In uence of optical standing waves on the femtosecond
laser-induced forward transfer of transparent thin Ims

David P. Bankg: , Kamal S. Kauf, and Robert W. Easén

'Optoelectronics Research Centre, University of SouthamptoSouthampton SO17 1BJ, UK

Corresponding author: dpb@orc.soton.ac.uk

The e ects of the formation of an optical standing wave duringemtosecond
laser-induced forward transfer of transparent Ims is analysedusing a
numerical interference model. The dependence of the intetysdistribution
on a number of easily-controllable experimental parameteiis investigated.
Results of the model are compared to experimental studies ofethitransfer
of gadolinium gallium oxide (GdGaO) with a polymer sacri cid layer. The
model allows us to explain the observed variation in deposit mahology with
the size of the air gap, and why forward transfer of the GdGaO wasossible
below the ablation thresholds of both polymer and oxide. ¢ 2008 Optical
Society of America

OCIS codes:350.3390, 190.4180, 310.6860, 160.2750, 160.5470

1. Introduction

The Laser-Induced Forward Transfer (LIFT) technique (as shownn g. 1) was initially
proposed by Bohandy et al. as a method for depositing metal fohe repair of damaged
photomasks [1]. In LIFT, a thin Im of the material to be deposited (the donor Im) is
coated onto one face of a transparent support substrate (tlerrier ) and brought into close
contact (typically the separation is on the order of a few mi@ns) with another substrate (the
receiver). Transfer of the donor Im to the receiver is e ected by focusig or demagnifying a
laser pulse through the carrier onto the carrier-donor inteaice. The laser initiates melting [2]
or ablation [3, 4] of the donor Im, providing the thrust required to propel material to the
receiver.

LIFT has been successfully applied for the direct-writing of mals (e.g., see [1, 2,5{11]
amongst others), polymers [12], oxides [13, 14], supercondust[15], diamond [16], carbon
nanotube eld emission cathodes [17], conducting polymers8]Jl and an adenosine triphos-
phate sensor fabricated from luciferase [19]. Recently, seMegeoups have also investigated

1



the e ects of using ultrashort (sub-picosecond) pulses for LIFTf§-LIFT ) [13,20{24]. The
majority of work has focused on achieving the smallest possible wttures, but fs-LIFT
has also been shown to be capable of transferring viable biontadés [25] and contiguous
solid-phase sections of donor Im [26] without requiring a saccdial matrix or protective
layer.

1.A. LIFT of transparent materials

For materials that do not absorb strongly at the laser wavelengt other techniques have
been developed that utilise ablation of absorbing sacri cial aterials to provide the thrust
for forward transfer [27{31]. Although these techniques haveastly expanded the range of
materials that can be deposited using forward transfer, they s introduce extra complexity
to the process. For example, one commonly applied approach esihclude a sacri cial layer
between the carrier and the donor, which is often referred tas a dynamic release layer
(DRL) [28]. Metallic layers are often used as DRLs [28, 29] buas metals do not dissociate
cleanly, contamination of deposited donor material by resicgi DRL is possible [32]. Although
this problem can be minimised using optimised polymeric DRLs (333, 34], such materials
can limit the range of available donors due to their sensitiwtto high temperatures or solvent
treatment. Clearly, therefore, it would be desirable to have technique capable of directly
transferring transparent materials.

In a recent work, we demonstrated that by utilising multi-phobn absorption of femtosec-
ond duration pulses at =800 nm, forward transfer of an e ectively transparent (absorgion
depth several orders of magnitude greater than the Im thickasses), amorphous gadolin-
ium gallium oxide (GdGaO) donor was possible [35]. Furthermer by including a triazene
polymer (TP) DRL [36], also transparent to the laser wavelengthit was possible to forward
transfer very clean discs of GdGaO with no evidence of residuaRD. An interesting obser-
vation was that the transfer threshold using the DRL was only 20% of the TP ablation
threshold at =800 nm.

1.B. Optical standing waves

An important consideration when transferring transparent Imsby fs-LIFT is the formation
of an optical standing wave due to interference between forwhand backward propagating
waves re ecting o the various interfaces between carrieDRL, donor, air gap and receiver.
The result is potentially a large intensity modulation along he laser propagation direction
within the thin Ims. Hence, the local intensity can vary signi cantly from the incident
intensity, which will a ect the transfer threshold and may causeunintentional damage to
the transferred material.

In this work we will consider the fs-LIFT of transparent Ims in more detail. A model for



the intensity pro le in arbitrary stacks of DRL and donor Im(s) is presented. The e ects of
various material and experimental parameters on the peaktansity within the Im(s) are
discussed in terms of their potential impact on the LIFT process.dstly, the model is applied
to the case of fs-LIFT of GdGaO with a TP-DRL. We investigate wheher the formation of
a standing wave can explain the surprisingly low transfer threskibobserved previously [35].
Also studied are the e ects of varying the size of the air-gap in #h setup on the quality of
the resultant GdGaO depositions.

2. Standing wave model

The formation of standing waves in thin Ims has been considedeby a number of authors
for the case of lithographic patterning (see e.g. [37]). In piéeular, an analytical description
of the standing wave intensity pattern in stacks of arbitrary numbers of thin Ims has been
developed by Mack [38].

2.A. Single Im case

It is relatively simple to determine the intensity pro le in a single thin Im between two,
e ectively in nite, dielectric media, as shown in g. 2. The Im is exposed through layer 1
(refractive index,n; = ny+1i 1) to a normally incident monochromatic plane wavek,, (z) =
E\nexp( ikyz). For simplicity, it is chosen to setz = 0 at the rst interface, 1,. The wave
is partially transmitted into the Im where it undergoes conseutive re ections o ,3 and

12. Note that, although the theory is for monochromatic illumiration, the femtosecond
Ti:sapphire laser used in the experiments (described later) haa bandwidth of around 10
nm. The result of using a source with a nite bandwidth would be toreduce the standing
wave amplitude relative to the monochromatic case. Howevergbause the laser bandwidth
was small compared to the standing wave period (100)s nm, the model still provided an
acceptable level of accuracy for comparison between expegimal and numerical results.

A geometrical approach yields a series of forward and backwagpropagating waves in the
Im, E*(z) and E (z) respectively, of the form

EX(Z) = Emtiardryt 2@ Yexp( ik,z) 1)
Ea(2) = Emtiorirdyt Zexp(ik,z) )

wheret;; 2n;=(n; + n;) = the amplitude transmission coe cient at

q
1

(ni nj)=(n; + nj) = the amplitude re ection coe cient at

i exp( ik;d;) = the internal transmittance of layer j

£
I

thickness of layer]
ki = 2 n;= =the propagation constant in layer]
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wavelength of incident laser pulse

a denotes multiple re ections

The total electric eld in the thin Im, E, (2), is then just the summation of all these
forward and backward propagating waves:

R
Em (2) = E:(2)+ E,(2) 3)
a=1

Substituting eqns. (1) and (2) into (3), it is then straightforward to show that
Em (Z) = E|nt12[exp( ik222) + I3 ZzeXp(ikzzz)] S (4)

where S = 1+ raras 2(1 + ragras 2(1 + ::2)), is a geometric series. Hence, noting that

r,1 = r1p, We arrive at [38]

|
exp( ik22)+ o3 Zzexp(ikgz)

Em (2) = BEintr2 14 T g5 2 (5)
Finally, the intensity in the Im, 1, (2), is found by squaring the magnitude ok |, (z),
Co 2. .
lm ()=~ Em @)1 (6)

where ¢ is the permittivity of free space and ; is the permittivity of the thin Im.

2.B. Multiple Im case

The above analysis can be extended to the case of multiple thilms between two substrates.
In this situation it is convenient to de ne two e ective amplitude re ection coe cients, rJOJ 1
andr; 4, [38]. Nowrj?j .1 IS the e ective re ection coe cient between layer j and all the

and all the preceding layers (i.e. layers;®;:::;] 1). We also introduce the e ective uence
incident on layerj, En; . M 15 rf’J +1,andEj,; can be calculated from the refractive indices
and thicknesses of all the layers in the structure as described|[38].

Consider now the case ah 1 thin Ims (i.e. m+1 layers including the two substrates).
The substrates are layers 1 andh + 1. The eld in layer 2, the rst thin Im, is then given
by [38]:
exp( ik,z)+ r9; 2exp(ik,z) @)

1+r1ords 3

Note that the electric eld in layer 2 is almost identical in the single and multiple Im
cases except that the re ection coe cient at ,3 in egn. (5), r,s, is replaced by the e ective
re ection coe cient between layer 2 and all the subsequent lagrs, r9;.

E2(z) = Ente




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

exp( IkJ Zj)+ rfj +1 jzexp(ikj Zj)

0 2
e ST

Ej(z) = Einj tjo 1 (8)
wherez is the local depth in layerj, such thatzy =0 at ; 1; andz = d; at .+, and
t? ,; is the e ective transmission coe cientat ; 15 (t ;; =1 r?,; =1+ 7r; ;). Note
that, in layer m (the last thin Im), r{ ., is just equal torj; .1 .

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

() = “ZHE)F ©)
i@ = SLLE@FP (10)

where ; is the permittivity of layer j.

3. Implications of Standing Waves for fs-LIFT

Using the above, multi-layered model, it is simple to determinthe standing wave intensity
pro le in a typical fs-LIFT setup. Consider rst the case of a singledonor Im of refractive
index Ngonor and thicknessdgonor 0N a silica carrier Qcarrier 1:47 + 0i) separated by an
air gap of thicknessd,j; from a receiver with a surface re ection coe cientr ., as shown in
g. 3. Clearly the carrier is equivalent to layer 1 in the aboe model; the donor is layer 2,
the air gap layer 3, and the receiver layer 4.

For the simulations, the laser wavelength was chosen to be 800 nim,accordance with
experiments.E,, |,, and |; were all set to 1 for simplicity, and hence the incident intensyt
at the carrier-donor interface ¢ = 0) was also unity. For the donor, a material similar to
the GdGaO was chosen, SOgonor = Ndonor T | donor 1:95 0:03; the value of gonor
corresponded to a e absorption depth of approximately 2 m.

There are essentially three variable parameters in this set-Ugyonor , Jair , @NA F'rec (Ngonor 1S
obviously xed by the application). Figure 4 shows the variatbon of maximum intensity in the
donor, | (gonormax ), @s a function ofdy, for a range of donor Im thicknesses, with receivers
approximately corresponding to silicafec = 0:2, g. 4(a)) and silicon (rec = 0:57,
g. 4(b)). The most obvious trend that can be seen is thal gonormax ) Varied approximately
sinusoidally with d,; with a period of around = 2. This result was intuitive as interference
in the donor Im due to the rst re ection o the receiver was co nstructive for 2d,, =
=2;3=2;::: and destructive for 2, =0; ; 2;::: (note the -phase shift upon re ection
from the air-receiver interface).

The dependence omlyonor Was also relatively easy to explain. Due to interference betesw
the forward propagating incident wave and the two back-re etions o the donor-air interface
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and the receiver surface, a pattern of maxima and minima wasrfoed in the donor Im with

a period of =2ngonor 200 NmM. Consider g. 5 which shows the calculated intensity prdes

in the donor and air layers with @gonor ( M ); dair (M )) equal to (0.1,0.125), (0.1,0.375),
(0.5,0.2), and (0.5,0.4), in g. 5(a)-(d), respectively. Tle receiver re ectivity wasr,ec = 0:57

and the refractive index pro le is included as a dashed line tmdicate the donor-air boundary.

The necessity to have an intensity minimum at the receiver surfacmeant that d, de-
termined the positions of the maxima and minima in the donor Mer. For very thin Ims
(dgonor = 2Ngonor ), the Im thickness was less than the standing wave period so whedr
there was a maximum or minimum in the donor was determined bgl,;; (see g. 5(a) and
(b)). As a result, the maximum intensity in very thin Ims was highly dependent ond,;, (see
g. 4). For thicker Ims with  dgonor > = 2Ngonor, there was always a standing wave maximum
in the donor, and so the dependence ahy;; decreased. However, there was still a signi cant,
approximately sinusoidal, dependence of the maximum aty; .

LIFT techniques are well known to be highly sensitive to the adied laser uence (see
e.g. [1, 21]). Hence, having the maximum intensity in the dondnighly dependent ond,;
represents a problem ady;, is then another parameter that must be accurately controlleéor
reproducible results. If we de ne as the ratio of the maximum value ofl yonormax achieved
by varying d,; to the minimum value, then quanti es the variation of the maximum
intensity in the donor asd,; is changed. A value of =1 is ideal so there is no dependence
of I gonormax ON dyir @nd critical control of the size of the air gap is not necessary.

Figure 6 shows plots of as functions ofr . (a) and dgonor (b) With all other parameters
xed. There were clearly strong dependences on both paramede For receivers with very
low re ection coe cients (e.g. silica, r.c = 0:2), the back-re ection o the receiver was
comparatively small compared to the standing wave in the Im de to the strong back-
re ection o the donor-air interface. Hence, the variation d with dyonor Was also small
(9.6 (a)).

As jriecj Was increased, the in uence of the back re ection o the receer was enhanced,
and hence the value of also began to rise. For very thin Ims (with dgonor = 2Ngonor
as before), the increase in was monotonic due to the lack of the formation of complete
fringes in the donor (g. 6 (b)). For thicker donors (dgonor = 2Ngonor),  INCreased to a
peak atr ec 0:35 (g. 6 (b)). The value of re. at which this peak occurred was observed
to be virtually independent of dgonor, but strongly dependent onngenor . The origin of the
peak was due to the relative amplitudes of the back-re ectits from the donor-air interface
and the receiver. A wave passing through the donor-air interfe, re ecting o the receiver
and then re-entering the donor layer experienced an e ectivre ection coe cient, res , of
toslrects2. A simple calculation then yieldsr ec 0:35 corresponds targs¢ r,s3. Hence,
interference was almost completely destructive fordg, =0; ; 2;:::, and fully constructive



for 2dy, = =2;3=2;::: when e 0:35. This led to the largest possible variation of
| gonormax With dar , @and hence a maximum in the value of .

Forrec reff , the value of began to fall to a minimum ( g. 6 (b)). Note that, for certain
values 0fdgonor, the minimum was at an unphysical value ofr.ej > 1. To understand this
behaviour, it is necessary to consider the higher-order re @ons that can occur. For example,
consider the second order re ection o the donor-carrier intdace for backward-propagating
waves in the donor. The relative strength of this re ection wl depend on whether there
iS @ minimum or a maximum at this interface, which in turn depads on whether there
iS @ minimum or a maximum at the donor-air interface. The impdant point to note is
that, if dyonor = M =4Ngonor (M =1;3;5;:::) then there will always be a minimum at the
donor-carrier interface if there is a maximum at the donor4ainterface and vice-versa (see
g. 5 (€)&(d)). For dgonor = M =4ngenor (M = 2;4;6;:::) the opposite is true. Hence, for
m = 1;3;5;:::, the re ection o the donor-carrier interface acts to couner the variation
iN lgonormax due to dyir, Whilst for m = 2;4;6;::: the two e ects combine to increase the
variation. Thus the second-order re ection explains why a p@dic behaviour of with dgonor
is observed with a period of=2ng.or (9. 6 (a)). Similarly, the reason why begins to
increase again above a certaitlyonor -dependent value ofrecj can be explained by considering
even higher order re ections. One nal observation to note isttat, for all values ofre., ! 1
aSdgonor ' 1 due to the small amount of absorption in the donor Im.

To conclude this section, fs-LIFT of transparent Ims is compkated by the formation
of an optical standing wave. The e ect of this standing wave is dependence of 4onor:max
on dy, that is not observed with absorbing Ims and means thatd,; must be accurately
controlled to achieve reproducible results. However, using trebove model, it is possible
to identify sets of experimental parameters that minimise tts problem. If the application
allows for variation of r ., then the problem can be reduced signi cantly. If only contrbof
dair and dgonor IS available, as is likely in many real applications, then itg still possible to
use the model to nd optimal values of these parameters.

4. fs-LIFT of transparent GdGaO: In uence of Oair

In the previous section it was demonstrated theoretically thathe formation of an optical
standing wave during fs-LIFT of transparent Ims led to a strong é&pendence of the peak
intensity in the Im(s) on the size of the air-gap. It was shown thagreat care must be taken to
choose optimal values of the various experimental parames$eio obtain reproducible results.
In this section we will consider how signi cant the e ect is in pactice by investigating the
transfer of a sample transparent donor and how the deposited stituces on the receiver vary
with dar

As a sample donor material, a GdGaO Im transparent to all wavelegths greater than



300 nm was used. In a recent work we demonstrated the fs-LIFT ofithmaterial using
multi-photon absorption of an 800 nm Ti:sapphire laser pulse (D3fs) [35]. However, it was
observed that direct transfer of the donor resulted in poor quéy depositions, which would
be di cult to analyse in terms of damage caused by localised higimtensities corresponding
to standing wave maxima. By including a TP-DRL, transparent towavelengths longer than
400 nm, it was possible to transfer clean discs of GdGaO. Hence wé uge the same setup
already described in [35] (DRL: TP 100 nm thick; donor: GdGaO 80 nm thick) for our
studies here.

The above model can easily be extended to include the DRL by Inding an extra layer
between the carrier and the donor. The TP-DRL is now layer 2 \th refractive index npr. =
Npre +i1 pre 1.7 0:06 [39]; the GAGaO donor is layer 3, the air layer 4, and the reagr
layer 5. Note that, in the previous section the value ohgonor Was taken to be 1.95. This
corresponds to the refractive index of single crystal gadolumn gallium garnet. However,
because the donor in this experiment had to be grown at room terarature to protect
the heat-sensitive TP-DRL, the resultant Im was amorphous. Therefractive index of this
amorphous GdGaO is not known so it was chosen to use the valuemfnr = 1:95 as an
approximation.

In this multiple- Im geometry, the parameter is important in both the DRL and donor
Ims. Similar calculations to those performed above again viged periodic dependences of
on the Im thicknesses of both DRL and donor, as shown in g. 7(a) ad (b), respectively.
This behaviour can be easily explained considering the reledi intensities of the multiple
re ections as before.

Assuming the best guesses obr. and ngenor given above for the TP and the GdGaO,
the model gives = 3:0717 in the DRL and = 1:7882 in the donor fordpg. = 100 nm
and dgonor = 150 nm. When npg.  and ngenor Were allowed to vary while keeping the Im
thicknesses constant ( g. 7(c)), it was found that, although tkere were dependences ofon
the refractive indices in both layers, these dependences wewmnparatively weak. Hence, the
most important parameters in determining the values of in the two Ims appear to be the
Im thicknesses. In this case the minimum values of were 1:25 and 1.4 in the DRL
and donor layers, respectively. However, given the uncertajnin the values ofnpg. and
Ngonor » SUCh numerical results should be considered as somewhat apprate.

4.A. Experiments with GdGaO

The fs-LIFT experiments were performed using a micromachingnworkstation (modi ed New
Wave UP-266) tted with a white light source and a CCD camera foviewing the workpiece.
As the DRL and donor Ims were transparent to the white light, thin Im interference of
the white light occurred that was observed as coloured fringeon the CCD. Estimating the



re ection coe cients of the interfaces using the previously gren refractive indices yielded
ro 0:07,r23 0:07,r3s 0:32, andrss = ryec 0:57. Hence, the back re ections o
the donor-air and air-receiver interfaces were by far the singest and so we can conclude
that the visible fringes were primarily the result of thin Im interference in the air gap.
Therefore, it was possible to estimatel,; from the colour of the fringe, ¢, and the fringe
number, f . For example, for the rst green fringe, 530 andf =1, dy =f =4 130
nm.

Figure 8 shows SEM micrographs of deposited GdGaO as a functiohd,; . For reasons
described in [35], it is believed that all the TP-DRL was remad during the forward transfer
process. Observation of these results revealed a periodic deparae of the GdGaO deposit
morphology ond,;; . With donor and receiver in tight contact (dy; 0 g. 8(a)) no deposits
were obtained. This was believed to be due to the fact that thdonor layer did not have
su cient room to deform and shear due to the close proximity of tle receiver [35]. Increas-
ing dy; to around 50 or 100 nm ( g. 8(b)) resulted in the good quality, mshattered discs
reported previously [35]. Ford,; 200 nm, the deposited structures were very di erent, ex-
hibiting signi cant laser damage and splattered material trasferred around the main deposit
(9. 8(c)). Further increasing d,; resulted in a gradual reduction in the amount of apparent
laser damage ( g. 8(d)) until arounddy, 400 nm when similar good quality discs to those
observed atd,; 100 nm were seen again ( g. 8(e)). However, at this separatiorhdre was
evidence of more (solid phase) debris, believed to be due to sleaithg during transfer [35].

When dy, was increased to greater than 400 nm, similar behaviour was obsel. Firstly,
the amount of laser damage to the GdGaO increased with; uptod,; 600 nm ( g. 8(f)),
before decreasing again until relatively clean discs were sdend,; 800 nm (g. 8(Q)).
This periodic variation of deposits continued with the donoreceiver separation, with good-
quality deposits obtained whend,; 400 80Q ::: nm and signi cantly damaged material
whendy, 200600 ::: nm.

It is simple to explain the observed variation in the quality ofdeposited material by
considering the e ect of multiple re ections. In previous wok, the forward transfer threshold
of a 150 nm GdGaO donor on a 100 nm TP-DRL was measured to be ardu®0 mJ/cm?,
compared to ablation thresholds of 110 and 500 mJ/chior the GdGaO and TP, respectively
[35]. Figure 9 shows a plot of the variation of maximum uenceni the DRL (solid line)
and donor (dashed line) layers withd,;, calculated using the material properties described
above and assuming an incident uence of 90 mJ/ctn The SEM micrographs A-G show
typical deposits obtained at values ofd,; indicated by A-G on the graph. As would be
expected, the relatively undamaged deposits coincided witkalues ofd,; where destructive
interference resulted in relatively low uences in the DRL ad donor (see A,D,G). Similarly,
the most obviously damaged deposits were obtained whdyg, corresponded to constructive



interference in the Ims (B,E).

The results in g. 9 also provide a likely explanation for the syprisingly low (below the
ablation threshold) transfer thresholds of GdGaO when a TP-DRlwas included [35]. As can
be seen from the plot in g. 9, assuming an incident uence of 90 Mdm?, the maximum
uence in the TP-DRL varied from 80to 250 mJ/cm? asdy, changed, and hence the
uence was never su cient to photolytically decompose the TPBRL. However, the uence
in the donor was consistently above 110 mJ/ci(i.e. greater than the measured ablation
threshold). This observation suggested that the forward transfeof GdGaO resulted from
absorption of the laser in, and associated heating of, the dondhe hot donor Im then
conductively heated the TP-DRL which subsequently thermallglecomposed. Note that these
results indicate that it is possible to get good quality transfeof donor material, even when
the donor has a lower ablation threshold than the DRL at the lagewavelength, provided
that the donor can withstand heating to the DRL ablation/decanposition temperature. Note
also the apparent disparity between the numerical results in g9 and the measured ablation
threshold of the GdGaO. The model predicted uences in the dam well above its ablation
threshold for most values o, , but no evidence of laser damage was seen in the deposits
at d;;y 0;40Q0 800 ::: nm. This can be explained by the fact that the model does not k&
into account the increase in gonor as the uence approached the ablation threshold and the
GdGaO began to absorb the laser nonlinearly.

5. Conclusions

To conclude, a thin Im interference model has been used to miet the standing wave
intensity distribution formed during the femtosecond LIFT of transparent Ims. The model
has been used to investigate the e ects of varying a number of marimental parameters,
including the thicknesses of the donor, DRL, and air layers, antthe receiver re ectivity. An
important consideration that has been identi ed was the dramtic variation of the uence in
the DRL and donor layers agl,; was changed. We have shown that, in principle, it is possible
to minimise this e ect with the proper choice of Im thicknessegand receiver re ectivity, if
this parameter can be varied).

The results of the model have been compared to experimentakudts of the transfer of
a GdGaO donor on a TP-DRL. The model appeared to explain the pedic variation in
the morphology of GdGaO deposits withd,; . Also, the model provided an explanation
of the below ablation threshold transfer of GdGaO. The transfeprocess is now believed
to be a thermolytic decomposition of the TP layer due to conduive heating from the
overlying donor, which nonlinearly absorbed the laser at a l@v uence. Taken together, the
experimental and numerical results indicate that fs-LIFT is aviable method for the transfer
of transparent materials. However, extra care must be taken witregards to the formation
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of a standing wave and the relative damage thresholds of the DRInd donor materials.
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List of Figure Captions

Fig. 1. Schematic of the LIFT technique.

Fig. 2. Schematic of multiple re ections in a single transparg thin Im under monochro-
matic, plane-wave illumination. Multiple re ections havebeen spatially separated for ease of
viewing. 1, and ,3representthe interfaces between layers 1 and 2, and 2 and Jpectively.
Fig. 3. Fs-LIFT of a single Im.

Fig. 4. Variation of the maximum intensity in the donor with dy; and dgonor @ssuming
rec = 0:2 () and -0.57 (b).

Fig. 5. Intensity (solid lines) and refractive index (dashed lias) proles with
(dgonor ( M ); dgir ( M )) equal to (0.1,0.125), (0.1,0.375), (0.5,0.2), and (0(&4), in (a-d), re-
spectively.

Fig. 6. Plots of as functions ofdgoner (a) and reec (b) with other parameters xed.

Fig. 7. Plots of in the TP-DRL (a) and in the GdGaO donor (b) as functions ofdgonor
and dpr. Wwith other parameters xed, and variation of in the DRL (diamonds) and donor
(circles) layers as function ohpr. and Ngenor (C).

Fig. 8. SEM micrographs of GdGaO deposits on Si as a function df; transferred with
incident laser uence 90 mJ/cm?.

Fig. 9. Main graph: variation of maximum uence in TP-DRL (solid line) and GdGaO donor
(dashed line) as functions ofl,; assuming incident uence 90 mJ/cmd. SEM micrographs
show deposited material at approximately indicated separatis; scale bars represent 10m.
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Fig. 8. SEM micrographs of GdGaO deposits on Si as a function @f; trans-
ferred with incident laser uence 90 mJ/cm?.
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Fig. 9. Main graph: variation of maximum uence in TP-DRL (solid line) and
GdGaO donor (dashed line) as functions ad,;, assuming incident uence 90
mJ/cm2. SEM micrographs show deposited material at approximately -
cated separations; scale bars represent 1fn.
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