 nm and the waveguide

samples and objective lenses were mounted on a 3-axis (x,y,z) translational stage.

Ti:LN tapered
waveguides

40 X

40 X

a =

Detector/
W index) IR camera

Port 1
(high index

FIGURE 5.2: Experimental set-up used for optically characterizing the waveguides

Figure 5.3 (a) shows an optical mode profile of a segmented waveguide written with a
constant velocity of 2.5 mm/s. The waveguides were multimode in nature and supported
two modes (TMgo and TMy; ). Figures 5.3 (b), (c) and (d) show the optical mode profiles

of index tapered waveguides corresponding to Ti deposition with constant acceleration
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of 0.3, 0.4 and 0.5 mm/s? respectively with an initial velocity of 2.5 mm/s when light
was launched from port 1 as shown in fig. 5.2. The images clearly depict that the tapers
supported only the fundamental mode (TMgy) thereby exhibiting the mode filtering
operation. This was attributed to the fact that as the separation between the printed
dots increased the average effective index decreased accordingly leading to the cut-off
of the higher order modes leaving only the fundamental mode propagating. Similar
results were obtained even when the coupling conditions were altered by moving the
waveguides with respect to the input beam in the transverse direction to excite higher
order modes indicating that port 2 of the tapered waveguides could support only the
fundamental mode. When the acceleration value was increased beyond 0.5 mm/s? the
waveguides ceased to guide all together due to the waveguide reaching its cut-off value.
As the writing speed/acceleration was increased the mode size increased as well. The
reason being the same as discussed in the previous chapter that the decrease in the
index contrast with increasing segment separation lead to a broader and less tightly
confined mode. The Gaussian fit for the mode profiles of tapers fabricated with 0.3,
0.4, 0.5 mm/s?acceleration (shown in fig. 5.5) clearly depicted the increase in the mode
field diameter (MFD) with increasing acceleration with the corresponding MFD values

presented in table 5.2.
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Tapered waveguides
0.3 mm/s?

Waveguide written with a
constant velocity of 2.5 mm/s

0.5 mm/s?

FIGURE 5.3: (a) Near field intensity profiles captured from a waveguide written with a
constant velocity of 2.5 mm/s. (b-d) near field intensity profiles of tapered waveguides
written at accelerations of 0.3, 0.4 and 0.5 mm/s? respectively when the light was

launched from port 1.

When the laser light was launched from port 2 (fig. 5.2) a much more tightly confined
fundamental mode was obtained on the higher index port 1 of the tapers as expected
(shown in fig. 5.4 (a)). The Gaussian fit for this mode is also shown in fig. 5.5 with
the corresponding value given in table 5.2. However upon altering the launching angle
a higher order mode was monitored at the same port as shown in fig. 5.4 (b) for a
waveguide written with an acceleration of 0.3 mm/s?. This behavior is not expected for
an adiabatic taper however the corrugation in the refractive index distribution along the
waveguides caused by the shape of the printed Ti dots is believed to be responsible for
this non-adiabatic behavior of the device. Modeling results, which will be discussed in

the next section, confirmed this observation.
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FIGURE 5.4: Near field intensity profiles corresponding to the waveguide written with

an acceleration of 0.3 mm/s? when the light was launched from port 2.

0.5 mm?/s fit
0.5 mm?’/s exp
——— 0.4 mm?/s fit
e 0.4mms exp
——— 0.3 mm?/s fit
v 0.3mm’s exp
Highindex end of 0.3 mm?/s fit
Highindex end of 0.3 mm?/s exp

15 40 5 0 5 10 15
Width (um)

FIGURE 5.5: Shows the Gaussian fit to the experimental data for mode profiles cap-
tured for waveguides written with an acceleration of 0.3(V¥), 0.4(e) and 0.5(«) mm/s?
respectively when the light was launched from port 1, thereby, clearly depicting the
increase in the MFD with acceleration. The tighter confinement of the fundamental
mode on the higher index port 1 is also shown for tapered waveguide written with 0.3

mm/s® (¢) acceleration when the light was launched from port 2.
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Waveguides written with

Intial and final edge
to edge Ti dot

Gaussian fit

(light launched from the port 2)

constant acceleration of _ MFD (pm)
separations (fum)
0.3 mm/s?
0-3 ~ 11.5
(light launched from the port 1)
0.4 mm/s?
0-4.5 ~ 14.5
(light launched from the port 1)
0.5 mm/s?
0-58 ~ 16.5
(light launched from the port 1)
0.3 mm/s?
3-0 ~ 8.5

TABLE 5.2: Gaussian fit MFD values for mode profiles captured from waveguides writ-
ten with acceleration of 0.3, 0.4 and 0.5 mm/s? respectively when the light was launched
from port 1, thereby, clearly depicting the increase in the MFD with acceleration; along
with the MFD value for the fundamental mode on the higher index port 1 for tapered
waveguide written with 0.3 mm/s? acceleration when light was launched from port 2.

The corresponding intial and final Ti dot separations for the different accelerations are

also presented in the second column.

5.3 Theoretical modeling

To understand the non-adiabatic nature of the tapers fabricated using LIFT the light

propagation both along segmented Ti:LN and continuous index tapers was modeled.

First a 3D model of Ti ion diffusion of LIFT-deposited dots at high temperature was

developed with dot separation varying from zero to 3 pm in steps of 0.5 pum (edge to

edge dot separation as shown in fig. 5.6) by solving the following partial differential

equation for diffusion.

oC

ot

= V[DVC]
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where C is the Ti ion concentration, t is the time and D is the diffusivity of T1i ions in
LN (1.1 x 10~*um2s™! for all orientations in LN at 1050°C (Filho et al., 1997) thereby

simplifying equation 5.1 to:

oc
5 =DV (5.2)
I DI
3

D = edge to edge separation between
successively printed Ti pixels
d = pixel diameter

FIGURE 5.6: Schematic showing the edge to edge dot separation

The solution of equation 5.2 gave the 3D Ti ion concentration distribution which was then
transferred to the corresponding 3D refractive index profile using the method discussed
in (Fouchet et al., 1987). The zero and 3 um separation values corresponded to the
initial and final dot separation for the tapered waveguides written using 0.3 mm/s?
acceleration. The maximum refractive index contrast values over this range of segment
separation values varied from 0.0406 to 0.0322. In the actual experiments the samples
were ~ 16 mm long but theoretical modeling was not possible for these lengths due to
excessively large computer memory requirements. The simulation of light propagation
in the waveguides was therefore restricted to shorter lengths (~ 700 ym) and qualitative
results were obtained using COMSOL multiphysics software. The structure was built
by drawing 7 sections, each section containing 10 Ti discs with 0, 0.5, 1, 1.5, 2, 2.5,
3 pm separations respectively. The concentration distribution and the corresponding
refractive index profile was first calculated for one quadrant of the dot for each set and

the other 3 quadrants were obtained by mirror imaging as the boundary conditions were
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symmetric. For the second dot the first dot was just mirror imaged along the y-axis
and by continuing this process the whole set of 10 dots was obtained. Similar steps
were followed for each of the remaining 6 sections to realize the whole structure. The
corresponding refractive index profile of the structure is illustrated in fig. 5.7 (a) as

variation of the intensity of the segments along the waveguide.

GOBICRIPRNNNIRIERIRELLGHUES0NNS0S0SNSNREG LIS UUS IR RO LRGN0 REN

FIGURE 5.7: (a) Shows the refractive index profile for the segmented Ti:LN waveguide
with the brighter regions corresponding to higher index. (b) Shows the light propagation

pattern when TMgy mode was launched from the 3 um end of the waveguide.
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FIGURE 5.8: 3D refractive index profile (for a quadrant (1/4th) of Ti dot) corresponding

to segment separations of 0, 0.5, 1, 1.5, 2, 2.5 and 3um respectively.



Chapter 5 Waveguide mode filter fabricated using LIFT 105

The structure which is visible in some of the segments in fig. 5.7 (a) is due to limitations
in the image generating capabilities of the software. Cross sections of the profiles showed
a smooth refractive index profile as shown in fig. 5.8 (a-g) for segment separations from
0 to 3um in steps of 0.5 pum respectively. The light propagation pattern as shown in
fig. 5.7 (b) was obtained using a Gaussian (TMy) distribution as an input to the port
corresponding to the 3 pm separation side of the waveguides. The results revealed that
during propagation, part of the TMgy mode gradually converted to TMgy; mode at the
zero separation port of the taper. The intensity profiles obtained from the 3 um and
zero separation ports of the tapered waveguide at the positions marked by red lines are

shown in fig. 5.9 (i) and 5.9 (ii) respectively.

1.2F i 12F i
. 1.0 1.0
o o
@ 0.8 g 0.8
2 06 > 06
7] ‘@
c k=
~— 02 = 0.2
S €
o 0.0 o 0.0
[ [
-0-2_ 1 I I 1 1 1 1 1 1 '0-2_ ! ! ! ! I I I I 1
-10-8 6 4 2 0 2 4 6 8 10 108 6 4 -2 0 2 4 6 8 10
position (um) position (um)

FIGURE 5.9: Mode profiles obtained, by launching a Gaussian distribution as input
into the 3 pm port of the index tapered waveguide, from (i) the 3 pum end and (ii) the
0 pm end of the segmented Ti:LN waveguide. The positions where the modes were

captured are marked as red in fig. 5.7 (b).

The case of light propagation through a continuous Ti:LN tapered waveguide was sim-
ulated using the beam propagation method (BPM) in the commercially available RSoft
Beamprop software, with the refractive index contrast values varying linearly from 0.0406
to 0.0322 throughout the length ( ~ 1 c¢m in this case) of the taper. The results showed

that the mode size increases from the higher index port of the taper to the lower index
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port, as expected for an adiabatic taper. The mode sizes obtained from these simulated
waveguides were comparable with the sizes obtained from experiments as presented in
the previous section. The simulated mode profiles both for the higher and lower in-
dex ports are presented in figs. 5.10 (a) and 5.10 (b) respectively. This confirmed the
dot-induced non-adiabatic refractive index structure observed for the segmented Ti:LN

waveguides.
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FIGURE 5.10: Calculated near field intensity profiles obtained from (a) the high index
and (b) low index port of a continuous Ti:LN waveguide. The mode size increases as

the refractive index decreases along the length of the waveguide.

5.4 Conclusions

Segmented tapered waveguides fabricated using a simple yet powerful technique based on
the established LIFT and in-diffusion methods for mode filtering applications were pre-
sented in this chapter. The fabrication process used for producing the tapers, their loss
and optical mode profile measurements were discussed in sub-sections 5.2.1, 5.2.2 and
5.2.3 respectively. The average propagation losses of the tapers measured using three
different techniques was ~ 3.8 + 0.8 dB/cm at 1550 nm. The mode profile pictures
captured confirmed the mode filtering action performed by the index tapered waveg-
uides. The corrugations introduced in the refractive index profile due to the segmented
geometry of the deposits induced a non-adiabatic behavior in the tapers. This was con-

firmed by theoretical modeling the light propagation along the taper waveguides and
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their comparison with continuous Ti:LN waveguides and the results presented in section

5.3.
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Chapter 6

Printing of pre-machined donor

films

6.1 Introduction

In the conventional LIFT technique the donor material acts as its own propellant and
the transfer is achieved either by completely melting it (for the case of a sufficiently
thin donor) (Banks et al., 2006; Willis and Grosu, 2005) or ablating the top layer (the
thick donor case) which then provides the required push for transfer (Zergioti et al.,
2005). The complete melting or disintegration of the donor material during the transfer
process is clearly a major drawback especially when printing of materials is required in
solid and intact form e.g. single crystals, oriented films, single domain or other pre-
structured donors. Also, due to the fact that the donor material from the irradiated
zone has to shear itself from the remaining donor film that results in poor edge quality
transfers, sometimes even shattering /fracturing the deposits (fig. 6.1 (a)). The thickness
of the donor material that can be printed using the conventional LIFT technique is also
restricted due to these limitations. Fig 6.1 depicts the advantages of using a machined
donor film (fig. 6.1(b)) for intact printing of materials as compared to a non-machined

donor film (fig. 6.1(a)).
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Printing of
o machined donor
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FIGURE 6.1: Illustration of the printing using non-machined donor films a) and ma-

chined donor films b).

To mitigate these problems and to achieve printing of materials both in solid and intact
form, two complementary LIFT techniques called TP DRL-LIFT (Fardel et al., 2007;
Banks et al., 2008b) and BLAST (Banks et al., 2008a) have been the most successful
of all other variants of LIFT but there are still some challenges to be overcome. In
the case of TP assisted LIFT as discussed in chapter 2, the dissociation temperature
of TP is ~250 °C and solvents like chlorobenzene, cyclohexanone, toluene and acetone
either dissolve the polymer or make it swell (Lippert and Dickinson, 2003; Nagel et al.,
2007). This temperature and chemical sensitivity of TP imposes limits on the range of
donor materials and their thickness that can be deposited while using TP as a DRL. In
the BLAST technique, the areas to be printed are defined in the donor film, prior to
printing, by weakening them using multiple spatially shaped pulses with fluence below
the transfer threshold value (for more detail refer to chapter 2). However the problem

with this technique is that the whole donor area to be printed is exposed to the multiple
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pulses leading to a significant damage/melting of the deposits. So a more stringent
control of the pulse-to-pulse spatial profile is required to improve the quality of the
deposits printed using BLAST. In addition both these techniques do not eliminate the
basic problem of the inevitable shearing or ripping of the donor film at the boundary
of the illuminated region, which presents an unacceptable limitation to the use of LIFT
where edge quality is of prime importance, for example in the case of printing multilayer

donors.

In this chapter, a new complementary LIFT technique is presented that not only allows
printing of solid donors in an intact form, but should also significantly extend the thick-
ness limitation to beyond the current ~ pm level (Kaur et al., 2009), without using any
DRL. The critical step is to pre-machine the donor with structures/patterns intended
for printing prior to transfer to encourage separation and transfer of pre-determined
shapes in intact and solid form (fig. 6.1 (b)). In this case, the focused ion beam (FIB)
machining technique was used to pre-machine the patterns onto the donor films followed
by LIFTing them. However, it is not necessary to machine through the entire depth
of the donor for reasons discussed below and for an optimum depth of pre-machining
onto the donor film, the pattern is transferred gently to the receiver substrate resulting
in uniform and clean deposits. The FIB pre-machining would be an ideal candidate
for LIFTing of oriented, pre-structured and single crystal materials where BLAST and
TP-DRL techniques would not work. Especially for printing single crystals such as those
grown via PLD which usually requires substrate heating to temperatures in excess of
~600 °C to ensure single crystal thin film growth, and hence would be entirely unsuited

to TP-DRL techniques.

Zinc oxide (ZnO), an environmental-friendly lead free piezoelectric was chosen as the
trial donor material for the FIB assisted LIFT experiments, and our initial results are
presented in this chapter. Section 6.2 provides the details of donor film preparation
and pre-machining using FIB with a brief discussion of the significance of pre-machined
donor depth value. This is followed by the results of printing ZnO pellets from the pre-
machined donor films and a comparison with pellets printed using non-machined and

using TP as a DRL in section 6.3 with the conclusions then presented in section 6.4.
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6.2 Experimental details

The donor samples were prepared by sputtering 1 pym and 3 pm thick films of ZnO
on top of quartz substrates at a pressure of 3 mTorr and a temperature of 200°C. FIB
machining was used to etch circular features first into the 1 um thick sputtered donor
films up to a depth of 0.8 pym with 5 yum and 10 pm diameters and centre-to-centre
separation of 50 ym. Figure 6.2(a) shows the SEM image of the array of these machined
ring patterns while fig. 6.2(b) shows a magnified image of one of the 5 ym rings. The
poor quality of the images is attributed to the surface charging effect. It took ~ 80 sec
to machine each ring at a current value of 2.8 nA with a dosage of 2.81 nC/um? per
ring. The samples were machined using Ga™ ions only without the use of any gas for

enhanced etching.

FIGURE 6.2: SEM images of the FIBbed ring patterns of 10 pm (top two rows) and 5
pm (bottom two rows) diameters in 1 gm thick ZnO donor film. (b) shows the magnified

SEM image of one of the machined 5 pym rings.

An important parameter that needed to be determined for FIB assisted LIFT was the
fractional pre-machined depth of donor required to ensure subsequent high quality trans-
fer and printing. We defined a parameter ‘A’ to quantify the fractional etched depth for
the donor:

A= (6.1)

where X is milled depth and Y is the donor thickness.

The A value chosen for our FIB pre-patterning technique experiments was 0.8. This

value for A, while somewhat arbitrary, was based on the requirement to mill away a
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substantial amount of material, without going to the extremes of A = 1. A previous
trial carried out by (Banks, 2008) on metals such as Au and Cr with A values=1 (i.e. FIB
machining all the way through the donor until the carrier) on the basis that machining
away the entire thickness would be the best strategy to ensure easy detachment. In
principle, for this case of A = 1, only the residual donor-carrier adhesion force must be
overcome to ensure donor transfer via the incident laser pulse, and there is no need for
the irradiated donor section to shear itself from the rest of film. However, completely
melted deposits which had very poor final spatial definition were obtained on LIFTing
the pre-machined metallic donor films with A= 1 as shown in fig. 6.3 (b). The donor
sample used for these experiments was a 200 nm thick Cr metal film and free standing
rectangular grid patterns from 1x1 pm? to 10 x 10 um? were pre-patterned into the film

using the FIB technique as shown in fig. 6.3 (a).

One reason for the completely melted deposits may be due to the absence of lateral
heat diffusion. When the donor film is machined at A = 1, the incident laser-generated
heat has no way to escape laterally, and as a result the temperature increase of the
irradiated donor film can greatly exceed than that for the case of a film with A < 1,
hence overheating and consequent melting of the irradiated donor occurs. In addition
to that values for A that approach (or exceed) 1 imply that any explosive propulsion
force generated from LIFT is no longer constrained at the donor/carrier interface, and

the propulsion force can leak around the milled slots leading to poor quality deposits

(fig. 6.4(b)).
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FIGURE 6.3: SEM micrograph images of Cr deposits on a Si receiver from pre-machined

donors with a value of A= 1 [Banks2008].
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¢ 3 N
Heat free to diffuse in the lateral direction

The maximum temperature rise of the
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The donor melting/evaporation confined

Lateral heat diffusion restricted to machined structures

Rise in temperature of the irradiated area is quite high due to
limited heat diffusion. The laser generated force can leak
through the milled slots as indicated by the arrows

The whole pre-machined pattern melts due to high

over the maximum temperature areas. temperature rise

RN AR,

The LIFTed structures have poor spatial resolution due to
complete melting and the leakage of melted donor around
the milled slots.

The pellet gets printed after detaching
itself from the surrounding donor film

FIGURE 6.4: Ilustration of the mechanisms involved during pellet transfer using the

conventional LIFT technique [Banks2008].

A values of < 0.5, i.e. when the donor is machined less than half the way through, would
also not be a good choice either as the irradiated donor section still has to experience
considerable shearing from the surrounding non-irradiated donor layer. This inevitably
results in considerable debris around the printed donor especially for thicker donor films,
which again is less than desirable. For practical purposes therefore, to achieve debris-free
deposits with smooth edge and surface quality, A should logically be within the range
of 0.5 < A < 1. For this reason a trial value of 0.8 was chosen representing a reasonable
compromise between removing too much material and insufficient removal, to ensure

ideally debris free printing of the deposit.

For comparison, 1 um and 3 pm thick ZnO films on top of 360 nm thick TP as a DRL
and 1 pm and 3um thick ZnO samples without any prior machining were also prepared

for LIFTing. The donor substrates for the TP-DRL assisted LIFT case were not heated
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during deposition due to temperature sensitivity of the polymer, keeping all the other
conditions the same. The experimental set-up used for printing ZnO pellets was the
same as described in fig. 2.1 of chapter 2. The spot size of the incident beam was ~
12 pm and all experiments were performed under a background pressure of 10~! mbar.
The beam size was chosen to be bigger than the FIBbed feature sizes (5 um and 10 um)
for ease of alignment while printing. The donor receiver separation was maintained at

~ 1 pm using Mylar spacers.

6.3 Results and discussion

6.3.1 TP-DRL assisted LIFT of ZnO

Figure 6.5 (a,b) shows optical microscope image of 1 ym thick ZnO donor film sputtered
on top of 360 nm thick TP. About 80-85 % of the surface area of the donor films
was cracked due to the thermal decomposition of TP while depositing the upper ZnO
layer. Figure 6.6 (a-d) shows SEM images of ZnO deposits printed onto Si receivers
using these films. Cracks were also clearly visible in the LIFTed deposits, and as the
films were weaker around the cracks LIFTing preferentially occurred by the rupture
along the cracks leading to non-circular deposits. The bad quality of the donor films
resulted in shattered and irregular shaped pellets. Even though the substrates were
not heated while sputtering ZnO on top of TP the prolonged exposure of the samples
in a sputtering chamber can severely degrade the surface integrity of the film due to

temperature sensitivity of TP while preparing thick films (~ pm thickness).
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FIGURE 6.5: (a,b) Show optical microscope image of 1 ym and 3 pm thick ZnO donor

films deposited on top of 360 nm thick TP respectively.
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FIGURE 6.6: (a-d) Shows SEM images of cracked ZnO deposits printed on Si receiver
from ZnO donor films deposited on top of TP as a DRL.

Zn0 films on TP-coated unheated carriers were also prepared using the PLD technique
as well. However, the quality of the resultant donor was poorer than that achieved via
sputtering on uncoated carriers (i.e. no TP) (fig. 6.7(a)) and that resulted in bad quality
deposits (fig. 6.7 (b)).
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FIGURE 6.7: a) Optical microscope images of ZnO films deposited on top of TP as

DRL and b) the deposits printed using these films.

6.3.2 LIFT of non-machined ZnO donors without any DRL

Figure 6.8 (a,b,c) shows SEM images of typical ZnO arrays printed from 1 pm thick
donor films without any pre-machining at fluence values of ~ 450, 470 and 500 m.J /cm?,
respectively. The transfers were incomplete at 450 mJ/cm? (fig. 6.8 (a)) suggesting that
the fluence value was below the required threshold however as the fluence was increased
the deposits became splashy, irregular with considerable amount of debris associated

with them (fig. 6.8 (b,c)).



Chapter 6 Printing of pre-machined donor films 121

20 pm Q

EHT=950kv Mag= 454X  Brightness= 492% SpotSize=120 Date :27 Apr 2010 r EMT=950kv Mag= 450X  Brightness= 488% SpotSize =120 Date :27 Apr 2010
SignalA=SE1 WD= 7mm  Contrast= 420% Filament Type = Kimball Time :10:32:30 | ||—— SignalA=SE1 WD= 7mm  Contrast= 439% FilamentType = Kimball Time :10:36:56

EHT=950kv Mag= 446X  Brightness= 486% Spot Size=120 Date :27 Apr 2010
Signal A=SE1 _WD= 8mm Contrast= 437% Filament Type = Kimball Time :9:50:06

FIGURE 6.8: (a,b,c) SEM images of ZnO arrays LIFTed from a non-machined 1 pm
thick ZnO donor film at fluence values of 450, 470 and 500 mJ/cm? respectively.

Figures 6.9 (a,b) show magnified images of two of such typical deposits. At fluence values
of ~1 J/cm? donut-shaped deposits were observed as shown in fig. 6.9 (c) . This change
in deposit shape can be attributed to the greater momentum of the pellets during transfer
at such high fluence values. However over this whole range of fluence values (from ~450
mJ/cm? to 1 J/cm?) the LIFTed ZnO deposits were in general splashy, with considerable

amounts of debris and with very rough and ill-defined edges and irregular shapes.
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FIGURE 6.9: (a,b) Magnified SEM images of typical deposits printed using a 1um
thick non-machined ZnO donor film; (c) shows donut shaped deposits obtained at high

fluence values of ~ 1 J/cm?.

The quality of the deposits was found to be even worse when printed using 3 pm thick
ZnO non-machined donor films as shown in fig. 6.10 (a,b). This is attributed to the fact
that as the donor thickness was increased the irradiated pellet had to shear itself from
a considerably thicker surrounding film during LIFT printing that resulted in a violent
transfer and hence a larger amounts of debris were associated with the deposits. These
results highlight the problem of printing materials in solid and intact form especially

from thicker donor films using conventional LIFT technique.
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FI1GURE 6.10: SEM images of a typical array printed from 3 pm thick non-machined

ZnO donor film. b) shows a magnified image of the deposits.

6.3.3 LIFT of FIBbed ZnO donors without DRL

Figure 6.11 (a) and (b) show the SEM images of 10 um diameter ZnO pellets printed from
a pre-machined donor at fluence values of 450 mJ/cm2and 470 mJ/cm?, respectively.
The pellets printed at 470 mJ/cm? were found to be cracked which was attributed to
the higher impact and momentum during transfer at the higher fluence value. However
there was no trace of any residual debris surrounding the pellets printed using pre-
machined donor films even at higher value of fluences illustrating the capability of the
FIB assisted LIFT technique in printing good quality deposits in solid and intact form.
The deposits exhibited extremely good quality both in terms of surface uniformity and
edge smoothness as shown by the SEM image of a typical 10 um deposit, taken at 45
0 printed from a pre-machined donor at 450 mJ/cm? in fig. 6.11 (c). Figure 6.11 (d,e)
show the SEM images, taken at 0 ¢ and 45 © respectively, of 5 um ZnO pellets printed

from FIBbed donor films at a fluence value of 450 mJ/cm?

Figure 6.11 (a-c) show the result for LIFTing 10 um ZnO pellets onto a Si substrate,
whereas in fig. 6.11 (d,e) a flexible compliant substrate (polystyrene) was used. The
adhesion of ZnO to the plastic receiver was not as good as onto Si. Fortuitously however,
the pellet LIFTed onto polystyrene flipped over while dismantling the donor-receiver
assembly, allowing SEM examination of the quality of the front surface, and edge quality

around the machined rim.
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FIGURE 6.11: (a-c) SEM micrographs of 10 pm diameter ZnO pellets printed onto a
Si receiver from a pre-machined 1 pm thick donor film. (d,e) shows SEM images of 5
pm ZnO pellets printed onto a plastic (polystyrene) receiver from a pre-machined 1 pym

thick donor film.
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A close inspection of the edges of the deposits revealed a tremendous improvement in
the edge quality of the pellets printed using FIBbed donor films as compared to non-
machined donors. Figure 6.12 (a) shows an SEM image of the edge quality of a typical
printed pellet using non-machined ZnO donor films. For comparison fig. 6.12 (b,c) show
SEM images of the edge quality of 10 um ZnO pellet printed from a pre-machined donor,
and this degree of smoothness was routinely seen in all SEM pictures taken. The 80%
machined machined part of the donor film thickness was clearly observed in the images

and is also highlighted in fig. 6.12 (c).
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FIGURE 6.12: (a) Shows the rough edges of the ZnO deposits printed using non-
machined donor films (b,c) magnified SEM images of the extraordinarily smooth edges

of the deposits printed from the pre-machined ZnO donor.

The difference in the quality of deposits transferred from donors with and without pre-
machining prior to LIFT was clearly seen for 1um thick films. The incident laser pulse
provided the required force to overcome the donor-carrier adhesion for both the machined
and non-machined donor samples, but in the case of no prior machining, the donor pellet

still had to shear itself from a considerable portion of the surrounding solid donor film,
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resulting in shattering during transfer, rough edges, irregular shapes and considerable
and unavoidable debris. For the pre-machined donor, the area to be printed had already

been defined by FIB patterning which made the transfer process much gentler.

It should be mentioned that while a A value of 0.8 clearly produced impressive results,
further experimentation or modelling is required to determine the optimum value for
producing an optimum level of printing fidelity. For the cases where A approaches 1,
detachment can occur with minimal (in best cases zero) residual debris, resulting in
smooth and regular printing. It is also likely that this parameter is both donor material
and thickness specific. Due to lack of time and non-availability of the FIB machine, the
printing of ZnO pellets from a 3 pm thick FIBbed donor samples was not attempted.
However, the striking difference in the quality of the deposits obtained clearly shows
the great potential of this technique for printing thick and fragile donors in solid and
intact format. FIB pre-machining is advantageous as it does not require any DRL so
it should in principle be applicable to print any donor material as the range of donors
that can be printed using this technique is not limited by the temperature or chemical
sensitivity issues as in the case of DRL-assisted LIFT. In any future work, optimising the
A value for a particular donor material would be an important step, as smaller values
of A require less time for FIB machining, and as it stands, the 80 seconds per feature is
still a comparatively long time. The rate of etching can also be increased considerably
by using halogen containing gases thereby reducing the pre-machining time to perhaps

< ten of seconds per ring.

6.4 Conclusions

The results have been presented for printing micro-pellets of ZnO of excellent quality
with extremely smooth and uniform edges using pre-machined donors to validate the
proof-of-principle for the FIB-assisted LIFT technique. The donor films were machined
to a depth of 0.8 ym by the FIB technique prior to LIFT and the A value of 0.8 was
chosen based on the logic that it should be > 0.5 to avoid removing too much material
and < 1 to avoid leaking of propulsion force through the milled slot and thermal damage
of the donor due to excessive temperature increase as observed in the previous attempts
of this technique. Printing results of non-machined ZnO donor films and films deposited

on top of TP-DRL were also presented for comparison and they clearly indicated the
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superior quality of transfer achievable using the FIB assisted LIFT technique. The
initial results with A = 0.8 were very encouraging suggesting the great potential of this
pre-machining technique, however as mentioned earlier due to lack of time it was not
possible to perform a complete and thorough optimisation of the A parameter and to

study its dependence on donor thickness and donor material.
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Chapter 7

Printing of piezoelectric materials

using LIFT

7.1 Introduction

In the past few years piezoelectric micro-energy harvesters have gained enormous at-
tention both by academic and industrial researchers as alternative sources of energy to
power small portable electronics (Beeby et al., 2006) by converting mechanical strain
energy into electrical energy. Of all the piezoelectric materials lead zirconate titanate
(PZT) is the most efficient in converting the mechanical energy into electrical energy so
is a strong candidate for energy harvesters. The piezoelectric micro-generators are most
commonly prepared by screen printing the PZT films and electrode layers followed by
high temperature sintering (Glynne-Jones et al., 2001). PZT films have high value of
dss coefficients in the range of 10-250 pC/N as reported in the literature (Torah et al.,
2004). However, when it is required to print onto polymer/flexible and pre-metalized
substrates, screen printing is not the best option. In addition it is hard to print micron-
scale features employing screen printing techniques, but such micron-sized deposits may

easily be printed onto pre-structured substrates using the LIFT technique.

In this chapter details of the experiments and results obtained from LIFTing PZT donor
films are presented. Non-lead based environment-friendly ZnO, another important piezo-
electric material, was also printed using the LIFT technique. ZnO films have reasonable

values of dgz (5-11 pC/N) (Yang et al., 2008) but not large in comparison to PZT but the
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dss values for ZnO can be increased by doping the films with V, Co, Ni and Fe (Wang
et al., 2006). Sub-section 7.2.1 discusses the experimental set-up used for printing PZT
using fs-LIFT followed by the attempts made to characterize the deposits using the
piezoelectric force microscopy (PFM) technique in sub-section 7.2.2. Results of printing
larger area deposits by fs-LIFT using a refractive beam shaper are presented in sub-
section 7.2.3. Section 7.3 describes the experimental set-up used for printing PZT using
ns-LIFT and the post-transfer dss coefficient measurements after poling the deposits at
high temperatures. Finally, the experimental details and results of transferring mm-
sized ZnO pellets using ns-LIFT are discussed in section 7.4 followed by the conclusions

in section 7.5.

7.2 Femtosecond DRL-LIFT of PZT donor films

7.2.1 Experimental details

The donor samples were prepared by depositing a 150 nm thick layer of PZT on top of
fused silica carrier substrates (50 mm diameter and 3 mm thickness) previously coated
with TP (~ 200 nm) using the PLD technique at room temperature (due to the low
thermal decomposition temperature of TP ~ 250 °C), at a pressure of 0.2 mbar and in an
oxygen atmosphere. The experimental set-up used for fs DRL-LIFT of PZT was the same
as described in fig. 2.1 of chapter 2 for printing Ti:LN channel waveguides. The incident
beam spot size was ~10 um and all experiments were performed at a background pressure
of 107! mbar. The separation between donor and receiver substrates was maintained at
~1 pm using Mylar spacers. Silicon wafers of dimension ~ 1 cm x 1 cm were used as
receivers and the donor receiver assembly was mounted on 3-axis translation stages for
relative movement with respect to the incoming laser pulses. The threshold fluence for
printing PZT pellets was ~ 365 mJ/cm?. Figure 7.1 show an SEM image of a LIFTed
PZT 1 x 8 array with the fluence value increasing from 365 mJ/cm? to 400 mJ/cm? in
steps of 5 mJ/cm?. The transfers were either incomplete or no transfer occurred at all
below 365 mJ/cm?. Magnified SEM images of PZT pellets transferred at 365 mJ/cm?are
shown in fig. 7.2 (a, b).
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EHT =10.00 kV Mag= 356X htness = 48.9%  Date Jan 2008
Signal A = SE1 WD= 5mm Contrast = 39.7 % Time :15:03:49

FicURrE 7.1: SEM image of a printed array of PZT pellets.

EHT = 10.00 KV Mag= 5.65KX Brightness = 48.9%  Date :31 EHT =10.00 kv Mag= 748KX Brightness = 48.9 % Date :31 Jan 2008
Signal A=-SE1 WD= 4mm Contrast = 41.5 % Time 1! Signal A = SE1 WD= 4mm Contrast= 415 % Time :15:14:49

FIGURE 7.2: Magnified SEM images of PZT pellets printed at a fluence of 365 mJ/cm?.

At higher values of fluence the morphology of deposits changed from circular to an
annular ring type with a molten central region. The molten central region grew bigger
on increasing the fluence value as shown in fig. 7.3 (a, b) for 370 mJ/cm?and 385 mJ/cm?

respectively.
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EHT =10.00 kV Mag= 5.08 KX Brightness = 48.9%  Date :31 Jan 2(
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Signal A = SE1 WD= 5mm Contrast= 39.7 % Time :15:C

a b

FIGURE 7.3: SEM images of PZT pellets printed at fluence values of 370 mJ/cm? and
385 mJ/cm? respectively.

7.2.2 Characterisation of the printed PZT pellets

The next step after transferring PZT deposits was to test their functionality by mea-
suring their longitudinal ds3 piezoelectric coefficients. These coefficients quantify the
charge produced as a result of the applied dynamic force to the piezoelectric sample.
Considering their small size (~10 pm) it was rather tricky to deposit electrodes on top
of the pellets (Si acting as the bottom electrode) so the piezoelectric force microscopy
(PFM) (Wu, 2007) technique was employed to characterize the electromechanical prop-
erties of the printed PZT pellets. The samples were first baked at 200 °C in a tube
furnace at a ramp rate of 2 °C /min and dwell time of 1 hour and then tested using
PFM!. PFM is basically a modified atomic force microscopy (AFM) technique using a
metalized AFM tip (cantilever) in contact mode (Wu, 2007). The piezoelectric sample
under test deforms in response to an applied voltage. The sample expands locally when
the domains are aligned and the internal polarization points in the same direction as
the applied field, and the sample contracts locally if the internal polarization points in
a direction opposite to the applied field. The local expansion or contraction causes the
cantilever to deflect, which when measured, determines the piezoelectric coefficient value

of the sample. The basic working principle of the technique is explained in fig. 7.4 .

!The PFM measurements were done by the colleagues at the Institute of Physics, University of Bonn,
Germany.
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FIGURE 7.4: Schematic showing the basic principle of PFM technique adapted from
(http://cp.literature.agilent.com/litweb/pdf/5989-7611en.pdf) .

Electrical voltages of + 100 and -100 V were applied to the sample for ~ 20 s each through
the conductive AFM tip but no PFM contrast/signal was recorded. Even baking the
samples at a higher temperature of 500°C for 1 hour did not result in any PFM signal.
The reason for no mechanical response of the PZT pellets to the applied voltage was
believed to be either due to a very small dimensional change in the pellets by the applied
electric field to be detected or the absence of any net internal polarization in the pellets
i.e. the domains were all randomly oriented. To surmount the latter problem in-situ
heating and poling of the samples is required to align the domains along the applied
field thereby allowing the samples/pellets to have an internal polarization. Additionally

thicker donor films should be ideally used to overcome the former problem.
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7.2.3 Printing larger area PZT deposits using femtosecond laser irra-

diation

For poling the PZT samples at higher temperatures larger size pellets of the order of
mm? were required for ease of the deposition of upper electrodes on the transferred
deposits. Printing mm size pellets was not possible with the experimental set-up used so
far (fig. 2.2) as it involves clipping 90% of the incident Gaussian beam at the aperture for
selecting the most homogeneous part of the beam and then demagnifying it by a factor
of ~40 to achieve the threshold fluence for transfer. A modified experimental set-up as
shown in fig. 7.5 was used for printing bigger PZT pellets using fs-LIFT that employed
a refractive beam shaper known as pi-shaper 6_6 (wshaper) (http://www.pishaper.com)

in order to convert the beam profile of the incident collimated beam from Gaussian to

a flattop collimated beam.

TShaper I -

5 X MO

Ti:sapph
(800 nm)

Carrier

FIGURE 7.5: Experimental set-up using the wshaper for printing bigger areas by the
fs-LIF'T technique.

The input beam has to be of 6 mm FWHM and the wshaper converts it into a 6 mm
FWHM flattop beam (http://www.pishaper.com). Figure 7.6 (a) and (b) show the
intensity profiles of the incident beam before and after the wshaper respectively at a
distance of 45 cm captured using a beam profiler. The output beam is much more
homogeneous and has flattop profile except for the brighter rims. The reason for this
is the non-perfect Gaussian intensity profile of the input beam and the low tolerance
(£ 0.1 mm) of the 7 shaper to the size of the input beam. The output beam from the

m shaper was then centrally incident on a cicular aperture to get ~ 1 mm size output
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which was then imaged to the carrier-donor interface using a 5 x objective lens. The

intensity profile of the beam just after the aperture is shown in fig. 7.7

[ rosmrmon 7 P e
= 3 |l

@)

Width = 3.09 mm

L
0 = 306 (DELTA=2708]  3904um

800
60.0
Horizontal | Vettical
Beam |Gaussian| Beam |Gaussian 400
Centraid () 2981.56 209517
Beam Peak fum) 3276.54] 2981.56| 1826.00[2095.17|

idth [pm]  [99.2%) | 48.33[ 211.13| 18.83| 237.02 20.0: Width = 5_25 mm

Wickh [pm] _ (50.0%] | 3203.85/3090.62( 2432.91| 2354.41
Wickh [um]__[13.6%) | 487666 5253.11) 3511.03| 400179
Conelation (%) 90.65 [ L
Fower () a E=) 4524 [DELTA= 4055 5793um

Freeze Mode:

(b)

-

\A /i

WI

A

1=4. mm

2]
]

o
=

L
0 Ba8 3396 (DELTA=2788)  3984um

(%) Herizontal
100

\ o

600 /
Horizontal Vettical ] P

Beam | Gaussian| Beam | Gaussien
Cenliaid (um) 3355.42 1975.62
Beam Peak [pm) 1285.31] 3355 42| | ¥
SWidh(uw] (395 | 4047|4620 94) 17.02|3422.76] |[200
widih [um]__(50.0%) | 4515.99) 4620.94] 638.74 | 3422.76| !\,’!FD = 462 mm
Wwidth [um]  [135%] | 4651.72| 4620.94| 3454 40| 3422 76|
Conelation (] 96.85 93.93 00 L | L
Fowsr [l | - 0 3 4524 [DELTA= 4055 5793um

FIGURE 7.6: Intensity profiles of beam (a) before and (b) after the wshaper.
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FIGURE 7.7: Intensity profile of beam just after the aperture.

For trial experiments, thin donor films of Ti (~150 nm) on borosilicate glass carrier
substrates were used and the SEM images of Ti deposits transferred using the wshaper
onto Si receivers are shown in fig. 7.8 (b, ¢). The deposits had ring patterns associated
with them which was due to the wshaper as it provided the collimated beam only up
to a distance of <50 cm beyond which the beam started to have a ring pattern (Airy
distribution) in it due to diffraction as shown in the intensity profile of the output beam
from mwshaper at a distance of 150 cm using the beam profiler in fig. 7.9. These ring
patterns due to the beam profile were also clearly visible in the LIFTed deposits. Apart
from the sensitivity of the wshaper to the input beam size and converting the Gaussian
into a uniform collimated flattop beam only over a restricted distance, the maximum
size that could be printed using the wshaper set-up was ~ 200 pum which was much less
than what was required (~ mm) for poling tests of PZT. So a simpler and easier solution
of using a ns excimer laser that can print mm size pellets in a single shot was opted for,

the details of which are discussed in the next section.
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F1GURE 7.8: SEM images of Ti deposits printed using the wshaper set-up
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7.3 Nanosecond DRL-LIFT of PZT donor films

7.3.1 Experimental details”

The experimental set-up used for printing mm size PZT pellets using ns DRL-LIFT is
shown in fig. 7.10. Pulses from a XeCl excimer laser (A = 308 nm, t = 30 ns) were
centrally incident on a square mask with an aperture of 4 mm resulting in a homogeneous
beam. This uniform beam was then imaged by a lens (f = 250 mm) onto the sample
with a demagnification of x 4, yielding a spot size of 1 mm x 1 mm. The pump laser
energy incident on the target was controlled by a variable attenuator plate. The donor
samples were prepared by depositing 150 nm and 1 um thick films of PZT on top of TP
coated (200 nm and 360 nm) fused silica carrier substrates using the PLD technique.

Gold coated square Si wafers (1 cm x 1 cm) were used as receiver substrates.

Lens
Aperture  (f =250 mm)

Carrier
TP

FIGURE 7.10: Schematic of ns-LIFT set-up used for printing PZT pellets.

Figure 7.11 (a, b) show the optical microscope images of typical PZT deposits transferred
using ns DRL-LIFT at a fluence value of ~ 380 mJ/cm?and 1.5 mJ/cm?for 150 nm and
1 pm thick films respectively. The deposits looked fragile and structured and this was
attributed to the less than perfect quality of the donor films as shown in fig. 7.12.

2This work was done at the General Energy Research department, Paul Scherrer Institut, Villigen,
Switzerland.
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FIGURE 7.11: Optical microscope images of PZT deposits printed from 150 nm and 1

pm thick donor films respectively.

8% Spot Si

Time :17:48:36

Ficure 7.12: SEM image showing the textured surface quality of a 1 pm thick PZT

donor film.

7.3.2 Characterization of the samples

A specially designed holder was used for poling the PZT samples at higher temperatures
the schematic of which is shown in fig. 7.13. Au coated Si served as the lower electrode

and a thin indium foil (0.5 mm x 0.5 mm x 0.1 mm) was used as the upper electrode.
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The poling process was performed by placing the samples in a temperature controlled
chamber and heating them to 150°C with a field strength of 1 V/um applied for 15
minutes. The samples were then allowed to cool to room temperature (RT) with the

voltage applied continuously and once they reach RT the voltage was removed.

+

Magnified view of the PZT pellet on Au
coated Si with In as upper electrode

Tufnol insulated

posts M6 clearance

holes

Al base plate

FIGURE 7.13: Schematic showing the holder used for poling the PZT samples.

The piezoelectric coefficients dss of the samples were then measured using a Take Control
PM35 piezometer (http://www.take control.demon.co.uk). The basic working principle
of PM35 piezometer involves clamping the samples between two polished ball bearings
and applying a low frequency oscillatory force to them. The electrical signals from
the sample, if any, are then processed and on comparison with a built-in reference
enables the system to give a direct reading of dss coefficients (http://www.take con-
trol.demon.co.uk). Small values of ~19 - 20 pC/N were measured for 1um thick PZT
samples while nothing was recorded for 150 nm thick samples. The absence of any
recorded dss coefficient for 150 nm samples again suggested that thicker films/pellets
are required for post-transfer processing and characterization and to realize functional
devices. Even the 1 pum thick films/pellets were quite fragile and tend to short-circuit
and get damaged while performing poling and dss coefficient measurements so the ex-
periments/measurements couldn’t be repeated. Additionally, putting an indium foil on
top of the pellets as an upper electrode is not an optimum method either. To address

these shortcomings attempts were made to deposit better quality PZT donor films (~
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1 pm) along with Al pads (~100 nm) underneath which would serve both as a DRL

during transfer and as the upper electrode for post transfer measurements (fig. 7.14 ).

However for reasons not yet clear the films were found to be lead deficient as indicated

by the EDX measurements (Table 7.1).

Al pads on
top of PZT

PZT

FIGURE 7.14: Schematic of PZT donor film (~ 1 ym) with Al pads (100 nm) on top.

Element | Atomic % measured at point Atomic % measured at point
’a’ on the film b’ on the film

Pb 0.77 0.12

Zr 10.99 10.71
Ti 13.21 15.47
O 61.15 61.92
Si 9.7 10.82
Al 3.22 0.02
Nb 0.97 0.94

TABLE 7.1: EDX measurements clearly showing the Pb deficiency in the PZT donor

films.
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7.4 Nanosecond LIFT of ZnO donor films

The schematic of the set-up used for printing non-lead based piezoelectric ZnO films onto
Au coated Si receivers using ns-LIFT is shown in fig. 7.15%. Pulses from a KrF excimer
laser (A = 248 nm, T = 20 ns) were centrally incident on a square mask with an aperture
of 6 mm resulting in a homogeneous beam. This uniform beam was then imaged by a
lens (f = 300 mm) onto the sample with a demagnification of 5x, yielding a spot size
of 1.2 mm x 1.2 mm. The donor samples were prepared by sputtering 3 pm thick films
of ZnO on top of fused silica substrates at a pressure of 3 mTorr and a temperature of
200°C. The separation between donor and receiver substrates was maintained ~3.5 ym

using Mylar spacers.

Lens
Aperture  (f = 300 mm)
—)
Krk
(248 nm, 20 ns)

FIGURE 7.15: Experimental set-up used for printing ZnO donor films.

Carrier

Figure 7.16 (a, b) show the SEM images of typical ZnO deposits printed using ns-LIFT
at a fluence value of 0.9 J/cm? with fig 7.16 (c) showing the optical microscope image
of the corresponding hole in the donor film. However the adhesion of ZnO deposits
was so poor that the deposits couldn’t stand the “blow test”. Some of the pellets were
collected onto carbon stubs for inspection under optical and electron microscopes that
lead to significant cracking and damage of the pellets as shown in fig. 7.16 (a, b). The
adhesion did not improve when printing was tried on different receiver substrates such as

Si wafers without Au coating, plastic and cover glass slides. Due to the poor adhesion of

3Note that this work was performed prior to our use of FIB for pre-patterning. Additionally the time
required to pre-pattern ~ mm? samples would be prohibitive.
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the deposits it was not possible to perform any post-transfer characterization via poling

and ds3 coefficient measurements.

200pm* EMT=2000kv Mag= 55X Brightness = 48.0% Spot Size =250 Date :6 Dec 2010 EMT=2000kV Mag= 60X Brightness = 480% Spot Size = 250 Date :8 Dec 2010
Signal A=SE1 WD= 7mm  Contrast= 47.1% FilamentType = Kimball Time :15:23:61 SignalA=SE1 WD= 7mm  Contrast= 47.1% FilamentType = Kimball Time :16:20.35

FIGURE 7.16: (a, b) SEM images of ZnO transferred ZnO deposits; (c) optical micro-

scope image of the corresponding hole in the donor film.

7.5 Conclusions

Printing of lead based (PZT) and non-lead based piezoelectric (ZnO) materials using the
conventional ns/fs-LIFT and ns/fs-DRL-LIFT technique was discussed in this chapter.
Micron-sized PZT deposits were transferred from 150 nm thick film using fs-LIFT but
post-transfer characterization for measuring the piezoelectric coefficients was difficult
due to the small thickness and size of the deposited features so ns-LIFT was opted for to
resolve this issue. The ns-LIFT enabled printing of mm size PZT pellets both using 150

nm and 1 gm thick donor films and the samples were poled at 150°C before measuring




146 Chapter 7 Printing of piezoelectric materials using LIF'T

their ds3 coefficients. A small value of 19-20 pC/N was recorded for 1 pm thick PZT
films only. Due to the fragile nature of the deposits they tend to get damaged during
measurements. To avoid this damage of the deposits and to get repeatable and more
reliable post transfer measurements better quality films with metal pads underneath for
use as the subsequent upper electrodes were sputtered but there were issues with Pb
deficiency of the films. Finally, ns-LIFT of mm-sized ZnO pellets was presented but the
deposits had very poor adhesion onto receiver substrates. The issues of Pb content in
PZT films and poor adhesion of ZnO pellets need to be addressed in future before any

viable micro-energy harvester can be realized using the LIFT technique.
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Chapter 8

Conclusions and Future Work

8.1 Introduction

In this chapter conclusions from the work presented in the previous chapters of the thesis
are presented in section 8.2 and the suggestions for further work are discussed in section

8.3.

8.2 Conclusions

8.2.1 Time Resolved Study of LIFT

The effect of various key operating parameters such as laser fluence, donor and TP-DRL
thickness on the transfer process and the quality of the ejected flyer for solid phase
ceramics Gd-Ga-O and Yb:YAG was studied using the ns time-resolved shadowgraphy
technique for different donor (200 nm and 1 pm) and TP (50, 150 and 360 nm) thick-
nesses over a range of 60 - 700 mJ/cm? fluence values and the results were presented in
chapter 3. Both the shockwave and flyer were found to travel further and faster with
increasing laser fluence value and the donor film quality was also observed to affect the
flyer and shockwave properties. The flyer propagation distance also tended to decrease
with increasing the donor film thickness. Theoretical values for propagation distance
and velocity of flyer/shockwaves computed using simple analytical models agreed quite

well with the experimental results obtained. It was observed that the flyer delaminates
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earlier from the target surface and both the flyer and shockwave travelled greater dis-
tance for thicker (360 nm) films of TP-DRL as compared to thinner (50 nm) TP films
however, more debris were found to be associated with the former case. Also, the flyers

were seen to disintegrate and deform in shape with increasing distance from the target.

8.2.2 Rapid Prototyping of Photonic Devices using LIFT

Chapter 4 described the fabrication and characterization of Ti:LN segmented channel
waveguides and X-couplers using the LIFT technique followed by thermal diffusion. Op-
tical losses measured for channel waveguides were as low as ~ 0.8 dB/cm showing great
potential for the LIFT-based technique for fabricating photonic devices. The segment
separation was observed to play a key role in determining the modal characteristics of
the segmented waveguides. As the segment separation was increased to and beyond
16 pm the waveguide modal behavior was found to change from multi-moded to single
moded and the size of the mode increased as well. This was attributed to the fact that
the index contrast decreased on increasing the segment separation thereby decreasing
the mode confinement and number of modes being supported. The dependence of the
mode profile of the waveguides on the Ti segment separation formed the basis for fabri-
cating index-tapered mode filters by varying the scan speed only along the length of the
waveguides as discussed in chapter 5. The average optical loss of the waveguides was
measured to be ~3.8 + 0.8 dB/cm with the mode filtering action confirmed by the cap-
tured mode profile images. Interestingly, the segmented geometry of the deposits tend
to make the tapered waveguides non-adiabatic in nature and this was further confirmed

by theoretical models developed using commercial software COMSOL and RSoft.

8.2.3 LIFTing of Pre-Machined Donor Films

Shearing and ripping of the donor material from the surrounding solid film at the bound-
ary of the incident pulse resulting in poor edge quality deposits associated with unwanted
debris is a basic problem related to both the conventional and complementary LIFT
techniques. In order to mitigate this problem LIFTing of pre-machined donor films was
presented in chapter 6. Results of printing micron-sized (~ 10 um) deposits from 1 pm
thick ZnO donor films etched to a depth of 0.8 pum using the FIB technique prior to

LIFT were discussed. The deposits exhibited extremely smooth and uniform edges with
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no debris associated with them thereby clearly demonstrating the advantages of LIFT
using pre-machined donors. Comparison with the results obtained from printing ZnO
pellets using the conventional and TP-DRL assisted LIFT techniques further highlighted
the great potential of this technique. Additionally, no sacrificial or DRL material was
required so in principle it can be used for printing any solid donor material unlike DRL-
LIFT technique where the range of donor materials is limited by the temperature and

chemical sensitivity of the chosen DRL material.

8.2.4 Printing Piezoelectrics using LIFT

In chapter 7 deposition and post-transfer characterization of both lead based (PZT) and
non-lead based (ZnO) piezoelectric materials using the ns/fs-LIFT and ns/fs TP-DRL-
LIFT technique was discussed. Micron-sized (~ 10 gm) 150 nm thick pellets of PZT were
printed using fs DRL-LIFT but due to their small size and thickness post-transfer charac-
terization of the deposits was not possible. A wbeam shaper (http://www.pishaper.com)
incorporated in a fs-LIFT set-up resulted in increased size of the deposits but only up
to ~200pum so the ns-LIFT technique was then investigated to print thicker and larger
area pellets. Measurements of dss coefficients for 1 pum thick PZT pellets printed using
ns-LIFT followed by poling at 150°C resulted in small values of ~ 19 - 20 pC/N for ds3
coefficients. The pellets tend to get damaged during the poling and ds3 measurements
due to their fragile nature. In order to avoid this damage to the pellets PZT films were
prepared with Al metal pads sputtered on top of them, with the intention to have the
Al layer acting both as a DRL and top electrode, however for reasons not clear the films
were found to be Pb deficient. For the case of non-lead based ZnO films the adhesion of

the printed pellets (1.5 x 1.5 x 0.003 mm) was the major issue.

8.3 Future Work

In this section suggestions for work that can be carried out in the future based on
the results presented in this thesis are discussed. The ns-shadowgraphy experiments
can be performed by including a receiver in the set-up to collect the ejected flyers for
investigating the presence of any residual TP in the debris and/or in the flyer. This

will also help to understand the effect of receiver, if any, on the flyer quality. A more
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thorough study of TP thickness parameter can be performed to completely understand
its effect on the process dynamics. Additionally, a fs-time-resolved study of LIFT can
be performed for a better understanding of the dynamics of the fs-LIFT transfer process

and to compare it with its ns counterpart.

The optical losses of the segmented channel waveguides prepared using LIFT followed by
post thermal treatment can be reduced further by optimising the deposition and post-
processing parameters and more complex geometries and devices such as interferometers,
1 x N splitters etc. can be fabricated. Rare-earth dopants such as Nd, Er and Yb
can be printed locally on pre-existing ridge waveguides or Ti:LN waveguides for lasing
applications. Spatial selective deposition of multiple donor materials e.g. Ti and a

rare-earth element either in one go or sequentially can also be investigated.

The initial results of LIFTing pre-machined donors using the trial value of A= 0.8
were very promising. However a more thorough optimisation of the A parameter is
required and its dependence on donor material and thickness needs to be studied. This
method can be very helpful to print micron-sized crystals, which are nearly impossible
to print using conventional LIFT or with any complementary LIFT technique, by using
crystalline donor films with patterns etched in them prior to LIFT. Currently LIFTing
of crystalline YIG (Y3Fe;012) grown onto YAG substrates using the PLD technique is

being investigated.

The time required to etch features into the donor film using the FIB technique is a draw-
back of the FIB-assisted LIFT technique and this etch rate can be reduced by employing
gas-assisted milling. Another method that can be employed to reduce the etching time
is the use of spatially shaped laser pulses for defining the pattern in the donor film prior
to transfer e.g for printing a circular feature the first few ring shaped pulses can be used
to define and weaken the donor region to be printed followed by a top-hat profile pulse
for pushing this weakened part of the donor to the receiver. This approach is similar to
that used in the BLAST technique (Banks et al., 2008) however the significant damage
to the deposits as observed in the BLAST technique can be avoided by controlling the
spatial profile of each incoming pulse using a spatial light modulator (SLM). A DLP
Discovery 3000 system by Texas Instruments (http://www.dmddiscovery.com) was used
for spatially shaping the incident pulses. The discovery kit included a 0.7 digital micro

mirror device (DMD) with an array of 1024 x 768 addressable mirrors plus a hardware
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(Discovery 3000) and a controller board for communication with the DMD chip. Few
preliminary experiments were performed to ablate complex patterns in gold donor films

( ~ 80 nm) by projecting static images on to the DMD as shown in fig. (8.1(a-c)).

FicUure 8.1: Optical microscope images of patterns ablated in Au donor films by

spatially shaping the laser pulses using DMD.

However the DMD chip behaved erratically under fs laser irradiation and the reason was
believed to be the sensitivity of the chip and the electronics underneath to electrostatic
discharge, so further LIFT experiments couldn’t be undertaken. A more robust DMD
chip with better ESD compatibility called the Pico Projector (http://www.dlp.com/pico
projector/) is being tested at present for spatially shaping the laser pulses.

For facilitating the measurements of ds3 coefficients of PZT pellets post-transfer better
quality donor films need to be deposited with adequate Pb content. To avoid damage
to the pellets during the poling, oriented/aligned films and hence final LIFTed deposits

can be achieved which will omit the need for poling the samples before piezoelectric
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coefficient measurements. The adhesion of ZnO deposits onto the receiver substrates
can be improved by chemical or surface treatment of the receiver substrate or coating

the receiver substrate with an adhesion promoting thin film.

Finally, all the experiments discussed in this thesis were carried out either with fs laser
with maximum rep rate of up to 1 kHz or with excimer laser with rep rate of 10-20
Hz. However for any real commercial applications, where a rapid prototyping and fast
mass-production is a must, a higher rep-rate is necessary. Few attempts were made to
print Ti films (~ 150 nm thick) using fs amplifier (Rega 9000) that can go up to 250
kHz. Figure 8.2 (a, b) show SEM images Ti line printed onto Si receiver substrates by
tuning the rep-rate of the amplifier to 50 kHz.

y - = pot Size
— SignalA=SE1 WD Smm  Contrast= 668% _FilamentType=Kimball

a

FIGURE 8.2: (a) SEM image of Ti lines printed onto Si receivers at a rep-rate of 50

kHz (b) magnified image of one of the lines.

The quality of the deposit however is very poor and the reason for this being the re-
ablation of the printed metal deposits by successive pulses. The stages used to move
the donor-receiver assembly relative to the incoming pulses couldn’t be made to run
faster than 30 mm/s due to problems with the stage software and this lead to ~ 94%
overlap between successive pulses resulting in ablation of the transferred deposits. Once
the software issue is resolved LIFTing can be performed at a much faster rate and this

technique can be used to cover bigger areas in competitive time scales.
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Abstract — Discs of solid material have been forward transferred from thin films on transparent
carrier substrates using femtosecond Ti:sapphire laser-induced forward transfer (fs-LIFT) with a
triazene polymer dynamic release layer (DRL). The fluence threshold for fs-LIFT was found to be
only ~20% of the DRL ablation threshold at the laser wavelength. This decrease is attributed to
ultrafast shock-wave generation in the constrained polymer layer under femtosecond irradiation
being the driving force for fs-LIFT with the polymer DRL. The result is very different from the
nanosecond regime, where the LIFT threshold is observed to be slightly above the polymer ablation
threshold. White-light continuum generation in a carrier substrate is observed and its influence

on the fs-LIFT process is discussed.

Copyright © EPLA, 2008

Introduction. — The deposition of patterned thin films
of various materials is important for both fundamen-
tal research and technical (i.e. micro-electro-mechanical)
applications. Most techniques applied for this purpose lack
lateral resolution on micron and smaller scales, so separate
deposition and patterning stages are necessary. Direct-
write (DW) methods are attractive for microdeposition
applications as deposition and patterning can be achieved
simultaneously.

A very promising technique offering sub-micron lateral
resolution deposition of a wide variety of materials is laser-
induced forward transfer (LIFT) (fig. 1(a)) [1]. In LIFT,
a thin film of the material to be deposited (the donor)
is coated onto a transparent carrier substrate. The coated
carrier is placed in close contact with a receiving substrate
and one or more focused or demagnified laser pulses are
used to transfer a well-defined section of the film. The
laser induces ablation at the carrier-film interface to propel
material to the receiver.

Whilst LIFT is readily applied for metal films [1,2]
and materials that are heat-resistant, sensitive materials

(2) B-mail: dpb@orc.soton.ac.uk

DRL-LIFT b)

Focused / imaged LIFT a)
Forward transfer

laser pulse

\
§
&
i
Carrier Donor film  Receiver DRL  Evaporated DRL

Fig. 1: Schematics of LIFT (a) and DRL-assisted LIFT (b).

such as biomaterials, organic dyes, and semiconducting
polymers can be damaged by the laser irradiation. The
high pressures and temperatures that are experienced by
the donor during transfer can result in photo- or thermo-
chemical reactions, phase-changes and evaporation.
As such, it is now relatively common practice in
LIFT experiments to include a sacrificial propellant
material, either in the form of a supporting matrix
(Matrix-Assisted Pulsed Laser Evaporation-Direct Write
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Fig. 2: Photolytic cleavage pathway of a triazene chromophore (the chromophore can also experience thermal decomposition
above about 250 °C) (a) [7]. Experimental layout used to study femtosecond LIFT with TP DRL (b).

(MAPLE-DW)) [3,4], or as a separate layer between
carrier and donor (a dynamic release layer (DRL)) [5], to
protect the active material during transfer. DRL-LIFT is
shown schematically in fig. 1(b).

Dynamic release layers. — To be suitable for use as
a DRL, a material must have a low ablation threshold,
high-absorption coefficient, and avoid excessive thermal-
ization of the absorbed photons to facilitate transfer
with low thermal impact on the donor. The DRL should
also dissociate upon irradiation to avoid contamination
of the transferred donor with residual DRL material. A
particularly well-suited material for DRL applications
is the triazene polymer (TP), which exhibits clean and
well-defined photofragmentation into small, volatile,
gaseous, molecular fragments. The fragmentation process
releases No, providing the thrust required for LIFT [6,7].
This thrust, which originates from the pressure increase,
allows a precise “cutting” of well-defined regions from
the film. The photolytic cleavage pathway of a TP chro-
mophore is shown in fig. 2(a) [7]. The TP chromophore
can also experience the same decomposition pathway if
the temperature is raised above ~250°C.

The TP has a very low ablation threshold of 25 mJ/cm?
at 308 nm irradiation (with ns pulses) meaning that trans-
fer can be achieved with low thermal impact on sensitive
donors using UV wavelengths [8]. The IR damage thresh-
old of the TP has been measured to be ~500mJ/cm? at
800 nm with 130fs pulses, with multi-photon absorption
believed to be the dominant absorption mechanism [9].
The quality of the structures obtained with fs laser abla-
tion is also quite high, with strong indication that the fs-
pulse induced decomposition also produces mainly gaseous
ablation products (similar to 308 nm, ns irradiation) [8].

The TP has been used as a DRL in a number of
LIFT studies for forward transfer of other polymers [10],
cells [11], quantum dots [12], and organic LEDs [13].
Other materials have also been used as DRLs, including
metals [14,15], hydrogenated silicon [16], and other
polymers [5,17]. An important point to note is that in all
these studies, which used nanosecond pulsed lasers, the
fluence threshold required for LIFT was slightly greater
than the normal ablation threshold of the DRL material.
This result should not be surprising as, to achieve forward
transfer, sufficient DRL material must be ablated to
provide LIFT thrust.

In this work, we present results using the TP as a
DRL for the forward transfer of “hard” donor films. An
800nm femtosecond pulsed laser is used, representing
the first ultrashort-pulsed TP DRL results. The different
transfer mechanisms in the nanosecond and femtosecond
regimes will be discussed. Before the fs-LIFT results
are presented, we shall discuss the occurrence of non-
linear optical phenomena in the carrier. Such phenomena
are unavoidable in a typical fs-LIFT setup, but their
potential consequences have not yet been considered in
the literature.

Experimental. — For all LIFT experiments, single
pulses from a Tisapphire laser (800nm, ~ 130fs) were
used. Spatially-Gaussian laser pulses of ~4mm diame-
ter (FWHM) were centrally incident on a 450 ym circu-
lar aperture, resulting in a circular beam; the intensity
difference between the centre and the edge of the beam
was ~5%. A highly demagnified image of the aperture
was relayed to the target using a reverse projection micro-
scope resulting in an ~ 12 ym diameter circular spot at the
carrier-film interface, as measured by the laser damaged
area. The image plane of the microscope was adjusted to
coincide with the best image of the aperture and the depth
of focus of the laser was measured to be ~ 200 pm.

The TP was synthesized as described by Nagel
et al. [6] and was then prepared by spin coating from
a solution in chlorobenzene and cyclohexanone (1:1,
w/w). The thickness of the TP was controlled by
adjusting the viscosity of the solution and spin speed to
yield a DRL with a thickness of ~100nm. The carrier
substrates were a fused quartz disc (diameter 50mm,
thickness 3mm) and the receiver was a Si wafer ~ 10 mm
square. All experiments were performed under vacuum at
~ 0.1 mbar. The separation between the donor film and
the receiver, z, was controlled by the insertion of a single
2pum thick Mylar spacer. This resulted in a variation
of the separation with position across the LIFT setup,
z(z), as shown in fig. 2(b). Donor-receiver separation
was measured interferometrically using the microscope’s
white-light source.

On top of each DRL, a donor film of ~150nm of a
transparent amorphous GdGaO material was grown by
pulsed laser deposition (PLD). The PLD target was single
crystal gadolinium gallium garnet (GdzGasO12). The films
were deposited at room temperature and in an oxygen
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atmosphere at a pressure of 4 x 102 mbar. The GdGaO
was chosen as a sample material to study the fs-LIFT of
“hard” donor films using the TP-DRL. It is interesting
because it can be grown under conditions that do not
damage the polymer and LIFTed in the amorphous state
before post-transfer annealing to crystallise it (results not
presented here). As such it may provide a template for the
micro-deposition of single-crystal material by fs-LIFT.

Active carriers. — The measured ablation thresh-
old of the TP at 800nm corresponds to an intensity
of ~10'2W/cm? [9]. Reported intensity thresholds for
femtosecond LIFT are also typically > 10 W/cm? (see
e.g. [2,18-21]). It is well-known that, when ultrashort laser
pulses are focused inside transparent media, supercontin-
uum generation can occur, resulting in a significant broad-
ening of the laser spectrum [22]. The intensity threshold
for the onset of supercontinuum generation with 800 nm
in silica has been measured to be ~ 10''~2 W /cm? and,
a spectrum from ~400-950nm is generated [23]. Hence,
in a fs-LIFT arrangement it is unavoidable that, at some
point within the carrier, the laser intensity will be great
enough to generate a supercontinuum. Such a setup, where
the normally passive carrier substrate plays an active role
by modifying the laser spectrum, may be termed active
carrier LIFT (AC-LIFT). The principle of AC-LIFT is
indicated in fig. 3(a).

To measure the spectrum and intensity of the super-
continuum generated in the current experiment, the
laser was imaged onto the rear surface of an uncoated
carrier in exactly the same geometry as used for all
fs-LIFT experiments. Two IR cut-off filters (cut-off wave-
length ~ 670 nm; effective transmission (800nm) < 1%,
(<670nm) >90%) were inserted after the uncoated
carrier to remove residual 800nm light. The threshold
for supercontinuum generation was measured to be
~110mJ/cm? (27 x 10" W/cm?). The
efficiency (including all wavelengths <670nm) was
~1-1.5%. The solid trace in fig. 3(b) shows a typical
spectrum; the supercontinuum displayed a strong peak
around 400nm with an intensity <1% of the incident
laser. The new wavelengths generated in the AC represent

conversion

another possible source of laser-induced damage to the
donor material that must be considered when choosing
the combination of donor and DRL materials, and laser
wavelength.

The absorption spectrum of the GdGaO donor film is
also shown in fig. 3(b), dotted line. As can be seen, the
material was essentially transparent to wavelengths longer
than 300 nm; hence the donor could not be damaged either
directly by the laser or by the AC-generated supercon-
tinuum. The absorption spectrum of the TP polymer is
represented by the dashed line in fig. 3(b) [9]. The TP
did not significantly absorb the AC-generated supercon-
tinuum. The absorption coefficients at 400 nm and 800 nm
were approximately equal; hence, given the ~ 1% conver-
sion efficieny from 800 — 400 nm, it can be concluded that
the AC did not affect linear absorption of the laser in the
TP-DRL. The measured ablation threshold for a 100 nm
thick TP film with no overlying donor irradiated through
a carrier substrate was found to be ~500mJ/cm?. This
value was in good agreement with the normal ablation
threshold at 800 nm and significantly above the thresh-
old for onset of supercontinuum generation, deomnstrat-
ing that the presence of the continuum did not significantly
affect the TP ablation.

GdGaO results. — The threshold for forward transfer
of the GdGaO donor was measured to be =~ 90mJ/cm?
with the TP-DRL and ~110mJ/em? without it.
Figure 4(a) shows an SEM image of transferred GdGaO
material using ~120mJ/cm? without the DRL, and
fig. 4(b,c) show SEM micrographs of GdGaO discs
deposited with the DRL; fluence a2 90-100mJ/cm?. The
donor-receiver separation was ~ 100-200 nm. The benefits
of using the TP-DRL for the LIFTing of solid material
from hard donor films are apparent. Surface profiling of
typical discs transferred using the DRL, similar to those
in fig. 4(b,c), is shown in fig. 4(d). The deposits were
reproducibly ~ 130 nm thick, closely matching the original
thickness of the GdGaO donor and indicating that little or
no DRL remained on the deposit post-transfer. Another
reproducible feature of the deposits was a slightly raised
region around the edge, which is believed to be a result of
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how the deposits were transferred, which will be discussed
later.

The most important thing to note with regards to the
GdGaO depositions is the significant difference in laser
fluence threshold for forward transfer and direct ablation
of the TP (~500mJ/cm? [9]); the LIFT threshold was
only about 20% of the direct ablation threshold. This
was very different from the case of nanosecond polymer
DRL-assisted LIFT where the LIFT threshold has been
consistently found to be slightly above the polymer abla-
tion threshold. Hence a totally new process is observed
when using femtosecond pulses for TP DRL-LIFT. The
reason for the dramatically lower LIFT threshold with
femtosecond pulses is hypothesised as follows, and shown
schematically in fig. 5.

1. fig. 5(1): The incident laser energy was absorbed
in the TP DRL through multi-photon absorption of
the 800nm laser; for reasons discussed earlier, the
AC-generated supercontinuum is not thought to play
a significant role. Furthermore, interface effects and
multiple reflections from the TP-donor and donor-
vacuum interfaces, and the Si receiver may have
slightly increased absorption in the DRL.

2. fig. 5(2): As the absorption depth of the laser
significantly exceeded the film thickness, absorption

High pressure DRL

Carrier
DRL
Donor

_/ Receiver
(1) Laser absorbed (2) ~Homogeneous
in DRL. pressure increase in DRL.

Constrained expansion Thermal decomposition

Decomposed
polymer

(3) DRL expansion
restricted by donor.

(4) Temperature increase
in DRL causes thermal
decomposition.

Fig. 5: Hypothesised process leading to low forward transfer
threshold fluence when using ultrashort pulses.

throughout the irradiated region was approximately
homogeneous.

3. fig. 5(3): The absorption of ultrashort duration pulses
in polymers initiates a rapid pressure jump in the
target due to the pulse energy being deposited faster
than the target can fully relax (see e.g., [24]). This
is in sharp contrast to exposure to longer dura-
tion pulses, where the relatively slow rate of energy
deposition predominantly results in a temperature
increase. However, even with ultrashort pulses, with
free surface ablation this pressure increase can be
somewhat relaxed by expansion of the target. In a
DRL-LIFT arrangement, particularly with a hard
donor film, significant expansion of the polymer is
restricted by the overlying layer. Hence in this case,
the pressure of the TP DRL was raised sharply by
absorbing the femtosecond pulse. The increase could
not be easily relaxed by polymer expansion, so a sharp
temperature increase in the TP occurred.

4. fig. 5(4): This temperature increase resulted in the
DRL temperature rising above ~250°C and ther-
molytic decomposition of the DRL occurred.

Hence we envisage a situation where absorption of the
femtosecond pulse initiated a rapid pressure jump in the
TP which could not be easily relaxed due to the overlying
donor layer. The polymer temperature then increased and
thermal decomposition of the TP chromophores occurred
well below the DRL ablation threshold.

To further support the hypothesis of thermal decompo-
sition resulting from constrained pressure increase being
the driving force for sub-ablation threshold forward trans-
fer with femtosecond pulses, the influence of donor-receiver
separation on any resultant GdGaO depositions was stud-
ied. The results are shown in fig. 6. Figure 6(a) shows
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Fig. 6: SEM micrographs (a) and schematics of the forward transfer process (b) with varying donor-receiver separation.
(c) SEM and stylus profiling of donor film after LIFT in tight contact (left), at optimal separation, and with greater than

optimal separation (right).

SEM micrographs of deposits obtained with tight-contact
between donor and receiver (left column), and separations
of ~250nm & ~ 1 um. Figure 6(b) shows diagrams of the
envisaged transfer process in the different donor-receiver
separation regimes. The case of no DRL is also shown for
comparison (right column).

‘When donor and receiver were in tight contact, no discs
of donor material were obtained. The TP decomposed due
to the large pressure increase, however the tight contact
with the receiver prevented expansion of the decomposed
polymer, which was necessary to shear the donor. Instead
the high pressure build up in the irradiated region just
caused some damage to the underlying receiver. EDX
analysis and surface-profiling confirmed that there was
little or no GdGaO deposited onto the receiver. With
a small donor-receiver separation (< 500nm), there was
sufficient space for a small amount of expansion of the
decomposed polymer which allowed for relatively clean
shearing and transfer of a clean disc of donor. The slight
deformation of the donor film prior to shearing also
explains the slightly raised edges seen around clean disc
deposits (see fig. 4(d)). As the separation was increased,
the brittle donor experienced increased deformation due
to the pressure of the trapped decomposed DRL. With
separations of &~ 1 ym, the amount of deformation became
sufficiently great that the donor disc shattered during
transfer, resulting in a more particulate deposit.

In this case, the optimal donor-receiver separation was
found to be around 250 nm. However, it should be noted
that the optimal separation is expected to vary with a

number of properties including DRL and donor materials
and layer thicknesses; for example, less brittle donors
should be able to withstand increased deformation without
shattering. The size of the laser spot will also affect the
deformation of the donor and should have an influence on
the dependence of the transfer process on separation.
Figure 6(c) shows SEM and stylus profiling observations
of the donor film after LIFT in tight contact (left), at
optimal separation, and at greater than optimal separation
(right). It can be seen that, in tight contact, most of
the GdGaO film remained on the carrier, although a
significant roughening of the donor surface was apparent in
the irradiated areas. When the separation was increased
to optimal, the donor material was completely removed
from the carrier apart from small sections around the
edge of the irradiated region, which, although fragmented,
remained partially attached to the donor film. At greater
than optimal separation, complete removal of material in
the irradiated region was also seen, but the fragments
around the edge were no longer visible attached to the
donor and appeared instead as debris on the carrier and
donor. The fragmentation of donor material around the
edge of the transferred region supports the hypothesis of
deformation of the donor, primarily at the edge, occurring
as a result of increased pressure of the underlying polymer.
We conclude therefore that the Si receiver also played a
critical role in determining the final quality of deposited
material. The receiver had to be close enough to constrain
deformation of the brittle donor and restrict shattering
around the edge due to excessive bending. However, a
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small separation between donor and receiver was necessary
to allow the donor to shear.

A final point to note is that, at optimal donor-receiver
separation, stylus profiling results indicated that the TP
was completely removed during LIFT (see fig. 4(d) and
fig. 6(c)), which is important to avoid contamination of
transferred material.

Conclusions. — Discs of GdGaO of ~ 10 ym diameter
have been deposited by TP DRL-assisted femtosecond
LIFT. The use of the TP-DRL allowed for the deposition
of pellets of GAGaO in solid phase with no shattering when
the donor and receiver were at the optimal separation. In
contrast, when no DRL was used GdGaO material was
transferred in many fragments due to explosive ablation
of the donor material being the driving force for LIFT.

The threshold transfer fluence with the TP-DRL was
found to be ~90mJ/cm?, only ~20% of the polymer
ablation threshold at the laser wavelength. This was
in stark contrast to nanosecond DRL-LIFT using this
polymer where the transfer threshold is reproducibly
found to be slightly greater than the ablation threshold. A
model to explain the reduced fluence threshold of TP-DRL
fs-LIFT has been proposed based on a rapid increase of the
polymer DRL pressure following irradiation that cannot
be easily relaxed due to the presence of the overlying
donor film and receiver. The model has been supported
by the observed morphology of the transferred material
and donor film after LIFT. The optimal donor-receiver
separation was found to be around 250 nm, although this
optimal value is predicted to vary with donor and DRL
materials and feature size. The TP has been observed to
be removed completely during LIFT.

Supercontinuum generation in the carrier substrate has
been observed at the typical transfer fluences. Although
the influence of the continuum has been shown to be negli-
gible within this study, the presence of a supercontinuum
in a fs-LIFT setup cannot be neglected as the generated
wavelengths may be absorbed by the DRL or donor.
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The laser-induced forward transfer process of solid ceramic donor materials (gadolinium gallium
oxide and ytterbium doped yttrium aluminium oxide) was studied using triazene polymer as a
sacrificial layer by means of a time-resolved nanosecond-shadowgraphy technique. The dependence
of the ablation dynamics and quality of the ejected donor material on the laser fluence and thickness
of the sacrificial and donor layers were investigated and discussed. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3132822]

I. INTRODUCTION

The laser-induced forward transfer (LIFT) method has
received a great deal of attention in the past two decades as
an additive laser direct-write technique due to its simplicity,
versatility, and the potential advantages it offers. The basic
working principle of LIFT involves the focusing of a laser
pulse through a transparent support substrate (the carrier)
onto the rear side of a thin film of the material to be LIFTed
(the donor). Another substrate (the receiver) onto which the
donor material is to be transferred is placed in close proxim-
ity to the coated carrier (the target). ™ However, in the con-
ventional LIFT process the donor material acts as its own
propellant, which leads to its unavoidable damage during the
transfer process. A variation in the original LIFT technique
employed to overcome this problem utilizes an intermediate
sacrificial layer called the dynamic release layer (DRL),
which is sandwiched between the carrier and the donor to
absorb the incident pulse energy.S

A tailor-made UV absorbing triazene polymer (TP) has
recently gained much favor as a DRL material due to its
attractive properties such as low ablation threshold and pho-
tolytic dissociation. Upon dissociation, the TP releases N,
gas along with other molecular gaseous fragments, which
provide the required push for forward transfer of the overly-
ing donor layer.6 Living biological cells,7organic light emit-
ting diodes (OLEDs),8 quantum dots,” and ceramic
materials'® have been transferred using TP as the DRL."" In
all these cases the receiver was placed either in contact or in
close proximity to the target. However, for an ease in me-
chanical handling in industrial applications such as those in-
volving transfer of donors for building stacks of different
materials, the donor and receiver need to be separated by a
relatively large distance. Time-resolved techniques can be
used to study the dynamics of the LIFT process for such
cases and the quality of the ablated donor material during
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transfer.'>'® These observations help in improving under-
standing of both the ablation and the transfer mechanisms
that are directly related to the end scientific and technologi-
cal applications.

In this paper, conventional nanosecond-shadowgraphy
imaging of the TP-DRL assisted LIFT is reported for the
solid phase ceramic materials gadolinium gallium oxide
(Gd-Ga-0) and ytterbium doped yttrium aluminium oxide
(Yb:YAG). The time evolution of the LIFT process and the
influence of various operating parameters such as the laser
fluence and thicknesses of the donor and DRL materials on
the quality of the opaque transferred disc (referred to as the
“flyer””) were also investigated and the results are discussed.

Il. EXPERIMENTAL

The samples for the nanosecond-shadowgraphic studies
were prepared by depositing films of the donor materials
Gd-Ga-0 and Yb:YAG on top of previously TP coated fused
silica substrates. The TP was synthesized by the method de-
scribed in Ref. 14 and spin-coated on the silica substrates
from solutions of TP in chlorobenzene and cyclohexanone
(1:1 w/w). The donor material layer was then deposited on
top by pulsed laser deposition (PLD). All the donor films
were prepared under room temperature conditions and in an
oxygen atmosphere (7 X 1072 mbar for Gd-Ga-O and 2
X 1073 mbar for Yb:YAG). Due to the temperature sensitiv-
ity of the TP, which decomposes at 250 "C,]4 Gd-Ga-0O and
Yb:YAG were chosen as the donor materials because they
can be deposited at room temperature. Several samples with
different TP thicknesses (50, 150, and 350 nm) and different
donor thicknesses (200 and 1000 nm) were prepared to study
the effect of the relative thicknesses of the DRL and donor
material on the quality of the ablated flyer.

The pump-probe setup used for the experiments is
shown in Fig. 1. A XeCl excimer laser (Compex, Lambda
Physik, A=308 nm, 7=30 ns) was used as the pump source.
The reason for choosing this laser was the strong absorption
of the TP at this Wavelength.6 The second harmonic of a

© 2009 American Institute of Physics
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FIG. 1. Schematic of the nanosecond-shadowgraphy setup.

Nd:YAG laser (\=532 nm, 7=6 ns) was used as the probe
beam. The pump pulses were centrally incident on a square
mask with an aperture of 2 mm, resulting in an approxi-
mately homogeneous beam. This uniform beam was then
imaged by a lens onto the sample with a demagnification of
4, yielding a spot size of 500X 500 wm?. The pump laser
energy incident on the target was controlled by a variable
attenuator plate and was measured by a pyroelectric energy
meter (Molectron J4-09 or Gentec QE 50) placed at the end
of the beam line. The target was mounted on a motorized
translation stage, with the film facing away from the laser
beam for back-side ablation.

Visualization of the process was achieved by a comple-
mentary metal-oxide semiconductor (CMOS) camera with a
microscope objective placed perpendicular to the laser beam
(i.e., parallel to the sample surface). The probe beam gener-
ated fluorescence from a Rhodamine dye in a quartz cuvette
placed on the camera axis on the opposite side of the sample,
which in turn illuminated the ejected flyer and the released
shockwave. It is well known that an incoherent source is
better suited for shadowgraphy than a coherent light source,
so the fluorescent dye was used for illumination purposes
rather than the direct irradiation from the Nd:YAG laser.”
The delay between the pump and the probe beam was con-
trolled using a digital pulse/delay generator (Stanford Re-
search Systems DG535).

Ill. RESULTS AND DISCUSSION

For all the experiments the pump laser was raster-
scanned across the sample to selectively ablate an array of
square holes with each row corresponding to a different laser
fluence value. A computer-controlled system allowed varia-
tion in the fluence, exposed position of the sample, the delay
time between the pump and probe beam, and capture of a

J. Appl. Phys. 105, 113119 (2009)
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FIG. 2. Schematic of the donor sample ablated using different fluence val-
ues (from F, to Fs) for each row (inset shows the optical microscope image
of an ablated region on the donor).

sequence of frames showing the generated shockwave and
the ejected flyer. Each picture was recorded using a different
pulse and corresponded to a different position on the sample.
Figure 2 shows the schematic of the ablated matrix generated
on the sample, and the inset to the figure shows one of the
ablated square patterns (500X 500 wm?) observed under an
optical microscope. The results corresponding to the study of
the effect of the laser fluence, TP-DRL, and donor thick-
nesses on the flyer dynamics are discussed below.

A. Laser fluence dependence

Figure 3 shows time-resolved shadowgraphs of the target
having a I um thick Gd—-Ga-O film deposited on top of a
350 nm thick TP at fluence values of (a) ~60 and (b)
~600 mJ/cm?. The time delay between the pump and the
probe pulses was varied from 400 to 2400 ns with a delay
step of 400 ns. Figures 4(a) and 4(b) show the images for the
second donor material Yb:YAG (1 wm thick) with all other
conditions kept the same.

The shockwave released by the huge pressure jump at
the ablation site and the opaque flyer ejected from the target
surface are clearly visible in all the pictures. It is clear from
these images that the higher the fluence, the farther the
shockwave and flyer propagate away from the target surface.
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(c)

FIG. 3. Shadowgraphs recorded for 1 wm thick Gd-Ga-O target with 350
nm TP for fluence values of (a) 60 and (b) 600 mJ/cm? at delay times of
400-2400 ns between the pump and the probe. The shockwave front and the
flyer have been marked as 1 and 2, respectively, as an example in (b). Also
the solid chunks of the Gd—Ga-O layer from the shattered edges of its flyer
are circled and marked as (a) and (b). The 3D schematic of the donor
shearing process is shown in (c).

In Figs. 3(a) and 4(a), for a delay time of 800 ns, while the
flyer had just started to delaminate from the surface at an
irradiance of 60 mJ/cm? pulse, it had already moved a sub-
stantial distance from the target surface for a ~10X higher
fluence (600 mJ/cm?) [see Figs. 3(b) and 4(b)]. This can be
attributed to the fact that at low fluence the pressure gener-
ated by the decomposed polymer was not sufficient to expel
the flyer far from the surface. However, as the fluence was
increased, the ablation depth also increased, which in turn
decomposed a larger fraction of the TP film, and this released
more gaseous fragments and hence an increased pressure was
exerted on the top donor layer.

Also observed was a distorted shockwave front at the
higher fluence value (600 mJ/cm?) for both the materials.

J. Appl. Phys. 105, 113119 (2009)

@ ®)
—500pmMm

FIG. 4. Tmages for the 1 wm thick Yb:YAG target with 350 nm TP for
fluence values of (a) 60 and (b) 600 mJ/cm? at delay times of 400-2400 ns
between the pump and the probe.

The reason for this is believed to be the decomposed TP
escaping out from the sides of the flyer at the time of ejection
due to an extremely high pressure present at the ablation
spot, which led to the overlapping side shockwaves. After
time delays of around 1600 ns the shockwave appeared to
regain the hemispherical shape [refer to Fig. 3(b)].

On comparing the shadowgraphs of the two ceramic ma-
terials it is evident that the Yb:YAG flyer was traveling far-
ther than that of the Gd-Ga—O flyer at all delay times for
both fluences. Two additional much smaller flyers were also
observed in the case of the Gd-Ga-O donor layer [circled
and marked as (a) and (b) in Fig. 3(b)]. These observations
can be attributed to the difference in the quality of the two
donor films as analyzed by a scanning electron microscope.
The Yb:YAG film was somewhat porous and had substantial
surface texturing, while the Gd-Ga—O was a much smoother
and flatter film. The solid Gd-Ga-O film is likely to offer
more resistance to shearing than the porous Yb:YAG layer,
which was relatively easily detached, resulting in a cleaner
and less violent shearing process. Comparatively less force
was therefore required to forward transfer the Yb:YAG layer
and hence the greater distance of travel observed by the flyer
from this film for the same fluence. The solid material re-
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sulted from the comparatively violent shearing of the flyer
from the nonporous solid Gd-Ga—O film, which in turn may
have disrupted the edges of the flyer during its detachment
from the donor surface. These shattered edges appear as the
two smaller flyers when captured by the camera mounted
perpendicular to the target surface as depicted in Fig. 3(c).
However only fragments are observed for the case of
Yb:YAG due to the relatively less violent shearing process
and difference in the surface quality. This clearly explains
the lesser amount of debris seen in the case of the flyer from
the Yb:YAG film.

The graphs shown in Figs. 5(a) and 5(b) show the dis-
tance propagated by the shockwave and the flyer, respec-
tively, as a function of delay time for a range of pump laser
fluence values for the 1 um thick Yb:YAG on top of 350 nm
TP-DRL target sample. The solid lines in Figs. 5(a) and 5(b)
are simple guides to the eye. The experimental data for the
shockwave propagation follow the similar qualitative trend
[shown in Fig. 5(c)] as predicted by the theoretical
model,'®'” which is based on Eq. (1),

R={[1.5C5(Ep)"?t+ C*1?* = C,)/Cs, 1)

where

A2 )
4—8 y+1 Pss

Com M(L .\ L) .

y+1\y-1 vy+1

Here R is the propagation distance, E is the laser en-
ergy, v is the specific heat ratio of the atmosphere, A is the
laser-ablated area, p, is the TP density, & is the ablation
depth, p, is the atmospheric density, and 7 is the delay time.
However, quantitatively the experimental and theoretical val-
ues differ by ~60% as shown in Fig. 5(c). The reason for
this discrepancy is the overlying donor layer in the present
case, while the theoretical model takes the TP layer into ac-
count only. The generated shockwave has to travel through
the donor layer, which results in the lower values of distance
propagated.

For the case of the flyer the range of incident energy
densities spans more than one order of magnitude, and while
a straight line fit appears to be appropriate for the lowest
incident energy density results (60 mJ/cm?), the data points
for the 680 mJ/cm? are seen to depart from a simple straight
line fit, as shown in Fig. 5(b). Given that the flyer will ex-
perience a frictional damping force from the surrounding air,
it is to be expected that some slowing down will occur, par-
ticularly for the higher velocities recorded, as the drag expe-
rienced by an object is proportional to (velocity)z‘ For this
reason, the fits (which remain as guides to the eye) are not
shown as straight lines.

The variation in the propagation velocity for both the
shockwave and the flyer with the fluence at a delay time of
800 ns is also shown in Figs. 6(a) and 6(b), respectively, for
a sample with 1 um thick Gd-Ga—O donor film on top of a
350 nm TP-DRL. The velocities for both the shockwave and
the flyer increase monotonically with the laser fluence. The
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FIG. 5. Variation in the position of the (a) shockwave and the (b) flyer as
functions of the pump fluence at different delay times for the sample with
1 um thick Yb:YAG on top of a 350 nm TP. The flyer is shown to slow
down and depart from a constant velocity straight line fit for a fluence of
680 mJ/cm? in (b). (c) Plot showing the variation in propagation distance of
shockwave as a function of delay time as predicted by the theory and that
given by experimental values for 1 um thick Yb:YAG on top of a 350 nm
TP with fluence of 100 mJ/cm?.

solid line drawn through the experimental data points for the
shockwave is just a guide to the eye [Fig. 6(a)]. However the
dashed curve drawn along the flyer data points in the log-log
plot in Fig. 6(b) is a theoretical fit based on the following
model.

The energy density of the incident laser pulse was used
to decompose the TP-DRL layer into gaseous fragments,
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FIG. 6. Variation in the propagation velocity of the (a) shockwave and the
(b) flyer as functions of the pump fluence at a delay time of 800 ns for a
sample with 1 um thick Gd—Ga—O donor film on top of a 350 nm TP-DRL.

which in turn pushed the irradiated donor film forward. As-
suming that the incident absorbed energy of the laser pulse
was proportional to the kinetic energy of the ejected flyer,
ie.,

1
Epuise * Emvz, (2)

where Ejye, m, and v are energy of the laser pulse, mass,
and velocity of the ejected flyer, respectively. For fixed val-
ues of m

2
Epulse xv,
—
0= KVE (3)

where K is the proportionality constant. Equation (3) repre-
sents the analytical dashed plot of Fig. 6(b), and it is consis-
tent with the experimental data. However it should be men-
tioned that the experimental data points corresponding to low
fluences depart from the theoretical straight line fit based on
the above model. This is due to the fact that at these fluence
values the laser energy is not sufficient to completely decom-
pose the TP layer; hence a lesser forward push acts on the
flyer, leading to a lower value of the flyer Velocity.lg'19 A
similar trend in the variation in propagation distance and
velocity with laser fluence was observed for all the other
samples irrespective of the TP-DRL and donor material (Gd—
Ga—O or Yb:YAG) and their thicknesses.

Based on the previous analysis, we now consider the
overall energy budget for the entire LIFT process to better
understand the relative pathways for conversion of the inci-
dent absorbed laser energy into the kinetic energy of the
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flyer, the shockwave, and the physical processes behind the
DRL decomposition and rupture of the donor film. The effi-
ciency of energy conversion from incident pulse energy to
kinetic energy of the flyer was directly inferred from the fit
to the experimental data points as shown in Fig. 6(b) for a
1 pm thick Gd—Ga—O donor film on top of a 350 nm TP-
DRL at a fluence of 600 mJ/cm?. The kinetic energy of the
flyer resulted in ~20% of the pulse energy using the slope
(~0.62) and the y-intercept (~11.2) of the fit.

The TP decomposition process is exothermic and the
amount of energy released is 6.97 X 10° J/kg. The thermal
energy released by the decomposition of a 500X 500 um?
region of a 350 nm thick TP film is therefore ~68 uJ
(density of triazene=1.12X 10> kg/m?). This is only 4% of
the incident laser energy (for a fluence of 600 mJ/cm?), so
the energy released during TP decomposition can be consid-
ered to contribute little to the energy balance equation.

What remains therefore is the energy required to rupture
or shear the donor film and the residual energy contained
within the multiple shockwaves generated. However it
should be added that functional devices such as OLEDs ® and
viable biomaterials’ have been transferred using triazene as a
DRL and no thermal damage to the printed features was
observed/reported.

Apart from the laser fluence, the thickness of the donor
(ceramic material) and the underlying TP layer should also
play an important role in determining the dynamics of the
flyer. For example, if the ablation depth exceeded the TP
layer thickness, then the donor would be damaged and the
basic idea of achieving an intact transfer using a DRL is
defeated. Also for a thicker donor film the flyer would travel
a smaller distance as compared to the flyer from a sample
with a thinner donor film due to the greater force required to
shear a thicker film. The study of the effect of these param-
eters is discussed in the next two subsections.

B. Donor thickness dependence

The influence of the donor thickness on the quality of the
ejected flyer was studied by performing pump-probe experi-
ments with the delay time between the pump and the probe
pulses set at a constant value of 1600 ns. Pump pulses with a
constant energy density were raster-scanned across the
sample, and the shadowgraphs of the ejected flyer and the
shockwave were recorded. For the case of a constant donor
thickness the distance propagated by the shockwave or the
flyer as a function of the position on the donor should also be
constant, provided the DRL film had a uniform thickness. In
the present case, a very homogeneous layer of TP-DRL on
the silica substrate was obtained by spin-coating. However,
the donor layer deposited by PLD had a radial thickness
variation. Any deviation from the straight line behavior can
thus be attributed to the thickness variation in the donor film
and not the TP. Figure 7(a) shows such a plot for a Gd-Ga—-O
sample having a maximum thickness (~1.7 wm) at the cen-
ter and a minimum thickness (~1 wm) around the edges,
and Fig. 7(b) shows the schematic of the target with varying
donor thickness. The TP thickness was 350 nm and the flu-
ence was ~100 mJ/cm?. The layer thicknesses were mea-
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FIG. 7. (a) Plot showing the dependence of the position of the shockwave
and the flyer on the donor thickness for fixed values of TP thickness (350
nm) and delay time (1600 ns) for a Gd-Ga-O sample having a maximum
thickness (~1.7 wm) at the center and a minimum thickness (~1 um)
around the edges. The x-axis corresponds to the position on the sample with
varying thickness as shown in (b).

sured using a stylus profiler. The dip at the center of the plot
(arrowed) coincides with the point of maximum thickness on
the target, which suggests a clear dependence of the transfer
mechanism on the donor thickness. The graph depicting the
decrement of the distance traveled by the flyer with the do-
nor thickness, for the above discussed sample, is shown in
Fig. 8. The dashed line represents the analytical fit to the
experimental data points. It was obtained using the following
simple model.

As mentioned in the previous section the energy of the
laser pulse is proportional the kinetic energy of the flyer [Eq.
(2)], so for different donor film thicknesses X; and X,

1 2_1 2
Epulse o SmvT = 305,

250
At S
200 ~~—t
—_ e
£ *
.
S50
[1i]
o
=
T 100
n
[m] ®  Expefimental
S0 ———Theoretical fit
1]
10 1.2 1.4 186 18

Thickness (um)

FIG. 8. The propagation distance of the flyer plotted against the thickness of
the donor film of Gd-Ga-O for fixed values of TP (350 nm) and delay time
(1600 ns). The curve clearly shows that thicker films have slower velocities,
as expected.
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=3, )
my U%
where m; and m, are the masses of the ejected flyer corre-
sponding to the thicknesses X; and X,, respectively, and v,
and v, are the corresponding velocities. For a given distance
d traveled by the flyer and at a given time ¢,

d=vt,

2
et
2’

=v?xd’. (5)

From Egs. (4) and (5) we obtain

d_ Jm_ X
dl_ mz_ X2,
X
sdy=di\—. 6
) 1\/X2 (6)

Here d; and d, represent the distances traveled by the flyer
corresponding to thicknesses X; and X,, respectively. Equa-
tion (6) represents the theoretical curve plotted in Fig. 8 and
is consistent with the experimental data.

C. TP thickness dependence

To examine the effect of the DRL layer thickness on the
transfer process, shadowgraphy experiments were performed
for target samples with two different thickness values of TP
(50 and 350 nm) while keeping the central thickness of the
donor material approximately constant (1 um Yb:YAG).
Figures 9(a) and 9(b) show the recorded time-resolved im-
ages of the Yb:YAG flyers with pulses of ~100 mJ/cm? and
at delay times of 0-3600 ns between the pump and the probe
for these two thickness values of TP. Although we have only
studied two different thicknesses of TP, we present the key
observations and our qualitative conclusions from these
shadowgraphs, which are stated below.

(a) It appears that the delamination of the donor material
started earlier for samples with a thicker TP layer (350
nm) as compared to those with thinner TP layer (50
nm). For example, even after 400 ns only a weak
shockwave was visible for the sample with a 50 nm
TP-DRL, while the flyer and shockwave were both
clearly visible for the 350 nm TP sample.

(b) The ejected flyer traveled a significantly greater dis-
tance for the sample with the thicker TP-DRL film (350
nm) than for the one with the thinner TP layer (50 nm).
For example, after 1600 ns the flyer from the former
sample was already hundreds of microns away from
the donor surface, while the flyer from the latter target
was barely detached from the surface of the donor.
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FIG. 9. Shadowgraphs recorded for targets with (a) 50 and (b) 350 nm
TP-DRL while keeping the donor (Yb:YAG) thickness constant (~1 um) at
the delay times of 0-3600 ns between the pump and the probe and a fluence
of 100 mJ/cm?.

(c) The flyer from the sample with the thicker TP appears
to be associated with noticeably more debris than the
one from the thinner TP.

(d) The flyer started to disintegrate and deform in shape
with increasing distance. This effect was more promi-
nent for targets with thicker TP layers.

The explanation for these observations is based on the

J. Appl. Phys. 105, 113119 (2009)

decomposition of the DRL layer beneath the donor film into
gaseous fragments by the pump pulse, which then exerted a
forward push on the donor material. The thicker TP layer
applied a greater force on the ejected flyer causing its early
delamination and providing it with a greater kinetic energy to
propagate farther from the sample surface. This long distance
travel of the flyer is useful for any practical industrial appli-
cations that require large donor-receiver separations, e.g., for
transferring multilayers of dissimilar materials sequentially.
In contrast, the lesser pressure exerted on the flyer for the
sample with a thinner TP layer explains the smaller distance
traveled by the flyer and its delayed delamination. The pump
pulse decomposed the TP-DRL layer over the irradiated re-
gion, thereby shearing the flyer apart from the donor surface
by the exerted pressure. For the thicker TP-DRL sample the
huge pressure exerted on the flyer made this shearing a vio-
lent process and shattered the edges of the flyer during its
detachment from the surface, and this may well explain the
debris seen in the images for the thicker TP samples.

It should be mentioned that the ablation depth depends
not only on the fluence but on TP-DRL thickness as well."®
For a given fluence the absolute amount of ablated TP in-
creases with increasing film thickness, thereby providing
more thrust for flyer ejection with thicker DRLs; however
beyond a certain value of thickness (beyond the ablation
depth), the relative percentage of undecomposed TP
increases.'® For example, at 100 mJ/ cm? a 50 nm TP film is
completely dissociated, while ~30% of the TP remains un-
decomposed for the sample with a 350 nm TP-DRL layer
(data interpolated from that presented in Ref. 18). So the
flyer from this sample was bilayered, i.e., consists of both the
ceramic material (Yb:YAG or Gd—-Ga-0) and the remaining
TP. This undissociated TP could also be a possible cause of
the debris seen in the shadowgraphs apart from the shattered
edges of the flyer. The actual reason behind this debris is not
known for the present case; however this can be very well
investigated using an experimental setup including a receiver
substrate to collect the flyer along with the debris.

Also the quality of the flyer deteriorated as it moved
away from the target surface. Therefore, for an intact long
distance transfer of the flyer, an optimal thickness of the
sacrificial layer has to be chosen, taking into account the
fluence, donor material, and thickness. As stated earlier how-
ever, these experiments were only performed for two differ-
ent TP thicknesses, and hence definitive and fully quantita-
tive conclusions must await a much more systematic study of
what is actually a complex and coupled problem.

IV. CONCLUSION

The dependence of the TP-DRL assisted LIFT process
on laser fluence and thickness of the donor and the TP-DRL
was studied using a time-resolved nanosecond-
shadowgraphy technique for solid phase ceramic Gd-Ga-O
and Yb:YAG materials. The propagation distance and veloc-
ity for both the shockwave and the flyer were found to in-
crease with the laser fluence. The distance travelled by the
ejected flyer decreases with increasing donor film thickness.
Finally, the investigation of the effect of the thickness of the
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TP layer on the process revealed that an optimal value of the
TP-DRL thickness is required and that the optimal thickness
varied with donor material, donor thickness, and the laser
energy.
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We present a femtosecond laser-based technique for etching and forward transfer of bulk transparent
materials in solid-phase. Femtosecond laser pulses with A = 800 nm were focused through a fused silica
block onto an absorbing thin film of Cr. A constraining Si wafer was pressed into tight contact with the Cr
film to prevent lift-off of the film. A combination of the high temperature and pressure of the Cr, and
compressive stress from the Si, resulted in etching of smooth features from the fused silica by cracking.
Unlike in conventional ablative or chemical etching, the silica was removed from the bulk as single solid-

2/2“;52: o phase pieces which could be collected on the Si. Using this so-called laser-induced solid etching (LISE)

52:77:Bn technique, 1-2 wm deep pits and channels have been produced in the silica surface, and corresponding

46.50+a dots and lines deposited on the Si. The threshold fluence for etching was found to be ~0.4]/cm? with

42.62.—b ~ 130 fs duration pulses. The morphology of the etched features are investigated as functions of fluence
and exposure to multiple pulses.

Keywords: © 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Laser-induced forward transfer (LIFT) techniques offer a simple
and versatile method for the micro-deposition of a range of
materials [1-6]. Although metals [1,7,8], polymers [9,10], oxides
[11], semiconductors [12], superconductors [13], diamond [14],
carbon nanotubes [15], and biomaterials [16,17] have now been
successfully deposited using LIFT, the forward transfer of solid
transparent materials is still challenging.

In LIFT, focused or demagnified laser pulses are used to drive
pixelated transfer of a single- or multi-component source film (the
donor) coated onto the backside of a transparent (carrier) substrate.
The forward transferred donor material is then collected on
another substrate placed nearby (typically <5pum away: the
receiver) (see Fig. 1). Typically LIFT techniques rely on direct
absorption of the laser light used in the printing process in the
donor material, which necessarily leads to transfer of film material
by melting or ablation [7]. In a recent work, we demonstrated the
transfer of Cr in solid, single-pieces by using multiple low energy
pulses to gently delaminate and release the donor material [8].

* Corresponding author. Tel.: +44 2380593144.
E-mail address: dpb@orc.soton.ac.uk (D.P. Banks).

0169-4332/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2009.05.060

Multi-photon absorption of femtosecond duration pulses has
recently allowed for the LIFT of transparent donors. Zergioti et al.
and Mailis et al. have demonstrated transfer of transparent ITO
films [18,19], and recently we reported the transfer of a
transparent gadolinium gallium oxide (GdGaO) film [20]. However,
the resultant deposits in all these cases exhibited significant
surface roughness and appeared to have been transferred as
molten fragments. Much smoother and unshattered deposits of
GdGaO were obtained using a sacrificial dynamic release layer
(DRL [2]) of nitrogen-releasing triazene polymer (TP [21]) to
provide the thrust for LIFT [20]. However, the TP dissociates at
around 250 °C [21] and is sensitive to solvent treatment, thereby
limiting the choice of donor materials that can be deposited on top.
Using more robust materials such as metals for the DRL (see e.g.
[16]) can result in residual, undecomposed DRL being mixed with,
or remaining on top of, the transferred donor [22].

In this work, we present a new LIFT technique (which we call
laser-induced solid etching (LISE)) that allows transparent
material to be transferred in solid-phase contiguous pieces. By
utilising controlled laser cracking rather than direct ablation, LISE
allows for the forward transfer of transparent materials with
surface smoothness comparable to the best achievable with DRL-
LIFT [20]. The key difference from conventional LIFT is that the
material transferred is etched from the transparent carrier
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Fig. 1. Schematic of the LIFT technique.

substrate instead of the donor film. Using LISE, the forward transfer
deposition of fused silica has been achieved for the first time.
Furthermore, as the transferred material is etched from the bulk
carrier, the features deposited on the receiver correspond exactly
to structures etched into the backside of the carrier. Hence, LISE
can also be used as a method of direct-writing onto the backside of
UV-transparent substrates. Again, the LISE method compares well
in terms of processing speed, simplicity, and feature quality with
existing backside writing techniques [23,24].

D.P. Banks et al./Applied Surface Science 255 (2009) 8343-8351

1.1. Backside writing

To process UV-transparent materials with nanosecond or
longer pulsed lasers, it is possible to use either extremely high
powers [25], or to include a laser absorbing material. This absorber
can be in the form of a dopant, but in many real applications doping
of the target material is undesirable, or as a thin film coating that
must be removed after patterning.

An alternative approach that has been extensively investigated
is backside etching. This approach utilises laser absorption in an
absorbing material in contact with the UV-transparent substrate.
The processing laser is focused through the substrate onto the
absorber-substrate interface where rapid boiling of the absorber
etches away some of the substrate. This technique is known as
laser-induced backside wet etching (LIBWE [23,26]) or dry etching
(LIBDE [24,27]) depending on whether the absorber is a solution or
solid (often metallic) film. With LIBWE, etch rates of tens of nm/
pulse are typically reported [23,26] and the resultant features can
be very smooth and uniform. However, the process requires a
specialised liquid chamber, potentially harmful solvents, and can
be complicated to carry out in practice. LIBDE has been shown to be
capable of a much higher etch rate (~500 nm/pulse for a single
pulse [24] up to ~ 1 wm with 3-5 pulses [28]) and is much simpler,
but the etched features are typically somewhat rougher than with
LIBWE. Both these backside etching techniques eliminate the
problem of redeposited debris inherent with ablative microstruc-
turing.

(a) (b)
Surface damage of
Tight transparent substrate
contact =
| SGL damaged by laser
© (d)

Crack growth
under repeated
exposure

i

Compressive stress from tight
contact impedes crack growth
deep into bulk.

Etching and transfer
after sufficient
exposures

. Femtosecond laser pulse

. Shock-generation layer (SGL)

I:I Transparent substrate

. Laser-damaged SGL

I:I Constraining substrate

Fig. 2. Schematic of the LISE technique.



D.P. Banks et al./Applied Surface Science 255 (2009) 8343-8351 8345

F— 1o0um

N<N, (@)

etching and
transfer

©

microlensing

N>>N,  (d)

E

underlying Si
removed

Fig. 3. SEM micrographs of deposits of fused silica produced with indicated values of N ; fluence 0.4 J/cm?. (a)-(d) Schematics showing envisaged transfer process as N, varies

relative to Ne,.

1.2. Laser-induced cracking

The formation and growth of cracks in, particularly, fused silica
has been studied extensively in recent years because of the impact
on the lifetime of high power and remote (e.g. satellite-based)
optical systems [29-31]. It has been observed that exposure to

multiple laser pulses leads to a crack originating on the surface of
transparent substrates. Once a surface crack has formed, it causes
a hoop stress to form in its immediate surroundings. This stress
reduces the local strength of the material, which facilitates
further, and increasingly catastrophic, crack growth into the bulk
[31].

Fig. 4. SEM micrographs of a hole in fused silica (a) and corresponding silica deposit on Si (b). N;, = 500, fluence 0.4 J/cm?.
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Dahmani et al. [30,31] have observed a dependence of the crack
morphology on stress applied parallel to the laser propagation axis.
This dependence is thought to arise because applying an external
stress field breaks the hoop stress symmetry around the crack, thus
offsetting the localised decrease in material strength. Hence, the
cracking now preferentially occurs at the edge of the laser
irradiated area where the strain is greatest. Indeed, it was observed
that, when no external stress was applied, cracks with a diameter
of approximately the laser spot size at the substrate surface
penetrating mm into the silica were seen. However, if the applied
stress was increased to ~41 kPa, the silica damage was manifested
as a smooth-sided 100-200 wm deep pit, again with a diameter
approximately the same as the spot size [30]. This stress-
suppressed cracking forms the basis of the LISE process.

0.3 Jlem®

0.9 Jlem®

Fo o MU R Pt v

1.3. Laser-induced solid etching (LISE)

The LISE process combines elements of LIFT, LIBDE, and laser
cracking for the solid-phase etching and forward transfer of brittle,
transparent bulk substrates (Fig. 2). An absorbing thin film
(referred to as a shock-generation layer (SGL)) is coated onto the
backside of a transparent substrate, as in LIFT or LIBDE, and a
second bulk substrate, akin to the receiver in a LIFT setup, is
pressed into tight contact with the thin film. Femtosecond laser
pulses are then focused or demagnified through the transparent
substrate onto the film, where they are absorbed, leading to very
large and rapid pressure and temperature increases in the film
(Fig. 2(a)). The film can reach pressures up to tens or thousands of
GPa [32-35], and temperatures of up to thousands of K [36,37].

0.6 Jicm®

0.8 Jiem®
L‘;—;\A_”_,%\,_‘*n—.‘ §

Fig. 5. SEM micrographs of line structures obtained by raster-scanning laser at v = 1.1 mm/s with indicated fluence.
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The extremely high temperature and pressure in the SGL can
cause secondary damage to the surface of the transparent
substrate, as in LIBDE [24] (Fig. 2(b)). This damage, which is
localised to the irradiated area, then acts as the seed for crack
propagation into the bulk of the substrate [29,31]. However,
because of the tight contact between the substrates and the SGL,
there is a compressive stress on the bulk substrates. Hence, crack
propagation into the bulk is impeded, and instead the etched
features appear as smooth pits on the surface after exposure to
multiple pulses, like those reported by Dahmani et al. [30] (Fig. 2(c)
and (d)). Note that these features are transferred in one piece after
several laser pulses, and not as a gradual build-up of individual thin
layers over successive laser pulses (Fig. 2(d)). Hence, the deposited
material maintains the same underlying microscopic structure as
the original bulk substrate, meaning that LISE may be suitable for
forward transferring materials with long-range order that cannot
be readily deposited with established techniques. Note also that
the feature size is limited only by the laser spot size as, for reasons
described in the previous sub-section, cracking occurs around the
edge of the laser irradiated region when an external stress field is
applied.

2. Experimental

To study the LISE process, 50 mm diameter, 6 mm thick discs of
fused silica were coated with ~80nm of Cr by thermal
evaporation. The coated face of a silica disc was pressed into
tight contact with a Si wafer in a vacuum cell held at a pressure of
~ 10 Pa. Note that the silica acted as the top window of the vacuum
cell. Hence, the pressure difference across the silica window was
around 10° Pa and so when the Si wafer was brought into tight
contact, the compressive stresses on the silica was similar to tens
of kPa applied to get relatively smooth silica pits by Dahmani et al.
[30]. Note also that it can be expected that there is an optimal value
of the SGL thickness which will be determined by the materials
involved and the desired feature size. No attempt has been made

SignaiA= SET
Mog= 801X
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Brighnose = 409%
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here to find the optimal material or value of the thickness for the
current configuration, instead an 80 nm thick Cr film was chosen
simply to ensure there was no laser damage of the underlying Si.

Femtosecond duration pulses (800 nm, 110 fs) with a Gaussian
spatial profile (1/e* diameter of ~4 mm) from a Ti:sapphire laser
(Coherent MIRA and Legend) illuminated an ~450 wm circular
aperture at a repetition rate of 250 Hz. An image of the aperture
was then relayed to the silica-Cr interface by a reverse-projection
microscope to give an ~10wm diameter, roughly uniform
intensity circular spot. The vacuum cell was mounted on a 3-
axis, computer-controlled translation stage and a high-speed
mechanical shutter (Uniblitz LS3) was used to control laser
exposure.

3. Results and discussion
3.1. LISE of fused silica domes

The first experiments concerned the transfer of single, ~ 10 wm
spots of silica onto the Si substrate by LISE. It was observed that
two thresholds existed for the LISE process; a threshold fluence
below which no transfer occurred, and a minimum number of
pulses that were required to etch the silica. The threshold fluence
was measured to be 0.37 J/cm?, which approximately coincided
with the onset of ablation in the SGL [7].

Fig. 3 shows a sequence of SEM micrographs of silica deposits on
the Si surface after exposure to an increasing number of pulses, N,
at a fluence of 0.4 J/cm?, i.e. just above the transfer threshold. It can
be seen that the first few pulses (up to around N, = 20) simply
repeatedly melted and ablated the SGL, leaving some remaining on
the Si and some on the silica (Fig. 3(a)). The threshold for silica
transfer in this case appeared around N, = Ny, = 20-30. This
threshold can be thought of as the number of pulses required to
grow the cracks sufficiently that they intersect and a single piece of
silica was transferred (Fig. 3(b)). It is worth noting that etched
features in fused silica approximately an order of magnitude larger
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Fig. 6. SEM micrographs of channels in fused silica substrate after exposure to 0.3 J/cm?(a) and 1 J/cm?(b and c) with indicated raster speeds. Close up of channel with 1 J/cm?

written at 1.1 mm/s (d).
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than the depositions in Fig. 3 have been observed after exposure to
200-300 pulses (i.e. also an order of magnitude more pulses) [30].

For N, >Ny, domed deposits of fused silica that had been
etched from the bulk substrate were consistently seen on the Si
surface. Similar deposits were obtained over a very broad range of
Np, up to 1000-2000. The reason that exposure to more pulses did
not significantly alter the morphology of the deposits was that
there was no absorption in the silica of these pulses. Instead, after
transfer, the silica domes formed a microlens on the Si surface
(Fig. 3(c)). Observation of the deposits obtained with N, >2000
(i.e. Np>>Ny,) revealed that exposure to very high numbers of
pulses resulted in damage to the underlying Si. Hence, it can be
concluded that pulses incident after transfer (i.e. N, > N¢,) did not
damage the transferred transparent material, but instead ablated
the underlying absorbing substrate. Once the Si underneath the
deposit had been machined away (i.e. N, > Ny,), the silica could no
longer remain bonded to the Si wafer, and was removed from the
substrate (see Fig. 3(d)). This finding suggested that, when using
LISE for forward transfer, particularly onto a substrate that absorbs
at the laser wavelength, it is important to use only sufficient pulses
to transfer the transparent material as any subsequent pulses can
pass through the deposited material and damage the underlying
substrate.

An interesting point to note is that the machined features in the
silicon obtained with large N, appeared to be much smoother than
those usually seen with direct ablation. As such it is believed that
these structures were the result of LISE of the Si substrate. It
appears therefore, that LISE may be suitable for the etching of
smooth structures in the surface of absorbing substrates as well.

It would be tempting to conclude that the dome-shaped
features were the result of redeposition of particulate material
gradually etched out of the transparent substrate by boiling of the
SGL (as in LIBDE). However, closer inspection revealed that many of
the silica deposits exhibited sharp features and edges that could
only have been the result of the deposit being etched from the
transparent substrate and transferred as a single, solid piece (see,
e.g. N, = 100,200,300, 2000; Fig. 3). These features could also be
seen in the corresponding holes in the silica substrate, confirming
that the deposits must have been transferred as a single piece.
Fig. 4(a) shows an SEM micrograph of a silica hole and Fig. 4(b)
shows a micrograph of the corresponding deposit on the Si after
exposure to 500 pulses with fluence 0.4 J/cm?. A couple of features
can be seen in Fig. 4 that conclusively prove etching as a single,
solid-phase piece; firstly, the edges of the hole and deposit
corresponded exactly (e.g. the boxed regions marked ‘A’ in the
figure), and second, sharp discontinuities could be seen in both the
hole and the deposit (e.g. regions ‘B’).

Obtaining good adherence of material deposited by forward
transfer techniques is a challenge. With the current LISE setup, the
repeatedly melted and resolidified Cr SGL between the silica and Si
substrates provided an excellent bonding layer. The silica deposits
were observed to remain on the Si surface after 5min in an
ultrasound bath in deionised water at 40 °C.

3.2. LISE of silica lines

The second half of our initial study of the LISE of fused silica
concentrated on the direct-writing of continuous lines. These
structures were obtained using an identical setup as described
above except that the laser was raster scanned across the sample
with speed v mm/s (recall that the laser repetition rate was 250 Hz
and the spot diameter at the silica-SGL interface was ~ 10 wm).

Fig. 5 shows SEM micrographs of the resultant structures seen
on the Si surface after exposure to fluences from 0.3 J/cm?
(Fig. 5(a)) to 1]J/cm? (Fig. 5(h)) with a raster speed of
v=1.1mmy/s. The direct ablation threshold of the silica was

measured to be ~1.1]/cm? hence LISE was not possible for
fluences above this value. As was the case with the dome-shaped
structures in the previous section, a well-defined fluence threshold
was observed; in this case the threshold was between 0.5 and 0.6 ]/
cm?. Below this fluence threshold, only the SGL was transferred to
the Si, resulting in relatively uniform Cr lines. Once the LISE
threshold fluence was reached, continuous silica lines 1-2 wm in
height were deposited. It was observed that the smoothness of the
lines improved with increasing fluence. This was in agreement
with the cracking results of Dahmani et al., where it was observed
that increasing the compressive stress on the transparent substrate
resulted in smoother pits [30].

The higher fluence threshold for LISE measured with the lines
than with the silica domes can be partially explained by the fact
that, due to rastering of the laser, there was less overlapping of
multiple pulses when writing the lines. However, with the dome-
shaped deposits, it was observed that a minimum of 10-20 pulses
were required to LISE the silica. The lines shown in Fig. 5 were
written with v = 1.1 mm/s, which with a spot size of ~10 wm and
repetition rate of 250 Hz, corresponded approximately to a ~55-
60% overlap between successive pulses. Therefore, we must
conclude that the lines were the result of a cumulative cracking
process that was initiated at the point where the translation stage
was accelerating, and hence where there was more overlapping of
multiple pulses. The channel formed by the cracking then
propagated along the silica surface, becoming incrementally
longer with each successive pulse, as the laser was scanned across
the target.
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Fig. 7. Plot of maximum height of silica lines as a function of fluence and raster
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Clearly the silica deposition process corresponded to etching of
the transparent substrate and so there were channels left in the
silica surface after LISE. A detailed study of the channels as a
function of processing parameters will be reported separately;
here we just present a visual examination of the channels. Fig. 6
shows SEM micrographs of the Cr-coated silica surface after LISE
(the Cr was left on to prevent surface charging in the SEM). With
fluence below the LISE threshold (0.3 J/cm?: Fig. 6(a)), the Cr was
not completely removed in the irradiated area and the silica was
not etched. When the fluence was increased to greater than the
previously identified LISE threshold to 1 J/cm?, and the raster speed
was slow (< 0.9 mmy/s: Fig. 6(b)), the Cr was completely removed
from the silica surface, but again no channel was observed. Instead
channel formation was only observed when the raster speed was
increased above a well-defined threshold; in this case ~0.9 mm/s
(Fig. 6(c)). Closer examination of the channels (Fig. 6(d)) revealed
them to be smooth-sided, V-shaped features with only minimal
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evidence of redeposited material in the channel. The sharpness of
the features again supported the hypothesis of etching by solid-
phase cracking rather than ablation or boiling of the Cr.

Clearly, as with the silica domes, there were two thresholds for
the LISE of the silica lines; a fluence threshold (which was higher
for the lines than the domes because of fewer overlapping pulses)
and a raster speed threshold (related to the overlapping of
successive pulses). To understand how these two thresholds were
related, the maximum heights of the lines on the Si were measured
by stylus profiling as functions of fluence and raster speed. The
results are shown in Fig. 7 (a).

From Fig. 7(a), it can be seen that, at the lowest raster speed
(0.3 mm/s), no silica lines were deposited, independent of fluence.
As the raster speed was increased, the threshold fluence for LISE of
the silica was observed to decrease. Fig. 8(a)-(h) shows SEM
micrographs of the lines deposited with a fluence of 0.7 J/cm?while
varying v; at this fluence, the threshold for LISE of continuous silica
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Fig. 8. SEM micrographs of line structures obtained by varying raster speed v with fluence 0.7 J/cm*(a-h) and zoomed-out view of silica lines with 1 J/cm? (i).
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lines was around v = 0.9 mm/s. Observation of the lines obtained
with v less than the raster speed threshold (Fig. 8(a)-(c)) indicate
why a raster speed threshold existed. The line produced with
v=0.1 mm/s (Fig. 8(a)) in particular exhibited an obviously
damaged central region and edges where the deposited material
appeared to be LISE-deposited silica. At this speed, approximately
10 incident pulses overlapped at any given point. Hence, we
conclude that the observed line was the result of a LISE-deposited
silica line that was subsequently destroyed and partially rede-
posited in the original channel by exposure to too many high
energy pulses, causing cracking after etching. When the raster
speed was increased to v = 0.9 mm/s (Fig. 8(d)), only 2 successive
pulses overlapped at any given point. As a result, the LISE-
deposited silica line was not destroyed by exposure to pulses
incident after etching had occurred. Hence we can conclude that
the LISE line-writing process has a fluence threshold that
determines if LISE occurs, and a raster speed threshold to prevent
post-etching damage of the transferred material.

Fig. 7(b) shows an example of the stylus trace for lines produced
with fluence 0.7 J/cm?. The lines produced with the slowest raster
speeds were on the order of hundreds of nm high with rough top
surfaces. Some lines also exhibited a central region that was lower
than the edges. This observation is consistent with our model of
LISE-deposited silica lines that have been damaged by exposure to
further pulses after etching. For 0.9 < v < 1.9 mm/s, lines with a
rounded-cone cross-section and a maximal thickness of between
1.5 and 2 wm were obtained reproducibly. The thickness variation
along the length of a LISE-deposited line was measured to be
~10%. There was some evidence of the line thickness decreasing
slightly with increasing raster speed; this may have been due to
less pulse-to-pulse overlap at higher speeds. For v>2 mm/s, the
lines became discontinuous, with many gaps. The maximal heights
of the discontinuous LISE deposits was observed to be only about
40-50% of that of the continuous lines.

Observing the lines obtained as v was increased further
(Fig. 8(e)-(h)) revealed a periodic variation of the edges of the
lines with a period that matched the spacing between successive
pulses. For example, with v = 1.5 mm/s (Fig. 8(g)) the pulse-to-
pulse separation was around 6 um, closely matching the
periodicity seen in the line structure. It was observed previously
that LISE was not possible with single pulses. Hence, it is believed
that the lines were the result of successive pulses propagating
cracks in the silica along the line length. Once the raster speed
became sufficiently great that the pulse-to-pulse spacing was large
compared to the spot size, continuous silica lines were not
observed (the maximum speed was found to be v~2 mm/s at all
studied fluences).

As a final point to note, with the correct exposure conditions,
the uniformity of the silica lines was observed to be very good, with
only small variation observed over the full 0.5 mm writing length.
As an example, Fig. 8(i) shows an SEM micrograph of lines obtained
with fluence 1 J/cm?with v = 0.9 (left), 1.1, 1.3, 1.5, and 1.7 (right)
mmy/s. The SEM micrograph in Fig. 8(i) also clearly shows the
variation in line morphology with increasing v. Lines written at
slower speeds appeared to have smoother tops and straighter
edges, while faster speeds resulted in increasingly segmented
structures. At the highest speed in Fig. 8(i) (v = 1.7 mm/s), the
contribution of each successive pulse adding a small section to the
end of the line is clearly visible.

4. Conclusions

We have presented initial studies of the LISE of fused silica. The
high pressures and temperatures generated in a thin Cr film under
femtosecond laser pulse irradiation combined with the compres-
sive stress from tight contact with a Si wafer under vacuum

resulted in etching of very smooth features in the silica. It was
found that the threshold fluence required for etching ( ~ 0.4 J/cm?)
approximately corresponded to the onset of ablation of the Cr. The
etched silica was deposited onto the Si, allowing for the use of LISE
as a solid-phase forward transfer technique. Adherence of the
transferred material was found to be very good due to the presence
of resolidified Cr SGL between the Si substrate and deposited silica.

LISE appears to be a potentially useful technique for the etching
and forward transfer deposition of micron and larger scale features
of transparent materials (the resolution of the technique appears
only to be limited by the laser spot size). The technique is easy to
carry out in an ordinary lab environment without the need for a
specialised processing setup; harmful chemicals and clean room
facilities are not needed. All that is required for etching is an
absorbing coating on the transparent substrate and an externally-
applied compressive stress (which does not have to be the low
vacuum used here; the process also works in air ambient).

Forward transfer deposition of the etched transparent material
in single, solid-phase pieces can be achieved by placing another
substrate in contact with the absorbing film. Forward transfer of
solid-phase transparent materials is very challenging by other
methods so this is where we envisage the main advantages of LISE.
Potential applications include the direct-writing of microlenses,
and rib and strip-loaded waveguides. As material deposited by LISE
is transferred as a single piece, the underlying microscopic
structure of the original substrate is preserved. Hence, LISE may
allow for the single-step direct-writing of crystalline materials
(and others with long-range order); a capability not available with
any existing forward transfer techniques. Materials such as single-
crystals that exhibit preferential shearing, or cleaving, directions
may be even more suited to LISE deposition than amorphous
materials such as fused silica.

Further work should focus on optimising the shock-generation
layer material and thickness. The deposition/etching of more
complex patterns and other kinds of transparent materials are also
important future studies.
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The effects of the formation of an optical standing wave during femtosecond laser-induced forward
transfer of transparent films is analyzed using a numerical interference model. The dependence of
the intensity distribution on a number of easily controllable experimental parameters is investigated.
Results of the model are compared to experimental studies of the transfer of gadolinium gallium oxide
(GdGaO) with a polymer sacrificial layer. The model allows us to explain the observed variation in deposit
morphology with the size of the air gap, and why forward transfer of the GdGaO was possible below the
ablation thresholds of polymer and oxide. © 2009 Optical Society of America

OCIS codes:

1. Introduction

The laser-induced forward transfer (LIFT) technique
(as shown in Fig. 1) was initially proposed by Bohandy
et al. as a method for microdepositing metal for the
repair of damaged photomasks [1]. In LIFT, a thin film
of the material to be deposited (the donor film) is
coated onto one face of a transparent support sub-
strate (known as a carrier) and brought into close con-
tact (typically the separation is on the order of a few
micrometers) with another substrate (the receiver).
Transfer of the donor film to the receiver is effected
by focusing or demagnifying a laser through the car-
rier onto the carrier—donor interface. The laser initi-
ates melting [2] or ablation [3,4] of the donor film,
providing the thrust required to propel material to
the receiver.

LIFT has been successfully applied for the direct
writing of metals (e.g., see [1,2,5-11] among others),
polymers [12], oxides [13,14], superconductors [15],
diamond [16], carbon nanotube field emission cath-
odes [17], conducting polymers [18], and an adeno-
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350.3390, 190.4180, 310.6860, 160.2750, 160.5470.

sine triphosphate sensor fabricated from luciferase
[19]. Recently, a number of groups have also investi-
gated the effects of using ultrashort (subpicosecond)
pulses for LIFT (so-called fs-LIFT) [13,20-24]. The
majority of work has focused on achieving the smal-
lest possible structures, but fs-LIFT has also been
shown to be capable of transferring viable biomater-
ial [25] and contiguous solid-phase sections of donor
film [26] without requiring a sacrificial matrix or
protective layer.

A. LIFT of Transparent Materials

For materials that do not absorb linearly at the laser
wavelength, other techniques have been developed
that utilize ablation of absorbing sacrificial materials
to provide the thrust for forward transfer [27-31].
Although these techniques have vastly expanded
the range of materials that can be deposited using for-
ward transfer, they also introduce extra complex-
ity to the process. For example, one commonly
applied approach is to include a sacrificial layer be-
tween the carrier and the donor, which is often re-
ferred to as a dynamic release layer (DRL) [28].
Metallic layers are often used as DRLs [28,29], but,
as metals do not dissociate cleanly, contamination
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Fig. 1. (Color online) Schematic of the LIFT technique.

of deposited donor material by residual DRL is possi-
ble [32]. Although this problem can be minimized
using optimized polymeric DRLs [30,33,34], such ma-
terials can limit the range of available donors due to
sensitivity to high temperatures or solvent treat-
ment. Clearly, therefore, it would be desirable to have
a technique capable of transferring transparent
materials directly.

In a recent work, we demonstrated that by utiliz-
ing multiphoton absorption of femtosecond duration
pulses at 1 = 800nm, forward transfer of an effec-
tively transparent (absorption depth several orders
of magnitude greater than the film thicknesses),
amorphous gadolinium gallium oxide (GdGaO) donor
was possible [35]. Furthermore, by including a tria-
zene polymer (TP) DRL [36], also transparent to the
laser wavelength, it was possible to forward transfer
very clean discs of GdGaO with no evidence of resi-
dual DRL. An interesting observation was that the
transfer threshold using the DRL was only =20%
of the TP ablation threshold at 2 = 800 nm.

B. Optical Standing Waves

An important consideration when transferring trans-
parent films by fs-LIFT is the formation of an optical
standing wave due to interference between forward-
and backward-propagating waves reflecting off the
various interfaces between carrier, DRL, donor, air
gap, and receiver. The result is potentially a large in-
tensity modulation along the laser propagation direc-
tion within the thin films. Hence, the local intensity
can vary significantly from the incident intensity,
which will affect the transfer threshold and may
cause unintentional damage to the transferred
material.

In this work we will consider the fs-LIFT of trans-
parent films in more detail. A model for the intensity
profile in arbitrary stacks of DRL and donor film(s) is
presented. The effects of various material and experi-
mental parameters on the peak intensity within the
film(s) are discussed in terms of their potential im-
pact on the LIFT process. Lastly, the model is applied
to the case of fs-LIFT of GdGaO with a TP-DRL. We
investigate whether the formation of a standing
wave can explain the surprisingly low transfer
threshold observed previously [35]. Also studied

are the effects of varying the size of the air gap in
the setup on the resultant GdGaO depositions.

2. Standing Wave Model

The formation of standing waves in thin films has
been considered by a number of authors for the case
of lithographic patterning (see, e.g., [37]). In particu-
lar, an analytical description of the standing wave in-
tensity pattern in stacks of arbitrary numbers of thin
films has been developed by Mack [38]. Note that, in
the following, we are assuming normal, nonconver-
gent incidence of the laser contrary to that shown
in Fig. 1 and Fig. 3, below. Typically, in a LIFT setup,
the thickness of the donor and DRL films is small
(£1pum) compared to the depth of field (=0.1 mm).
Hence, this approximation is valid, and for modeling
purposes we can neglect angular-dependent reflec-
tion coefficients. Note also that the following treat-
ment is applicable to femtosecond duration pulses
when the coherence length is significantly greater
than the optical path length of the multiple reflec-
tions. Later we will consider pulses with a coherence
length around 30um, which is appreciably larger
than the few micrometers optical path length of
the first few reflections that dominate the standing
wave pattern.

A. Single-Film Case

It is relatively simple to determine the intensity
profile in a single thin film between two, effectively
infinite, dielectric media, as shown in Fig. 2. The film
is exposed through layer 1 (refractive index, n; =
ni + ikp) to a normally incident monochromatic plane
wave, Ey,(z) = Ej, exp(—ikiz). For simplicity, it is
chosen to set z =0 at the first interface, I';5. The
wave is partially transmitted into the film where
it undergoes multiple reflections off I'y3 and I'ys.
Note that, although the theory is for monochromatic
illumination, the femtosecond Ti:sapphire laser used
in the experiments described later had a bandwidth
of around 10 nm. The result of using a source with a
finite bandwidth would be to reduce the standing
wave amplitude relative to the monochromatic case.
However, because the laser bandwidth was small

E,\(2) incident

n1
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(Layer3) | Ms

Substrate
(Layer 1)

z=0,T,,
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(Layer 2)

Z=d2! FZS

Fig. 2. (Color online) Schematic of multiple reflections in a single
transparent thin film under monochromatic, plane-wave illumina-
tion. Multiple reflections have been spatially separated for ease of
viewing.
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compared to the standing wave period (*100)snm,
the model still provided an acceptable level of
accuracy for comparison between experimental and
numerical results.

A geometrical approach yields a series of forward-
and backward-propagating waves in the film, E*(z)
and E~(z), respectively, of the form

E{ (2) = Epyt1or%; 151 10V exp(—ikg2), (1)

E;(z) = Elntlzrgggrgl 1T%a exp(ikyz), (2)
where t; = 2n;/(n; +nj) is the transmission coeffi-
cient at l"l], = (n -n;)/(n; +n;) is the reflection
coefficient at I';;, 7; —exp( zkd is the internal
transmlttance 0 layer J, d;is tIlle thickness of layer
J, kj =2mn;/} is the propagatlon constant in layer
J, 4 is the wavelength, and a denotes multiple
reflections.
The total electric field in the thin film, Egy,(z), is
then just the summation of all these forward- and
backward-propagating waves:

o0

Enm() = 3 (E{ (2)). ®)

a=1

Substituting Egs. (1) and (2) into (3), it is then
straightforward to show that

Efim(2) = Eqnt1[exp(—ikozs) + rosts exp(iksz;)]S,
(4)
where S =1+rg7rr3(1+rogres7a(1+...)), is a
geometrical series. Hence, noting that ro; = —ry9,

we arrive at [38]

exp(—ikgz) + ro37s exp(ikzz)> 5)

Eim(z) = Epntiz ( R
2

Finally, the intensity in the film, I, (z), is found by
squaring the magnitude of Eg,(z),

L (2) = it |Eim (2) [, (6)
where Ig,, is a constant.

B. Multiple-Film Case

The above analysis can be extended to the case of
multiple thin films between two substrates. Consider
now the case of m — 1 thin films (i.e., m + 1 layers in-
cluding the two substrates). The substrates are
layers 1 and m + 1. The field in layer 2, the first thin
film, is then given by [38]

exp(—ikgz) + rhy7s exp(ikyz)

=Ep,t
Inl12 1+ riarh 2

E,(2) (M
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Note that the electric field in layer 2 is almost iden-
tical in the single- and multiple-film cases except
that the reflection coefficient at I'y3 in Eq. (5) is re-
placed by an effective reflection coefficient between
layer 2 and all the subsequent layers, ).

Similarly, if it is desired to know the field in the jth
layer, E;(z), this is given by [38]

exp(—ik;z;) +17;, 177

exp(zkaj) )

E;(z) = EIthJI’AJ

1+r 1) ”HT

Here, Ej,, ; is the effective fluence incident on layer j,
and rj_,; is the effective reflection coefficient be-
tweeri layer j and all the preceding layers. r' ,
rJ’ N and Ep,; can be calculated from the refractive
indices and thicknesses of all the layers in the struc-
ture as described in [38]. z; is the local depth in layer
J,such thatz;=0at I';_; andz 7d at FN+1 Note
that, in layer m (the last thm ﬁlm) 1 is just equal
to 1.

The intensity in the top or the jth layer can then
be found by squaring the magnitude of Eq. (7) or
(8), respectively:

L(z) = I, [E,(z) %, 9)

’ JJ+

() = L{E;(2),

where I and I; are constants.

(10)

3. Implications of Standing Waves for fs-LIFT

Using the above, multilayered model, it is simple to
determine the standing wave intensity profile in a
typical fs-LIFT setup. Consider first the case of a sin-
gle donor film of refractive index nggpor and thickness
dgonor ON a silica carrier (Neypier = 1.47 + 07) separated
by an air gap of thickness d,;, from a receiver with a
surface reflection coefficient r,., as shown in Fig. 3.
Clearly the carrier is equivalent to layer 1 in the
above model; the donor is layer 2, the air gap layer
3, and the receiver layer 4.

For the simulations, the laser wavelength was cho-
sen to be 800 nm, in accordance with experiments.
Ep,, Iy, and I; were all set to 1 for simplicity, and
hence the incident intensity at the carrier—donor
interface (z =0) was also unity. For the donor, a
material similar to the GdGaO was chosen, so

ncarrier
ndonor ddonor
N d.
air
\r

receiver

(Color online) Fs-LIFT of a single film.

Fig. 3.



Ngonor = Mdonor + iKdonor = 1.95 — 0.03i; the value of
Kdonor COrresponded to a 1/e absorption depth of
approximately 2 um.

There are essentially three variable parameters in
this setup, dgonors dairs ANd 7'ree (Mgonor 1S Obviously
fixed by the application). Figure 4 shows the varia-
tion of maximum intensity in the donor, I gonorMax),
as a function of d,;, for a range of donor ﬁam thick-
nesses, with receivers approximately corresponding
to silica [r.. = —0.2, Fig. 4(a)] and silicon [r,, =
—0.57, Fig. 4(b)]. The most obvious trend that can
be seen is that I (genor Max) Varied approximately sinu-
soidally with d,;, with a period of around 1/2. This
result was intuitive as interference in the donor film
due to the first reflection off the receiver was con-
structive for 2d,, =1/2,31/2,... and destructive
for 2d,;, = 0, 4,24, ... (note the z-phase shift upon re-
flection from the air-receiver interface).

The dependence on dgon, Was also relatively easy
to explain. Due to interference between the forward-
propagating incident wave and the two backreflec-
tions off the donor-air interface and the receiver

re.=-0.2a)
25
—d =50nm
donor
..... d 100nm
s donor
-=-d 500nm
— donor
2 _
= - ddunorﬁlp'1Tl
=}
o
=
s
2
= 05
0
0 0.2 0.4 0.6 0.8 1
d,; (um)
r..=-0.57 b)
2.5 -_
—d oy 30nm ‘
lonor

1

=100nm
T

L cononsiary (@D UNts)

0.2 0.4 0.6 0.8 1
d,; (um)

Fig. 4. Variation of the maximum intensity in the donor with d;,
and dggpne assuming ... = -0.2 (a) and —0.57 (b).

surface, a pattern of maxima and minima was formed
in the donor film with a period of 1/2n 440 200 nm.
Consider Fig. 5, which shows the calculated
intensity profiles in the donor and air layers with
(ddonor (ym), dgir(um)) equal to (0.05,0.125) (a),
(0.05,0.375) (b), (0.5,0.2) (¢), and (0.5,0.4) (d). The re-
ceiver reflectivity was r,.. = —0.57, and the refrac-
tive index profile is included as a dashed line to
indicate the donor—air boundary.

The necessity to have an intensity minimum at the
receiver surface meant that d,;, determined the posi-
tions of the maxima and minima in the donor layer.
For very thin films (dgoner £ 4/214onor), the film thick-
ness was less than the standing wave period, so
whether there was a maximum or minimum in the do-
nor was determined by d,;, [see Figs. 5(a) and 5(b)]. As
a result, the maximum intensity in very thin films
was highly dependent on d;, (see Fig. 4). For thicker
films with dgonor > 4/2n4oners there was always a
standing wave maximum in the donor, and so the de-
pendence on d,;, decreased. However, there was still a
significant, approximately sinusoidal, dependence of
the maximum on d;,.

LIFT techniques are well known to be highly sen-
sitive to the applied laser fluence (see, e.g., [1,21]).
Hence, having the maximum intensity in the donor
highly dependent on dg;, represents a problem as
dgir is then another parameter that must be accu-
rately controlled for reproducible results. It is conve-
nient to define the parameter f as the ratio of the
maximum to the minimum value of Iy, orMax aS
dr 1s varied, i.e.,

_ maX(Idonor.Max (dair) )
min (Idonor.MaX (dair) ) ’

B (11)

p then quantifies the variation of the maximum in-
tensity in the donor with d;,.. Ideally we want g =
1 so there is no dependence of Ionor Max 01 dyyr and

=== Refractive index

— Intensity

5 2 (@) 5 2
—
2 P
c D
5 =
3 Q
o] Q
=] =
8 S
= 4 5
2 | ] =
5 1.5
2 2 h 9 X
RRAVAV/
! NN
0 0.2 0.4 06 L 0 02 04 06 08 i
Z (um)
Fig. 5. Intensity (solid lines) and refractive index (dashed lines)

profiles with (dgonor(#m), dair(#m)) equal to (0.05, 0.125) (a), (0.05,
0.375) (b), (0.5, 0.2) (c), and (0.5, 0.4) (d).
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critical control of the size of the air gap is not
necessary.

Figure 6 shows plots of $ as functions of . (a) and
dgonor (b) with all other parameters fixed. There were
clearly strong dependences on both parameters. For
receivers with very low reflection coefficients, the
backreflection off the receiver was comparatively
small compared to the standing wave in the film
due to the strong backreflection off the donor—air
interface. Hence, the variation of  with dgon.r Was
small for values of |r..| < 0.1 [Fig. 6(a)].

As || was increased, the influence of the backre-
flection off the receiver was enhanced, and hence the
value of $§ also began to rise. For very thin films (with
Agonor £ 4/2Ngonor as before), the increase in f was
monotonic due to the lack of the formation of com-
plete fringes in the donor [Fig. 6(b)]. For thicker do-
nors (dgonor 2 4/2n4oner), P increased to a peak at
T'rec ® —0.35 [Fig. 6(b)]. The value of r.. at which this
peak occurred was observed to be virtually indepen-
dent of dgnr but strongly dependent on nggu,.- The
origin of the peak was due to the relative amplitudes
of the backreflections from the donor—air interface
and the receiver. A wave passing through the donor—
air interface, reflecting off the receiver, and then re-
entering the donor layer experienced an effective
reflection coefficient, rqg, of £937ct32. A simple calcu-
lation then yields r,. = —0.35, which corresponds to
refr = 'p3. Hence, interference was almost completely
destructive for 2d,;, = 0,4,24, ... and fully construc-

4
—r =-0.05 @)
€C

T

Fig. 6. Plot of § as functions of dgoner (@) and ry. (b) with other
parameters fixed.
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tive for 2d,;, = 4/2,31/2,... when ry~—0.35. This
led to the largest possible variation of Ij,nor Max With
dair, and hence a maximum in the value of .

For 1, 2 regr, the value of § began to fall to a mini-
mum [Fig. 6(b)]. Note that, for certain values of
dgonors the minimum was at an unphysical value of
|rrec| > 1. To understand this behavior, it is necessary
to consider the higher-order reflections that can
occur. For example, consider the second-order reflec-
tion off the donor—carrier interface for backward-
propagating waves in the donor. The relative
strength of this reflection will depend on whether
there is a minimum or a maximum at this interface,
which in turn depends on whether there is a mini-
mum or a maximum at the donor—air interface.
The important point to note is that, if dgner =
mA/4nggner, m = 1,3,5, ... then there will always be
a minimum at the donor—carrier interface if there
is a maximum at the donor-air interface and vice
versa [see Figs. 5(c) and 5(d)]. For dyoner = mi/
Angonor, M = 2,4,6,... the opposite is true. Hence,
form = 1,3,5, ..., the reflection off the donor—carrier
interface acts to counter the variation in Igonor Max
due to d,, while for m =2,4,6, ... the two effects
combine to increase the variation. Thus the second-
order reflection explains why a periodic behavior of
with dgonor 18 observed with a period of 4/2nggper
[Fig. 6(a)]. Similarly, the reason why f begins to in-
crease again above a certain, dg,,..-dependent value
of |r.e.| can be explained by considering even higher-
order reflections. One final observation to note is
that, for all values of ry, f = 1 as dgoner —  due
to the small amount of absorption in the donor film.

To conclude this section, fs-LIFT of transparent
films is complicated by the formation of an optical
standing wave. The effect of this standing wave is
a dependence of I gopor Max 0D dair that is not observed
with absorbing films and means that d,;, must be ac-
curately controlled to achieve reproducible results.
However, using the above model, it is possible to
identify sets of experimental parameters that mini-
mize this problem. If the application allows for
variation of ..., then the problem can be reduced sig-
nificantly. If only control of d,;, and dgyoner is avail-
able, as is likely in many real applications, then it
is still possible to use the model to find optimal va-
lues of these parameters.

4. fs-LIFT of Transparent GdGaO: Influence of d;

In Section 3 it was demonstrated theoretically that
the formation of an optical standing wave during
fs-LIFT of transparent films led to a strong depen-
dence of the peak intensity in the film(s) on the size
of the air gap. It was shown that great care must be
taken to choose optimal values of the various experi-
mental parameters to obtain reproducible results. In
this section we will consider how significant the ef-
fect is in practice by investigating the transfer of a
sample transparent donor and how the deposited
structures on the receiver vary with d;,.



As a sample donor material, a GdGaO film trans-
parent to all wavelengths greater than =300 nm was
used. In a recent work we demonstrated the fs-LIFT
of this material using multiphoton absorption of an
800nm Ti:sapphire laser (130fs) [35]. However, it
was observed that direct transfer of the donor re-
sulted in poor quality depositions, which would be
difficult to analyze in terms of damage caused by lo-
calized high intensities corresponding to standing
wave maxima. By including a TP-DRL, transparent
to wavelengths longer than 400 nm, it was possible to
transfer clean discs of GdGaO. Hence we will use the
same setup already described in [35] (DRL, TP
100nm thick; donor, GdGaO 150 nm thick) for our
studies here.

The above model can easily be extended to include
the DRL by including an extra layer between the car-
rier and the donor. The TP-DRL is now layer 2, with
refractive index mnpgy, = nprr, + ikprr = 1.7 — 0.06¢
[39]; the GdGaO donor is layer 3, the air layer 4,
and the receiver layer 5. Note that in Section 3 the
value of ngoner Was taken to be 1.95. This corresponds
to the refractive index of single crystal gadolinium
gallium garnet. However, because the donor in this
experiment had to be grown at room temperature
to protect the heat-sensitive TP-DRL, the resultant
film was amorphous. The refractive index of this
amorphous GdGaO is not known so it was chosen
to use the value of ngon,, = 1.95 as an approximation.

In this multiple-film geometry, the parameter f is
important in both the DRL and donor films. Similar
calculations to those performed above again yielded
periodic dependences of # on the films’ thicknesses in
the DRL and donor, as shown in Figs. 7(a) and 7(b),
respectively. This behavior can be easily explained
considering the relative intensities of the multiple
reflections as before.

Assuming the best guesses of npgr, and ngone, given
above for the TP and the GdGaO, the model gives f =
3.0717 in the DRL and = 1.7882 in the donor for
dpgr, = 100nm and dgyp,r = 150nm. When npgp, and
Ngonor Were allowed to vary while the film thicknesses
was kept constant [Fig. 7(c)], it was found that,
although there were dependences of 4 in both layers
on the refractive indices, these dependences was
comparatively weak. Hence, the most important
parameters in determining the values of f in the
two films appear to be the film thicknesses. In this
case the minimum values of § were =1.25 and =1.4
in the DRL and donor layers, respectively. However,
given the uncertainty in the values of npg; and
Ngonor» Such numerical results should be treated with
caution.

A. Experiments with GdGaO

All experiments were performed under vacuum at a
pressure of ~0.1 mbar. The donor and receiver were
separated by a single, 8 yum thick Mylar spacer at
one edge. This resulted in a variation of d,;. across
the donor sample from tight contact at the edge with
no spacer, to =8 um. The fs-LIFT experiments were

BinDRL (a)

01

0.2
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05 05 .

ddonor (um)

B in donor ()

dpg, (wm)

ddonor (um)

25 ——-165 o DRL

2.0

151
17 18 1.9 2.0 2.1 2.2

ndonor
Fig. 7. (Color online) Plots of  in the TP-DRL (a) and in the
GdGaO donor (b) as functions of dgnr and dpgy, with other para-
meters fixed, and variation of 4 in the DRL (diamonds) and donor
(circles) layers as function of npgy, and nggner (€).

performed using a micromachining workstation
(modified New Wave UP-266) fitted with a white
light source and a CCD camera for viewing the work-
piece. As the DRL and donor films were transparent
to the white light, thin film interference of the white
light occurred that was observed as colored fringes on
the CCD. Estimating the reflection coefficients of the
interfaces using the previously given refractive in-
dices yielded ri5 = —0.07, ro3 = —0.07, rgy = 0.32, and
r45 = I'ec = —0.57. Hence, the backreflections off the
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donor—air and air-receiver interfaces were by far the
strongest, and so we can conclude that the visible
fringes were primarily the result of thin film inter-
ference in the air gap. Therefore, it was possible to
estimate d,;, from the color of the fringe, 1;, and
the fringe number, /. For example, for the first green
fringe, A =530 and f = 1, dg;, = f4¢/4 ~ 130 nm.

The accuracy of the method described above for
measuring d,;. depended entirely on accurately esti-
mating the wavelength of the observed colored
fringes. We estimated that the accuracy of the wave-
length measurement we were able to achieve with
the micromachiner color CCD was around +25nm.
This corresponded to an error in dg;, of £7nm.

Figure 8 shows scanning electron microscope
(SEM) micrographs of deposited GdGaO as a func-
tion of d;,. For reasons described in [35], it is be-
lieved that all the TP-DRL was removed during
the forward transfer process. Observation of these re-
sults revealed a periodic dependence of the GdGaO
deposit morphology on d;,. With donor and receiver
in tight contact [dy;, = 0, Fig. 8(a)]l no deposits were
obtained. This was believed to be due to the fact that
the donor layer did not have sufficient room to de-
form and shear due to the close proximity of the re-
ceiver [35]. Increasing dg;, to around 50 or 100 nm
[Fig. 8(b)] resulted in the good-quality, unshattered
discs reported previously [35]. For d =~200nm,
the deposited structures were very different, exhibit-
ing significant laser damage and splattered material
transferred around the main deposit [Fig. 8(c)].
Further increasing dg;, resulted in a gradual re-
duction in the amount of apparent laser damage
[Fig. 8(d)] until around d,;, *400nm when similar
good-quality discs to those observed at dg;, < 100 nm
were seen again [Fig. 8(e)]. However, at this separa-
tion, there was evidence of more (solid phase) debris,
believed to be due to shattering during transfer [35].

When d,;, was increased to greater than 400 nm,
similar behavior was observed. Firstly, the amount
of laser damage to the GdGaO increased with d;,.
up to dy;, * 600 nm [Fig. 8(f)], before decreasing again
until relatively clean discs were seen for d, =
800 nm [Fig. 8(g)]. This periodic variation of deposits
continued with the donor-receiver separation, with
good-quality deposits obtained when d;, =400,
800, ... nm and significantly damaged material when
dgir = 200,600, ... nm.

It is simple to explain the observed variation in de-
posited material by considering the effect of multiple
reflections. In previous work, the forward transfer
threshold of a 150nm GdGaO donor on a 100nm
TP-DRL was measured to be around 90mdJ/cm?,
compared to ablation thresholds of 110 and
500md/cm? for the GdGaO and TP, respectively
[35]. Figure 9 shows a plot of the variation of maxi-
mum fluence in the DRL (solid line) and donor
(dashed line) layers with dg;, calculated using the
material properties described above and assuming
an incident fluence of 90 mJ /cm? (achieved by setting
E;, =10.229). The SEM micrographs A-G show

2064 APPLIED OPTICS / Vol. 48, No. 11 / 10 April 2009

Fig.8. SEM micrographs of GdGaO deposits on Si as a function of
d,;, transferred with fluence ~90 mdJ/cm?.

typical deposits obtained at values of d,;, indicated
by A-G on the graph. As would be expected, the re-
latively undamaged deposits coincided with values of
d,ir where destructive interference resulted in rela-
tively low fluences in the DRL and donor (see A,
D, G). Similarly, the most obviously damaged depos-
its were obtained when d;, corresponded to construc-
tive interference in the films (B, E).

The results in Fig. 9 also provide a likely explana-
tion for the surprisingly low (below the ablation
threshold) transfer thresholds of GdGaO when a
TP-DRL was included [35]. As can be seen from
the plot in Fig. 9, assuming an incident fluence of
90 mJ/cm?, the maximum fluence in the TP-DRL
varied from =80 to ~250mJ/cm? as d,, changed,
and hence the fluence was never sufficient to photo-
lytically decompose the TP-DRL. However, the flu-
ence in the donor was consistently above 110 mJ/cm?
(i.e., greater than the measured ablation threshold).
This observation suggested that the forward transfer
of GdGaO resulted from absorption of the laser in,
and associated heating of, the donor; the hot donor
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Fig. 9. Main graph: variation of maximum fluence in TP-DRL
(solid line) and GdGaO donor (dashed line) as functions of d;, as-
suming incident fluence 90 mJ/cm?. SEM micrographs show de-
posited material at approximately indicated separations; scale
bars represent 10 ym.

film then conductively heated the TP-DRL, which
subsequently thermally decomposed. Note that these
results indicate that it is possible to get good-quality
transfer of donor material, even when the donor has
a lower ablation threshold than the DRL at the laser
wavelength, provided that the donor can withstand
heating to the DRL ablation/decomposition tempera-
ture. Note also the apparent disparity between the
numerical results in Fig. 9 and the measured abla-
tion threshold of the GdGaO. The model predicted
fluences in the donor well above its ablation thresh-
old for most values of d,;,, but no evidence of laser
damage was seen in the deposits at dg;, = 0,400,
800, ...nm. This can be explained by the fact that
the model does not take into account the increase
in Kkgenor as the fluence approached the ablation
threshold and the GdGaO began to absorb the laser
nonlinearly.

5. Conclusions

To conclude, a thin film interference model has
been used to predict the standing wave intensity dis-

tribution formed during the femtosecond LIFT of
transparent films. The model has been used to inves-
tigate the effects of varying a number of experimen-
tal parameters, including the thicknesses of the
donor, DRL, and air layers, and the receiver reflectiv-
ity. An important consideration that has been iden-
tified was the dramatic variation of the fluence in
the DRL and donor layers as d,;, was changed. We
have shown that, in principle, it is possible to mini-
mize this effect with the proper choice of film thick-
nesses (and receiver reflectivity, if this parameter
can be varied).

The results of the model have been compared to
experimental results of the transfer of a GdGaO do-
nor on a TP-DRL. The model appeared to explain the
periodic variation in the morphology of GdGaO de-
posits with d;,.. Also, the model provided an explana-
tion of the below ablation threshold transfer of
GdGaO. The transfer process is now believed to be
a thermolytic decomposition of the TP layer due to
conductive heating from the overlying donor, which
nonlinearly absorbed the laser at a lower fluence.
Taken together, the experimental and numerical re-
sults indicate that fs-LIFT is a viable method for the
transfer of transparent materials. However, extra
care must be taken with regards to the formation
of a standing wave and the relative damage thresh-
olds of the DRL and donor materials.
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Abstract We propose a rapid prototyping method for the
fabrication of optical waveguides based on the direct laser-
printing method of ultrafast Laser-Induced Forward Trans-
fer (LIFT) followed by further processing. The method
was implemented for the fabrication of titanium in-diffused
lithium niobate channel waveguides and X-couplers by
LIFT-depositing titanium metal followed by diffusion. Prop-
agation loss as low as 0.8 dB/cm was measured in prelimi-
nary experiments.

1 Introduction

A popular method for the fabrication of optical waveguide
circuits in materials such as lithium niobate (LN) is by spa-
tially selective deposition of titanium metal followed by
thermal diffusion. This fabrication method is ideally com-
patible with current wafer-scale parallel techniques used by
the microelectronics industry, such as photolithographic pat-
terning and lift-off, which is of course excellent for mass
production of devices.

However, these parallel techniques are somewhat inflexi-
ble in the device development stage where a fast production
turnover of fundamentally different devices is required for
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conceptual testing. This creates a niche for simple prototyp-
ing production methods which are flexible enough to allow
for rapid fabrication of good quality devices, particularly at
the experimental one-off level.

LIFT is a rapid prototyping method which was first pro-
posed by Bohandy et al. [1] and has since been utilized for
the deposition of a variety of metals, semiconductors, su-
perconductors, dielectrics, and biomaterials on a wide range
of substrates [2-5]. The simple, non-stringent laboratory-
environment based operational conditions for LIFT together
with its single-step pattern-definition and material-transfer
ability offer some significant experimental advantages inher-
ently available by its usage. Additionally, this approach has
some unique capabilities such as patterning of non-planar
substrates [6], 3-d printing or stacking of dissimilar materi-
als [7], and even the possibility of transfer of single-crystal
materials with desired orientations. However, the pulsed na-
ture and the quality of LIFT deposition are inhibiting factors
for the direct deposition of superior quality waveguide lay-
ers.

In this paper, we propose the use of LIFT for the spa-
tially selective deposition of materials onto optical sub-
strates which can produce optical waveguides by further
processing, e.g. thermal diffusion. Such a method will com-
bine the flexibility of direct waveguide writing methods,
which are suitable for rapid prototyping, with the large re-
fractive index, longevity, and low propagation loss which is
associated with conventional waveguide fabrication meth-
ods such as metal diffusion.

The use of a pulsed deposition method such as LIFT al-
lows for further control over the optical waveguide structure
by enabling the fabrication of higher refractive index seg-
ments the spatial distribution of which determines the aver-
age refractive index along the optical waveguide. By vary-
ing the spatial distribution of the segments (i.e. the separa-
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tion between adjacent segments), it is possible to change the
average refractive index along the optical waveguide. The
impact of the segmentation on the waveguide propagation is
demonstrated in some of the experimental results which are
presented here.

Other advantages of this method include the ability to de-
posit more than one material or composite materials during
a single deposition session and also the deposition of dif-
fusion sources on non-planar (for example already micro-
structured) surfaces for the fabrication of rib waveguides
which is challenging for conventional photolithographic
methods.

Herein, we present our preliminary, proof-of-principle,
results which demonstrate the feasibility of using a LIFT
based material printing methodology in conjunction with
high temperature post-processing for rapid prototyping of
Ti-indiffused waveguides in LN [8, 9]. LN has a distinctive
combination of inherent physical properties and is used in a
diverse range of applications [10] and has consequently been
the work-horse of the optoelectronics industry for switching
applications and nonlinear frequency generation.

2 Experiments and results

The first step for the fabrication of channel optical wave-
guides in LN requires the spatially selective deposition of
titanium metal onto LN substrates using ultrafast LIFT. The
carrier-donor-substrate complex rests on a set of 2D transla-
tion stage and can be scanned with respect to the focussed or
de-magnified incident beam. As illustrated in the schematic
shown in Fig. 1, the transfer of the donor material (in this
case Ti) onto the substrate, referred to as the receiver, is
achieved on a pixel-by-pixel basis by scanning the donor-
receiver assembly in front of a focussed pulsed laser source,
resulting in a dot-matrix-like printing of individual donor-
material pixels that are detached from the carrier and printed
on the receiver. In the case for Ti printing here, melting of
the donor occurs and a molten droplet is ejected onto the re-
ceiver. The dimension of the deposited droplet is similar to
the dimensions of the incident laser spot. The melting and
super-heating of the metal vapour trapped between the car-
rier and the donor film provides the required driving force to
forward transfer the rest of the donor material, within the in-
teraction volume, onto the receiver substrate. The laser sys-
tem used to transfer the Ti-metal deposits was a fs laser op-
erating at 800 nm, with a pulse duration of 130 fs and a rep-
etition rate that could be tuned from single shot to 1 kHz. It
is however, the high repetition rate of this laser source rather
than the pulse width that made it suitable for the demonstra-
tion of this rapid prototyping method. The titanium donor
film with a thickness of ~150 nm had been previously de-
posited onto a transparent (borosilicate glass) carrier sub-
strate via e-beam evaporation.
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Fig. 1 Schematic of the LIFT deposition process. The car-
rier-donor-substrate complex rests on a set of 2D translation stage and
can be scanned with respect to the focussed or de-magnified incident
beam

Ti-metal line patterns were printed on the —z faces of
congruent undoped z-cut LN samples along the crystallo-
graphic y-directions. Several linear arrays of Ti metal pixels
were deposited using different conditions for the intensity
(or fluence) of the incident laser pulse and the separation
between the centre of adjacent pixels which could be con-
trolled by adjusting either the laser repetition rate or the scan
speed. The separation of the centres of adjacent pixels varied
from 5 um (overlapping) to 20 pm (completely separated)
while the laser fluence at the carrier/donor interface was in
the range of 0.4-1.2 J/cm?.

The deposited metal pixels were approximately circu-
lar in shape and had a diameter of ~10-15 pm. The holes
which were created by missing metal on the carrier substrate
(which correspond to the illuminating spot size) matched the
size of the deposited metal dots as expected for deposits of
this size. The distance between the donor-carrier composite
and the receiver was maintained at less than 1 pm.

These variations of the writing parameters were aimed
at identifying the optimum conditions for LIFT of Ti-metal
onto the LN substrates under the reasonable assumption that
there is a direct relationship between the metal deposition
characteristics and the final optical waveguide mode profiles
following the in-diffusion step. The metal line-patterns were
successively in-diffused into the LN substrates by heating
the LN substrates to a temperature of 1050°C in an O3 envi-
ronment for 10 hours.

A typical example of the deposited linear arrays of ti-
tanium pixels is shown in the optical microscope image of
Fig. 2(a). The separation of the adjacent metal deposits in
Fig. 2(a) has been varied from a slight overlap (top line)
to complete separation (bottom line) by changing the scan-
ning speed. The same area of the sample after the diffu-
sion process is shown in the optical microscope image of
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Fig. 2 (a) Optical microscope
image of linear pixelated
titanium LIFT-deposits at
different separations. (b) The B
same surface of the sample after
diffusion has taken place

100D BB NS

Fig. 2(b). The outline of the deposited metal is still visi-
ble after diffusion due to the presence of TiO; residue on
the surface of the sample. Note that the TiO; residue is
not the same for all deposited lines. The top line showed
significantly less residue possibly because the overlap be-
tween adjacent deposited metal pixels resulted in a partial
re-ablation process for each subsequent laser pulse which
removed metal from the sample surface thus reducing the
available diffusion source.

The in-diffused LN substrates were subsequently edge-
polished perpendicular to the titanium lines to enable char-
acterization of the optical waveguides produced. For this
purpose, laser radiation was coupled through one of the
end-polished edges using a microscope objective into the
waveguides and the near-field mode profile was monitored
by imaging the opposite polished end of the waveguide onto
a CCD camera.

The main feature of the optical waveguides which were
fabricated by LIFT deposition is that the refractive index
change along the length of the waveguide is not regular and
continuous: there is a local refractive index increase within
the volume where titanium metal has been diffused. Hence,
the refractive index profile along the channel waveguide
should reflect, to some extent, the titanium deposition pat-
tern.

The separation of the adjacent pixels or segments should
in principle define the average refractive index value along
the waveguide. Hence, different separations should result
in different waveguide confinement characteristics, and
thereby different mode sizes. This was verified by the optical
mode profile characterization results. The mode profiles for
two distinct waveguides which correspond to different sep-
aration of the titanium segments are shown in Fig. 3. Both
waveguides were single moded at the probe wavelength of
1.532 pym however, as shown in Fig. 3, the mode size of the
waveguides varies significantly.

These waveguides were fabricated by scanning the sam-
ple at rates of 9 mm/sec and 19 mm/sec which corresponds
to segment separation of 9 pm (and hence a slight overlap)
and 19 um (full separation), respectively (the laser repeti-
tion rate was 1 kHz in this experiment). Hence, the aver-
age refractive index change for the more closely spaced de-
positions, results in tighter confinement as observed in the

R )

CE20 pm
b

Fig. 3 Near-field waveguide mode profiles (at 1.532 pm) of
LIFT/diffused segmented Ti:LN waveguides corresponding to different
segment separation; (a) overlapped segments, (b) separated segments

mode profile shown in Fig. 3(a) while the less dense de-
position results in a much larger waveguide mode profile
shown in Fig. 3(b). In the case of waveguides with a partial
overlap between successively deposited adjacent segments,
any possible re-ablation of the deposited Ti-metal segments
would reduce the total amount of the deposited metal in the
overlapping area. However, our experimental results suggest
that, for the range of overlaps used, it is the segment separa-
tion that predominantly determines the mode profile of the
resulting waveguide, hence if any re-ablation does occur, it
has negligible effect on the guiding conditions.

It was mentioned in the previous paragraph that there
should be some correlation between the refractive index pro-
file along the channel waveguide and the titanium deposi-
tion pattern. In reality, the diffusion process will distribute
titanium over an area which is (for Ti in LN) roughly 10%
larger than the deposited pixel area and this process will
smooth out any sharp features contained in the original de-
posited metal spot. As a result, the diffused profile will be
much smoother than the deposited pattern which is benefi-
cial to the waveguide performance because the elimination
of sharp features is expected to keep the scattering losses of
the waveguides at low level.

The optical loss of the waveguides was estimated by
two different methods which were (i) cut-back and (ii)
Fabry—Perot. Cut-back [11], which involves repetitive mea-
surement of throughput for progressively shorter channel
lengths, is clearly a destructive, time consuming method,
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Fig. 4 Near-field mode profiles
(at 633 nm) of three different
waveguides fabricated with
different segment separation by
changing the deposition
scanning speed as indicated in
the figure

3.25 mm/s

o

and is therefore of limited utility for measurement of
waveguide loss. The second method relies on the forma-
tion of a low finesse Fabry—Perot cavity between opposite
end faces of the waveguide. The contrast of the fringes of
this optical cavity gives an estimate of the upper limit of the
optical loss [12].

Both methods confirmed that large segment separations
resulted in increased optical loss mainly due to poor confine-
ment of the light inside the waveguide. The lowest propaga-
tion loss of ~0.8 dB/cm (for TM modes in the telecommu-
nication wavelength range) was measured for waveguides
written with a segment separation of 11 um. For waveguides
having larger segment separations of >13 um, the mea-
sured loss was much higher (~7 dB/cm) due to optical leak-
age of the guided wave to the substrate. However, even for
these preliminary attempts, with deposition quality being far
from optimal, a loss measurement as low as ~0.8 dB/cm
measured for some of the waveguides is very encourag-
ing, further confirming the potential of this method for
rapid prototyping of good quality optical waveguide devices.
Typical loss values reported in literature for Ti-indiffused
waveguides are of order ~0.1 dB/cm.

In order to evaluate the effective refractive index as a
function of the fabrication conditions, it is necessary to fab-
ricate single mode waveguides with different mode sizes. By
monitoring the waveguide mode profile, it is possible to cal-
culate the mode index of the waveguide [13]. We chose to
fabricate the waveguides to be single moded at the wave-
length of 633 nm in order to benefit from the measuring ac-
curacy of our optical beam profiler (which has a silicon de-
tector that is not sensitive to telecom wavelengths). The tita-
nium donor layer used for the LIFT depositions was 150 nm
thick, the laser repetition rate was 250 Hz and the laser flu-
ence was in the range of 0.4 to 0.8 J/cm? while the segment
separation varied between 8 um and 16 um.

Once again by varying the writing speed, it was possible
to control the waveguide mode profile. Figure 4 shows three
different mode profiles which correspond to different seg-
ment separation as a result of different scanning speeds dur-
ing deposition. As can be seen in Fig. 4, the mode changed
from single to higher order by just changing the scanning
speed from 3.25 mm/sec to 2 mm/sec, which corresponds
to segment separations of 13 pm and 8 um, respectively
(at 250 Hz laser repetition rate). This result reiterates the
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Fig. 5 Calculated effective refractive indices of single mode
waveguides as a function of segment separation. These effective in-
dices correspond to TM modes

versatility of LIFT in the creation of waveguides with pre-
designed modal profiles.

The intensity profiles of the single mode waveguides (at
633 nm) which were fabricated using the conditions de-
scribed in the previous section were used for the calcu-
lation of the effective mode profiles of the corresponding
waveguides using the method which is described in [13].
A plot of the calculated effective mode indices (for TM
modes) as a function of the segment separation is shown in
Fig. 5. For segment separations longer than 16 pm, there
was no confinement of light (cut-off) while for separation
less than 11 um the waveguides become multi-moded.

However, it seems that there is a good scope for manipu-
lation of the effective mode index within the segment sepa-
ration range that corresponds to single mode waveguides as
shown in Fig. 5.

As expected the effective mode index decreases with in-
creasing segment separation, as the average refractive index
along the waveguide decreases, until cut-off is reached for a
separation of 16 pm.

One of the advantages of using a method such as
the one described here is the possibility of changing the
waveguide propagation characteristics along the length of
the waveguide by simply manipulating the segment separa-
tion along the length. However, with our current setup, it
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Fig. 6 Schematic of an
X-coupler

Fig. 7 Near-field intensity
profiles of the X-coupler output

was not possible to demonstrate this capability during these
initial experiments.

In order to demonstrate the device fabrication functional-
ity of our rapid prototyping method, we chose to fabricate an
X-coupler which consists of two straight waveguide chan-
nels crossing each other at a specific angle [14].

The waveguides that constitute the X-coupler, a schema-
tic of which is shown in Fig. 6, were fabricated by LIFT
depositing titanium metal with an incident laser fluence of
1 J/em? at a writing speed of 2.5 mm/s which, for a laser
repetition rate of 250 Hz, corresponds to segment separation
of 10 um. The angle between the two crossing waveguides
was kept at a small value (2°) to maximize their overlap.

The coupling ratio was measured at telecom wavelengths
(1.55 um) by coupling light into one of the channels and
measuring the power output of each channel on the opposite
edge. The coupling ratio (for TM modes) was measured to
be ~0.2.

The output edge of the X-coupler was imaged onto an
infrared camera and the images are shown in Fig. 7. Fig-
ures 7(a) and (b) show the device output when launch-
ing light into waveguide A (Fig. 7(a)) and waveguide B
(Fig. 7(b)), respectively, as indicated in the mode images.
Note that the mode profiles of A and B are not identical in-
dicating an asymmetry in the fabrication of the constituent
waveguides. This asymmetry was confirmed by investiga-
tion of the waveguides under an optical microscope and was
attributed to a slight accidental misalignment of the LIFT
apparatus during the deposition process.

3 Conclusions
We have proposed a method for the rapid prototyping of

optical waveguide devices which is based on LIFT deposi-
tion followed by post processing and have demonstrated the

utility of the method by fabricating good quality titanium
in-diffused segmented channel waveguides and X-couplers
in ferroelectric LN crystals. The preliminary results are en-
couraging and opens up a route for exploitation of this fabri-
cation process not only as a rapid prototyping tool but also as
a waveguide fabrication method to assist in situations where
the waveguide propagation constant should change along
the waveguide length, repair, or trim existing waveguides
by co-doping, deposit overlayers for fine trimming of the
waveguide mode, etc. Additionally, the inherent capability
of the method to produce segmented waveguides can be used
for the fabrication of long period gratings or even for quasi-
phasematching of non-linear processes in waveguides by pe-
riodic variation of the propagation constant.

Other possibilities include the single-step multi-layer
donor deposition process to produce, rare-earth (e.g. Er,
Yb, and Nd) doped waveguide structures for optical am-
plifiers and lasers, and finally the selective deposition and
subsequent waveguide fabrication on non-planar or micro-
structured surfaces which is normally challenging or impos-
sible by conventional methods.
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In this paper we report femtosecond laser-induced forward transfer (LIFT) of pre-machined donor films.
1 pwm thick zinc oxide (ZnO) films were first machined using the focussed ion beam (FIB) technique up to
adepth of 0.8 wm. Debris-free micro-pellets of ZnO with extremely smooth edges and surface uniformity
were subsequently printed from these pre-machined donors using LIFT. Printing results of non-machined
ZnO donor films and films deposited on top of a polymer dynamic release layer (DRL) are also presented
for comparison, indicating the superior quality of transfer achievable and utility of this pre-machining

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Laser induced forward transfer (LIFT) is a versatile direct-write
method for spatially selective printing of a wide range of materi-
als [1-3]. In the conventional LIFT technique a thin film (usually
of thickness <1 um) of the material (the donor) to be printed
is deposited on top of a substrate (the carrier) which is trans-
parent to the incident laser wavelength. A laser pulse is then
focussed/imaged onto the carrier-donor interface which induces
the necessary impulsive force to push the donor onto a substrate
placed nearby (the receiver) either by melting it (for the case of
a sufficiently thin donor) [4,5] or ablating the top layer (the thick
donor case) [6]. The complete melting or disintegration of the donor
material during the transfer process is clearly a major drawback
especially when printing is required of materials in solid and intact
form (e.g. single crystals), oriented films, single domain or other
pre-structured donors.

One technique that has met with considerable success to miti-
gate the above mentioned problems of damage to the donor layer
is dynamic release layer (DRL)-LIFT. In DRL-LIFT a sacrificial layer
called the dynamic release layer is introduced between the car-
rier and the donor film to avoid direct exposure of the donor to
the incident laser. This DRL can be a metal [7,8] or a polymer film
[9,10], a light-to-heat conversion layer as in laser induced ther-
mal imaging (LITI) [11] or a specially engineered nanomaterial
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layer as in nanomaterial enabled laser transfer (NELT) [12]. These
complementary LIFT methods have demonstrated the transfer of
biomaterials [8,10], conductive polymers [11], OLED pixels [9,12]
ceramics [13] and semiconductor bare dies [14]. Recently printing
of SiOx was also reported by coating the receiver film directly onto
the donor to reduce the debris associated with the deposits [15].
However these techniques do not eliminate one of the basic prob-
lems in LIFT printing, namely the inevitable shearing or ripping of
the donor film at the boundary of the illuminated region, which
may present an unacceptable limitation to the use of LIFT where
edge quality is of prime importance, for example where multilayer
donors are used. Spatially shaped multiple pulses to define weak-
ened regions into the donor film before printing have been used
to reduce this problem in another complementary LIFT technique
called ballistic laser-assisted solid transfer (BLAST) [16]. Complete
micro-dissection of biological samples prior to transfer to avoid
contamination has also been reported in the literature [17].

In this paper we introduce a new variant to the LIFT technique
that allows debris-free printing of solid donors in an intact form
without using any DRL. The critical step is to pre-machine the donor
using, in our case, focussed ion beam (FIB) machining to encour-
age separation and transfer of predetermined shapes in intact and
solid form. It is not necessary to machine throughout the entire
depth of the donor however as this would prevent the laser-induced
pressure build-up behind the material intended for transfer. For
the optimum depth of pre-machining into the donor, uniform and
clean deposits are printed onto the receiver. This technique should
also significantly extend the thickness limitation for donor layers
to beyond the current ~pm level: with a maximum value of ~1 pm
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Fig. 1. (a) SEM images of the FIBbed ring patterns of 10 um (top two rows) and 5 um (bottom two rows) diameters in 1 um thick ZnO donor film. (b) The magnified SEM

image of one of the machined 5 um rings.

being reported to date using a triazene polymer (TP) DRL [18]. Zinc
oxide (ZnO), an environmental-friendly lead free piezoelectric was
chosen as the trial donor material for these LIFT experiments, and
we report our first results below.

2. Experiments and results

The donor samples were prepared by sputtering 1um thick
films of ZnO on top of quartz substrates (the carrier) at a pressure
of 3mTorr and a temperature of 200 °C. FIB machining was used to
etch circular features into 1 wm thick sputtered donor films up to
a depth of 0.8 wm with 5 wm and 10 wm diameters and centre-to-
centre separation of 50 um. We defined a parameter ‘A’ to quantify
the fractional etched depth for the donor:

_ _milled depth
"~ donor thickness

(1)

The A value chosen for our trial demonstration of this FIB pre-
patterning technique was 0.8. It took ~80s to machine each ring
at a current value of 2.8 nA with a dosage of 2.81 nC/pm? per ring.
These first samples were machined using Ga* ions only without the
use of any gas for enhanced etching. If halogen containing gases
were used, then the rate of etching can be increased considerably,
reducing the pre-machining time to perhaps tens of seconds per
ring. The value of 0.8 for A was chosen based on the requirement
to mill away a substantial amount of material, without going to
the extremes of A=1. A previous trial had been carried out on
other donors that included metals such as Au and Cr, and A values
exceeding 1.0 (i.e. FIB machining through the donor and into the
carrier itself) had been tried on the basis that machining away the
entire thickness would be the best strategy to ensure easy detach-
ment [19]. Values for A > 1.0 however mean that any explosive
propulsion force generated from LIFT is no longer constrained at the

donor/carrier interface, and the propulsion force can leak around
the milled slot. For this reason we chose a trial value of 0.8, which
was felt to represent a reasonable compromise between remov-
ing too much material, and not removing sufficient, so that debris
would still present possible problems.

In any future work, optimising the A value for a particular donor
material would be an important step, as smaller values of A require
less time for FIB machining. As it stands, the 80 per feature is still
a fairly long time. However, as will be seen later, this does result in
side-walls for the LIFTed pellet that are extremely smooth, and for
certain applications, where printing of a limited number of pellets is
required, in a debris-free manner, this time may not be considered
particularly restrictive. Fig. 1(a) shows the SEM image of an array
of machined ring patterns while Fig. 1(b) shows a magnified image
of one of the 5 wm rings.

For comparison 1 pwm thick ZnO films on top of TP as a DRL and
1 pm thick ZnO samples without any prior machining were also
prepared for LIFTing. For all the experiments a commercial mode-
locked Ti:sapphire femtosecond laser was used. Single laser pulses
with a Gaussian spatial profile (800 nm, 150fs, FWHM ~4 mm)
were first centred on a 450 um diameter circular aperture resulting
in a reasonably spatially uniform incident pulse profile with spot
size of ~12 wm. The beam size was chosen to be bigger than the
FIBbed feature sizes (5 wm and 10 wm) for ease of alignment while
printing. A highly de-magnified image of the aperture was then
relayed onto the carrier-donor interface using a commercial micro-
machining workstation (New Wave UP266, USA) thereby printing
micro-pellets of ZnO onto silicon (Si) receivers at a donor-receiver
separation of 1 wm, using Mylar spacers. All the experiments were
performed under a background pressure of 10~! mbar.

Fig. 2(a) shows an optical microscope image of a 1 um thick ZnO
donor film sputtered on top of 360 nm thick TP. About 80-85% of
the surface area of the donor films was cracked due to the thermal

Fig. 2. Optical microscope image of 1 uwm thick ZnO donor film deposited on top of 360 nm thick TP (a). SEM image of deposits printed from this donor film (b).
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Fig. 3. (a and b) SEM images of 12 um ZnO pellets printed form a non-machined 1 um thick donor. The shattering of the pellets during transfer produced non-uniform,
irregular shaped and splashy deposits, clearly depicted in the images. (c) The rough edges of the printed deposits.

decomposition of TP while depositing the upper ZnO layer. Fig. 2(b)
shows an SEM image of ZnO deposits printed using these films.
Cracks were also clearly visible in the LIFTed deposits, and as the
film was weaker around the cracks LIFTing preferentially occurred
by rupture along the cracks leading to non-circular deposits. The
bad quality of the donor films in this case resulted in shattered
and irregular shaped pellets. We have also tried to deposit ZnO
on TP-coated unheated carriers using other techniques including
pulsed laser deposition (PLD). Again however, the quality of the
resultant donor was less good than that achieved via sputtering
on uncoated carriers. The degradation temperature of TP is of the
order of 250°C, and for thick films (~wm thicknesses) prolonged
exposure in a sputtering chamber can severely degrade the sur-
face integrity. This is another reason why FIB pre-machining can
be advantageous as it does not require any DRL use. It should in
principle be applicable to print any donor material as the range of
donors that can be printed using this technique is not limited by
any temperature or chemical sensitivity issues as is the case for
DRL-assisted LIFT.

Fig.3(a)and (b) shows SEM images of typical and the best LIFTed
deposits, respectively, of 12 wm diameter ZnO pellets printed from
a 1um thick donor without any pre-machining, while Fig. 3(c)
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shows the edge quality of a typical deposit. The deposits were
in general splashy, with considerable amounts of debris and with
very rough and ill-defined edges and irregular shapes. However,
the deposits from a pre-machined donor exhibited extremely good
quality both in terms of surface uniformity and edge smoothness.
Under the optimum conditions for LIFTing, there was no trace of
any residual debris surrounding the transferred pellets. Fig. 4(a) and
(b) shows the SEM images of 10 um and 5 wm ZnO pellets, respec-
tively, printed from a pre-machined donor. Note here that Fig. 4(a)
shows the result for LIFTing onto a Si substrate, whereas Fig. 4(b)
used a flexible compliant substrate (polystyrene). The adhesion of
ZnO to the plastic receiver was not as good as onto Si. So far we
have not made any adhesion tests for the printed pellets using this
pre-patterning approach, and the use of flexible receivers appears
to be non-optimum. Fortuitously however, the pellet LIFTed onto
polystyrene has flipped over while dismantling the donor-receiver
assembly, allowing SEM examination of the quality of the front
surface, and edge quality around the machined rim.

Fig. 5 shows an SEM image of the edge quality of a printed 10 wm
ZnO pellet, and this degree of smoothness was routinely seen in all
SEM pictures taken. The high edge quality pellets from the pre-
machined ZnO donors were transferred at an incident laser fluence

Fig. 4. SEM micrographs of 10 um (a) and 5 wm (b) ZnO pellets printed onto Si and plastic receiver, respectively, from a pre-machined 1 pm thick donor film.
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Fig. 5. Magnified SEM image of the extraordinarily smooth edge of one of the
deposits printed from the pre-machined ZnO donor.

of ~450 mJ/cm? (Fig. 5) which is less than half the value (~1]/cm?2)
used to transfer the shattered and rough edge quality deposits from
the non-machined donors (Fig. 3(c)).

The difference in the quality of deposits transferred from donors
with and without pre-machining prior to LIFT is clearly seen. For
both cases the incident laser pulse provides the required force to
overcome the donor-carrier adhesion, but in the case of no prior
machining, the donor pellet still has to shear itself from a con-
siderable portion of the surrounding solid donor film, resulting
in shattering during transfer, rough edges, irregular shapes and
considerable and unavoidable debris. In case of the pre-machined
donor, the area to be printed is already defined by FIB patterning
which makes the transfer process much gentler. For cases where
A approaches 1, detachment can occur with minimal (in optimum
cases zero) residual debris, and smooth, regular printing can occur.

It should be mentioned that while a A value of 0.8 has clearly
produced impressive results, without further experimentation or
modelling, it is not yet apparent which value produces the opti-
mum level of printing fidelity. It is also likely that this parameter
is both donor material and thickness specific. However, the strik-
ing difference in the quality of the deposits obtained clearly shows
the great potential of this technique for printing thick and fragile
donorsin solid and intact format. Finally, we also mention that LIFT-
ing of single crystal materials, such as those grown via PLD which
usually requires substrate heating to temperatures in excess of
~600°C to ensure single crystal thin film growth, and hence would
be entirely unsuited to TP-DRL techniques, would also be an attrac-
tive prospect. FIB pre-machining is an ideal candidate to try here,
and experiments are currently under way. We are not aware of any
other reports of LIFTing of single crystal PLD-grown thin films, and
this may well be a good example where FIB pre-patterning presents
a useful, if slightly time-consuming process.

3. Conclusions

Micro-pellets of ZnO of excellent quality with extremely smooth
and uniform edges were printed from pre-machined donors. The
donor films were machined to a depth of 0.8 um by the FIB tech-
nique prior to LIFT. To the best of our knowledge, this is the first

time that materials have been printed using the FIB pre-patterning
LIFT technique. The initial results presented here were to validate
the proof-of-principle for the technique, and further optimisation
studies using donors with different A values, different thicknesses
and donor materials are currently in progress.
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Abstract: Titanium (Ti)-in-diffused lithium niobate waveguide mode filters
fabricated using laser-induced forward transfer followed by thermal
diffusion are presented. The mode control was achieved by adjusting the
separation between adjacent Ti segments thus varying the average value of
the refractive index along the length of the in-diffused channel waveguides.
The fabrication details, loss measurements and near-field optical
characterization of the mode filters are presented. Modeling results
regarding the device performance are also discussed.
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1. Introduction

Lithium Niobate (LN) is a very important optical material which is widely used by the
photonics industry mainly due to its excellent electro/acousto-optical properties [1]. Channel
waveguides, which are at the heart of any photonics circuit, are fabricated in LN by doping it
with titanium (Ti) metal using the in-diffusion technique where Ti is locally deposited on a
LN substrate using photolithography and lift off methods followed by thermal treatments
[2,3]. This method is suitable for mass production of devices and is compatible with the
wafer-scale parallel techniques used in the microelectronics industry. However, for cases that
require rapid prototyping of devices more flexible and faster techniques are needed.

In our recent work the laser-induced forward transfer (LIFT) technique was used to
deposit segmented Ti metal lines onto LN substrates which produced low loss optical
waveguides after thermal diffusion [4]. LIFT is a direct-write technique first demonstrated by
Bohandy et al [5,6] for depositing metals to repair damaged photomasks. Due to its simplicity
and flexibility its use was quickly extended to print a variety of metals, semiconductors,
dielectrics, ceramics and biomaterials [7-11]. This new approach offers both the flexibility,
less stringent experimental conditions and rapid prototyping associated with LIFT, and the
large refractive index change, low optical loss and stability of the waveguides associated with
the thermal diffusion method. Additionally, printing of multiple diffusion sources in a single
shot, from specifically tailored donors and deposition on non-planar substrates are the other
advantages offered by this technique. In this paper, we present results of fabrication and
optical characterisation of index-tapered waveguides produced by this method by adjusting
the density of adjacent titanium segments during the LIFT process that defines the average
refractive index which light experiences in different sections of the waveguide. We
demonstrate here the use of such a refractive index tapered waveguide as a mode filter thereby
taking this technique into a new realm of fabricating custom-made complex refractive index
profiles and photonic devices.

2. Experiments

The fabrication of tapered waveguides using LIFT was a two-step process. Firstly, a linear
arrangement of Ti metal segments was printed on top of LN substrates using the LIFT
technique as shown in Fig. 1. The LIFT samples were prepared by depositing thin films (~150
nm) of Ti (the donor) on top of transparent glass substrates (the carrier) by e-beam
evaporation. Femtosecond pulses with a Gaussian spatial profile from a mode-locked Ti:
sapphire laser (800 nm, 150 fs, FWHM ~4 mm) were centred on a 450 um diameter circular
aperture resulting in a reasonably spatially uniform incident pulse profile. A highly de-
magnified image of the aperture was then relayed onto the carrier-donor interface using a
commercial micromachining workstation (New Wave UP266, USA) thereby printing circular
Ti discs of diameter ~10 um (comparable to the incident laser spot size) onto a congruent
undoped z-cut LN substrate on the -z face along the crystallographic y-direction. The
separation between the carrier and the donor was maintained at ~1 pm separation using a
Mylar spacer. The donor-receiver assembly was mounted on a 3-axis precision (10 nm
resolution), fast (max. speed ~250 mm/s) computer-controlled translation stage to allow the
carrier-donor complex to be scanned in front of the incoming laser pulses. All experiments
were performed under a background pressure of 10~ mbar. Single laser pulses were used to
print each Ti dot and the laser was operated at 250 Hz. The laser threshold fluence for transfer
of Ti discs was ~0.4 Jicm? The separation between two adjacent Ti dots was controlled by
varying the scan speed of the translation stages. After printing, the deposited metal lines were
diffused into the LN crystal by heating it to 1050°C in an oxygen atmosphere for 10 hours.
Index tapered waveguides were produced by varying the writing speed along the
segmented Ti lines at a constant acceleration. The reason for writing lines at constant
acceleration was to avoid sudden changes in the final refractive index profiles to minimize
losses and obtain a smooth mode filter effect from the tapered waveguides. The idea behind
this technique is to have the ability to alter the behaviour of the waveguides just by



manipulating the scan speed and hence the segment separation along the length of the
waveguides. The amount of material deposited and then diffused per unit length decreases
with increasing scan speed, which in turn decreases the average effective index of the mode.
The mode confinement should therefore decrease with increasing speed and the waveguide
modal behavior should change from multi-mode to single-mode. By increasing the segment
separation and hence decreasing the index contrast along the waveguide a mode filter can be
produced that allows only the fundamental mode to propagate. In the present set of
experiments three different values of constant acceleration of 0.3, 0.4 and 0.5 mm/s® were
used for fabricating the tapered waveguides. The initial velocity was kept constant at 2.5
mm/s for all the tapers. Uniform waveguides were also fabricated for comparison by
depositing Ti segments with a constant separation (10 um between the centres of adjacent
segments) obtained by scanning the sample with a constant velocity of 2.5 mm/s (Fig. 1). The
samples were then end-polished for optical characterisation and loss measurements.
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Fig. 1. Schematic of the LIFT technique for printing segmented Ti lines onto LN substrates.
The exaggerated version of how the Ti dots separate out by increasing speed from one end
(port 1) of the substrate to the other (port 2) for fabrication of a tapered waveguide along with
constant velocity lines for comparison are also shown.

The waveguide losses at 1550 nm were measured using the fibre mismatch technique [12].
Light from a tuneable laser (1500-1600 nm) was launched into the waveguides using a single
mode fibre (SMF) and the output was first collected using a similar SMF and then with a
multimode fibre (MMF). The difference in the collection efficiency gave the coupling loss of
6 dB for the SMF. In this technique it is assumed that the MMF collects all the output light
from the waveguide. The propagation loss was then calculated by taking the difference
between the insertion loss (total loss due to the waveguide) and the coupling loss. The
insertion loss of the waveguides was measured to be 11 dB resulting in a propagation loss of
~3.1 dB/cm, (the waveguide length was 16 mm). The variation in the velocity along the
waveguide length leads to higher values of optical loss in tapered waveguides than the
previously reported constant velocity waveguides [4]. In comparison, overall optical losses of
1.6 dB and 1.05 dB have been reported for mode filters with lengths of 0.6 mm and 1.6 mm
respectively prepared using soft proton exchange (SPE) method [13].

The optical characterization of the waveguides was performed using the set-up outlined in
Fig. 2. Light from a tuneable fiberised laser (1500-1600 nm, TM polarization) was coupled
into the waveguides from port 1 using an objective lens (40 x). The output was collected using
another objective lens (40 x) and the mode profiles were observed using an IR camera. All
these measurements were performed at 1550 nm. The waveguide samples and objective lenses
were mounted on a 3-axis (x-y-z) translational stage.
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Fig. 2. Experimental set-up used for optically characterizing the waveguides.

Figure 3(b) shows optical mode profiles of segmented waveguides corresponding to Ti
deposition at constant velocity (2.5 mm/s). The waveguides supported two modes (TMg, and
TMoy). Figure 3 (d), (e) and (f) show the optical mode profiles of index tapered waveguides
corresponding to Ti deposition with constant acceleration of 0.3, 0.4 and 0.5 mm/s
respectively with an initial velocity of 2.5 mm/s when light was launched from port 1 (Fig. 2).
The images clearly show that the tapers supported only the fundamental mode (TMq) thereby
exhibiting the mode filtering operation. Similar results were obtained even when the coupling
conditions were altered by moving the waveguides with respect to the input beam in the
transverse direction to excite higher order modes indicating that the port 2 of the tapered
waveguides could support only the fundamental mode. When the acceleration value was
increased beyond 0.5 mm/s* the waveguides ceased to guide altogether due to the waveguide
reaching its cut-off value. Another important feature to be noticed in these images is that as
the writing speed/acceleration was increased the mode size increased as well, as a direct
consequence of the decrease in the index contrast with increasing segment separation that lead
to a broader and less tightly confined mode. The Gaussian function fit mode field diameter
(MFD) values for mode profiles captured from tapers fabricated with 0.3, 0.4 and 0.5 mm/s?
acceleration respectively are presented in Table 1. It clearly depicts the increase in the MFD
with increasing acceleration value.

Fig. 3. (b) Near field intensity profiles captured from a waveguide written with a constant
velocity of 2.5 mm/s. (d-f): near field intensity profiles of tapered waveguides written at
accelerations of 0.3, 0.4 and 0.5 mm/s? respectively when the light was launched from port 1.
(a) and (c): near field intensity profiles corresponding to the waveguide written with an
acceleration of 0.3 mm/s? when the light was launched from port 2.

When the laser light was launched from port 2 (Fig. 2) a much better confined
fundamental mode was obtained on the higher index port 1 of the tapers (Fig. 3 (a)) as
expected. The Gaussian fit MFD value for this mode is also presented in Table 1. However
upon altering the launching angle a higher order mode was monitored at the same port as
shown in Fig. 3 (c) for a waveguide written with an acceleration of 0.3 mm/s®. This behavior



is not expected for an adiabatic taper however the corrugation in the refractive index
distribution along the waveguides caused by the shape of the printed Ti dots is believed to be
responsible for this non-adiabatic behavior of the device. Modeling results, which will be
discussed in the next section, confirmed this observation.
Table 1. Gaussian Fit MFD Values for Mode Profiles Captured from Waveguides Written
with Acceleration of 0.3, 0.4 and 0.5 mm/s? Respectively When the Light was Launched
from Port 1 Along with the MFD Value for the Fundamental Mode on the Higher Index

Port 1 for Tapered Waveguide Written with 0.3 mm/s? Acceleration When Light was
Launched from Port 2

Wavegquides written with constant acceleration of Gaussian fit MFD (um
0.3mm/s? (light launched form the port 1) ~115
0.4 mm/s? (light launched form the port 1) ~145
0.5 mm/s? (light launched form the port 1) ~16.5
0.3 mm/s? (light launched form the port 2) ~85

3. Theoretical modeling

To understand the non-adiabatic nature of the segmented tapers fabricated using LIFT the
light propagation both along segmented Ti:LN and continuous index tapers was modeled.
First a 3D model of Ti diffusion of LIFT-deposited dots at high temperature was developed
with dot separation varying from zero to 3 um in steps of 0.5 um. This Ti distribution was
then converted to the corresponding 3D refractive index profile using the method discussed in
[14]. The zero and 3 pm separation values corresponded to the initial and final Ti dot
separation for the tapered waveguides written using 0.3 mm/s® acceleration. The maximum
refractive index contrast values over this range of segment separation vary from 0.0406 to
0.0322. In the actual experiments the samples were ~16 mm long but theoretical modeling
was not possible for these lengths due to excessively large computer memory requirements.
The simulation of light propagation in the waveguides was therefore restricted to shorter
lengths (~700 um) and qualitative results were obtained using Comsol multiphysics software.
The structure was built by drawing 7 sections each section containing 10 Ti discs with 0, 0.5,
1, 15, 2, 2.5 and 3 pm separations respectively. The corresponding refractive index profile
was calculated and is illustrated in Fig. 4 (a) as variation of the intensity of the segments along
the waveguide. The structure which is visible in some of the segments in Fig. 4 (a) is due to
limitations in the image generating capabilities of the software. Cross sections of the profiles
showed a smooth refractive index distribution. The light propagation pattern as shown in Fig.
4 (b) was obtained using a Gaussian (TMyo) distribution as an input to the port corresponding
to the 3 um separation side of the waveguides. The results revealed that during propagation,
part of the TMg, mode gradually converted to TMy; mode at the zero separation port of the
taper. The intensity profiles obtained from the 3 um and zero end of the tapered waveguide at
the positions marked by red lines are shown in Fig. 5 (i) and 5 (ii) respectively.
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Fig. 4. (a) Shows the refractive index profile for the segmented Ti:LN waveguide with the
brighter regions corresponding to higher index. (b) Shows the light propagation pattern when
TMgo mode was launched from the 3 um end of the waveguide.
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Fig. 5. Mode profiles obtained from the (i) 3 pm end and (ii) 0 pum end of the segmented Ti:LN
waveguide. The positions where the modes were captured are marked as red in Fig. 4 (b).
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The case of light propagation through a continuous Ti:LN tapered waveguide was
simulated using the beam propagation method (BPM) in the commercially available RSoft
Beamprop software, with the refractive index contrast values varying linearly from 0.0406 to
0.0322 throughout the length (~1 cm in this case) of the taper. The results depicted that the
mode size increases from the higher index port of the taper to the lower index port, as
expected for an adiabatic taper. The simulated mode profiles both for the higher and lower
index ports are presented in Figs. 6 (a) and 6 (b) respectively. This confirms the dot-induced
non-adiabatic refractive index structure observed for the segmented Ti:LN waveguides.
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Fig. 6. Simulated near field intensity profiles obtained from (a) the high index and (b) the low
index port of a continuous Ti:LN waveguide. The mode size increases as the refractive index
contrast decreases along the length of the waveguide.

4. Conclusions

The control over the waveguide refractive index contrast obtained by adjusting the separation
between adjacent segments of Ti which were LIFT-deposited and diffused into LN substrates
has been used to fabricate a refractive index tapered waveguide device to be used as a mode
filter. The propagation losses of the tapers were measured to be ~3.1 dB/cm at 1550 nm using
the fibre mismatch technique. The mode profile pictures captured confirmed the mode
filtering action performed by the index tapered waveguides. The corrugations introduced in
the refractive index profile due to the segmented geometry of the deposits induce a non-
adiabatic behavior in the tapers and this was confirmed by the theoretical modeling results.

Acknowledgement

Financial support from the Engineering and Physical Sciences Research Council (EPSRC),
UK, (under Grant no. EP/C515668/1) and the European Community (under Grant no.
508581101, e-LIFT) are gratefully acknowledged.



