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Femtosecond Laser Lift-Off with Sub-Bandgap Excitation
for Production of Free-Standing GaN Light-Emitting

Diode Chips

Steffen Bornemann,* Nursidik Yulianto, Hendrik Spende, Yuliati Herbani,
Joan Daniel Prades, Hutomo Suryo Wasisto,* and Andreas Waag

Laser lift-off (LLO) is commonly applied to separate functional thin films from the
underlying substrate, in particular light-emitting diodes (LEDs) on a gallium
nitride (GaN) basis from sapphire. By transferring the LED layer stack to foreign
carriers with tailored characteristics, for example, highly reflective surfaces, the
performance of optoelectronic devices can be drastically improved. Conven-
tionally, LLO is conducted with UV laser pulses in the nanosecond regime. When
directed to the sapphire side of the wafer, absorption of the pulses in the first
GaN layers at the sapphire/GaN interface leads to detachment. In this work, a
novel approach towards LLO based on femtosecond pulses at 520 nm wave-
length is demonstrated for the first time. Despite relying on two-photon absorp-
tion with sub-bandgap excitation, the ultrashort pulse widths may reduce
structural damage in comparison to conventional LLO. Based on a detailed study

management and light output of the
device.’! The latter aspect includes the
development of methods to transfer func-
tional InGaN/GaN LED layers after epitax-
ial growth from the sapphire substrate to
different more adequate carriers, for in-
stance, germanium wafers,® metal foils,"”’
or flexible substrates.®*”!

Because the fabrication of GaN substrates
is complicated and therefore expensive,
functional LED films are usually grown by
heteroepitaxy on foreign substrates.'” In
commercial production, sapphire is often
utilized because this material is readily avail-

of the laser impact as a function of process parameters, a two-step process
scheme is developed to create freestanding InGaN/GaN LED chips with up to
1.2 mm edge length and ~5 pm thickness. The detached chips are assessed by
scanning electron microscopy and cathodoluminescence, revealing similar

emission properties before and after LLO.

1. Introduction

Due to massive advances in efficiency, durability, and versatility
in the past decades, light-emitting diodes (LEDs) based on
gallium nitride (GaN) are nowadays of huge importance for
all kinds of visible light applications."™ Their performance
could be improved not only by optimizing the material quality
and epitaxial structure of the InGaN/GaN layers, but also by care-
fully tailoring the substrate and packaging to enhance the heat

able and compatible with GaN growth con-
ditions.'Y) However, sapphire exhibits poor
electrical and thermal conductivities as well
as very low optical reflectivity. Therefore, in
case of highly efficient or specialized light
sources, the transfer of GaN LED structures
to more suitable carriers allowing a more
efficient outcoupling of photons is required.
This process includes the removal of the
sapphire substrate from the thin GaN layer. Up to now, various
techniques have been demonstrated for this purpose, including
laser lift-off (LLO),*? grinding and dry-etching of the sapphire,™*!
the use of selectively etchable!'*'® or weakly bonded intermediate
layers,**'”) natural stress-induced separation after growth,*2"
and controlled spalling.?”

Among these approaches, LLO has proven to be fast, efficient,
and reliable.”?® In a conventional approach used today, a UV laser
with pulse width in the nanosecond regime is utilized.['22*2¢]
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Figure 1. Band diagram illustrations for LLO processing of GaN on sap-
phire substrates. a) Conventional LLO process based on single-photon
absorption. b) Two-photon absorption based on femtosecond pulses at
520 nm. The red bar indicates the zone where laser-induced ablation takes
place.

The beam is directed to the backside of the LED wafer (i.e., to the
transparent sapphire side; see Figure 1a). The photons exhibit
an energy above the bandgap of GaN, so the pulse energy is
dissipated at the sapphire/GaN interface. At sufficiently high
pulse energies, decomposition of GaN at this interface into
metallic gallium and gaseous nitrogen is induced, causing sub-
sequent detachment of the GaN layer. The method was first dem-
onstrated for GaN layers by Kelly et al. with the third harmonic of
a Q-switched neodymium-doped yttrium aluminum garnet laser
beam (355 nm).l"? Alternatively, KrF excimer lasers with 248 nm
emission can be applied for LLO."?*) Nowadays, LLO has become
a standard process in industrial LED production.**! By transfer-
ring the LED layer stack to foreign carriers with tailored charac-
teristics, for example, highly reflective surfaces, the LED
performance could be drastically improved. In case of high-
power LEDs, this new “thin-film LED” architecture has led to
a substantial increase in light outcoupling and external quantum
efficiency.>*”!

Even though LLO is routinely used in LED fabrication, an
increase in defect density due to the intense laser irradiation
was proven in different studies, mainly affecting the device
reverse leakage current.”®*2?%! Chen at al. supposed the rapid tem-
perature increase and distribution of energy throughout the GaN
layer during nanosecond laser pulses to be the main cause for
crystal damage.?% Referring to simulations, they argued that
both temperature and laser-induced damage significantly
decrease with reducing the pulse width.

Based on that consideration, we present a novel approach of
LLO for GaN on sapphire, employing ultrashort laser pulses in
the femtosecond regime. Another difference to conventional
LLO is that the laser source emits at 520 nm; that is, the pho-
ton energy is lower than the GaN bandgap. Thus, linear
absorption is only very small. However, the extremely high
laser intensities during the ultrashort pulse times enable
higher order processes, which in this case is mainly two-
photon absorption (see Figure 1b).2" In contrast to UV laser
pulses in the nanosecond regime, light-matter interaction is
not limited only to the first GaN layers. The high peak powers
also trigger nonlinear processes in the sapphire, including
even higher order multiphoton absorption and self-
focusing.’?! Yet, in the considered intensity regime, it has
been found that most of the light intensity is transmitted
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through the sapphire and then absorbed at the GaN interface.
The applicability of ultrashort pulses in the picosecond regime
for LLO of different metal films has already been demonstrated
successfully.?! Also, the possibility of lifting functional GaN
films from GaN substrates by femtosecond pulses in the infra-
red has been shown recently.**! However, the application of
femtosecond laser pulses in the visible wavelength regime
for lift-off of GaN from sapphire is to the best of our knowl-
edge presented here for the first time. A key advantage of our
approach is that in the visible range, compact and long-lifetime
solid-state lasers can be used, replacing the much more com-
plex and costly operation of excimer lasers. Due to the short
pulse width and the long wavelength, however, it involves
completely different physical processes during absorption.
In particular, the ultrashort time of laser—material interaction
suppresses thermal effects and could therefore possibly lower
the degree of thermal damage to the crystal in comparison to
conventional LLO.**?¢! In contrast, the longer absorption
range in case of two-photon absorption might affect layers
deep inside the LED structure, especially the active area
with lower bandgap.*"! It was the goal of this study to demon-
strate the viability of femtosecond LLO with below-bandgap
irradiation and to investigate whether this process is suit-
able to fabricate detached LEDs without inducing structural
damage.

The proposed femtosecond lift-off process for realizing
detached chips is based on a two-step procedure with varying
pulse energies. The presented experiments were possible with-
out a bonding step to a foreign wafer or tape prior to detachment.
To analyze the optoelectric functionality and surface morphology
after lift-off, the LED chips were assessed by scanning electron
microscopy (SEM) and cathodoluminescence (CL). The results
are supplemented by preparatory measurements, where the laser
beam parameters in the focus region as well as the laser-induced
damage threshold of GaN for the utilized laser system have been
thoroughly investigated.

2. Results and Discussion

2.1. Beam Characterization and Determination of Damage
Threshold for n-GaN Layers

For laser processing of GaN-based LEDs, a solid-state laser with
520 nm emission wavelength, 350 fs pulse width at a 200 kHz
repetition rate, and up to 40 uJ pulse energy was utilized. It
was connected to a laser machining system with a galvanometer
scanner and a telecentric ftheta lens. In a first experimental
series, a thorough investigation of the beam parameters
in the focal region of the objective was conducted. For this
purpose, plain n-GaN buffer layers were used and single laser
shots were directed towards the top side of the wafer to examine
the beam characteristics. The sizes of the yielded craters
were assessed by SEM. According to a method proposed by
Liu, the beam shape at a specific working distance of the setup
can be calculated by directing single pulses at increasing energies
to a test sample.””) Assuming a Gaussian distribution with
different beam widths in x- and y-direction, the planar fluence
profile of the beam ¢(x,y) at the set working distance can
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be described as follows, stating the laser energy per pulse
and area

2 2
D(x.y) = o exp(—Z(wx—ﬁ%)) (1)

Y

Here, ¢, denotes the peak fluence at the center and w, and o,
are the beam radii in x- and y-direction, respectively. Material
ablation sets in as soon as the threshold fluence ¢y, is exceeded
at any point of the surface, leaving a crater behind (see insets of
Figure 2a—c). As can be seen in those SEM images, the shape of
the crater is not circular, but rather elliptical. As expected for an
astigmatic beam, the two orthogonal main axes of the ellipsis
rotate by 90° while passing through the focal region. For a math-
ematical description, the coordinate system was chosen
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Figure 2. a—c) Graphs of the squared crater width against the pulse energy
and peak fluence, respectively, after directing single pulses to a GaN sur-
face at different relative working distances, that is, (a) WD, =—1mm,
(b) WD,y =0mm, and (c) WD, =1 mm. x- and y-directions are treated
separately in each case. The point where the lines intersect the lower axis
corresponds to the damage threshold. The insets show SEM images of
characteristic crater shapes at pulse energies of 7). In (a), the global
choice of the coordinate system is illustrated. d,e) Graphs of the threshold
fluence ¢hy,and beam width 2w in x- and y-directions in dependence on the
working distance WD,¢around the focus position of the laser beam. The
data were obtained from fit curves as depicted in (a—c). In case of the beam
width, a Gaussian beam profile @ = wy+/(1+ (WD, — 29)/25)2) was
fitted to the data points for both x- and y-directions.
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accordingly. The x and y axes are orientated along the main axes,
as shown in the inset in Figure 2. At the edge of a crater with
diameters D, and D,, the fluence equals the damage threshold.
Considering ¢(3¢,0) = #(0, %) = ¢y, in Equation (1), it can be
transformed to the following shape for both x- and y-directions

Dx/yz =2 Cl)x/yz IOg ((f—i) (2)

The peak fluence grows linearly with the known pulse energy
Ep as

= b o)
Tw.w,

As o, and o, are constant for a defined working distance, plot-
ting D? against In(Ep) for both x- and y-directions and determin-
ing the slope leads to values for w, and w,, respectively.
Exemplary graphs for three different working distances are
depicted in Figure 2a—c.

For pulse energies higher than 10 pJ, the behavior deviates
slightly from the linear slope in the beginning, indicating that
the intensity distribution cannot be described properly with a
Gaussian profile in this high-energy regime. Consequently,
the linear fit was only applied in the low-energy regime. The pro-
cedure was conducted for different relative working distances
WD, around the focal region (Figure 2e). WD, denotes the dis-
tance of the telecentric objective from the z position, at which the
geometric mean of the beam width reaches its minimum.
Positive values of WD, correspond to a larger distance between
objective and sample. Figure 2e reflects the astigmatic beam
shape with minimum beam widths of 20 and 26 ym for the
x- and y-direction, respectively. For lift-off, the sample has to
be treated on a broad area following the scanning pattern shown
in Figure 3c so that deviations from a circular beam shape do not
have a severe impact.

Furthermore, the obtained data are used to measure the laser-
induced damage threshold of GaN for single-pulse irradiation,
which is of importance for the lift-off process described in the next
section. For each WD, the calculated values for w, and w, can be
reinserted into Equation (2), effectively rescaling the abscissa of
the graphs in Figure 2a—c from pulse energy Ep to peak fluence
¢o. The intersect of the fitted line with the ¢g-axis, corresponding
to zero crater diameter, indicates the damage threshold ¢y,. The
obtained values are plotted in Figure 2d. As expected, ¢y, stays
rather constant over the working distance, slightly deviating
between 0.4 and 0.55 ] cm ™2, with a mean of 0.5 ] cm ™2 In the
literature, values between 0.25 and 0.9 J cm ™% were reported for
single femtosecond pulse impingement on GaN.[*>3¢3839)
Stiuka et al.*®! and Grinys et al.’® tested the damage threshold
in quite a similar regime to the one demonstrated in this work,
utilizing 515 nm pulses of 325 fs width, where they measured a
threshold of 0.4 ] cm™ for single pulses.?>** That value is in good
agreement with the one measured in our study.

2.2. Lift-Off Experiments with Femtosecond Pulses

For lift-off experiments of GaN-based LEDs, the laser beam was
scanned across the sample backside, that is, the sapphire side, as
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Figure 3. a) Sketch of the laser machining setup. The red arrows indicate
freedom of movement of the corresponding devices. b,c) Sketch of laser
processing in different types of experiments: (b) single shots directed to
the GaN surface for analysis of the beam characteristics and (c) scanning
pattern of the beam across the sapphire side in crossed lines for lift-off
experiments. Green dots mark positions of impinging pulses, where
darker dots are hit twice.

shown in Figure 3c. In first tests, the impact of the working dis-
tance and pulse energy was analyzed. To ensure consistent sample
conditions, a two-step process was developed, as shown in
Figure 4. During the first step, a GaN LED chip was defined
by scanning the beam along the ring-shaped perimeter area with
100 pm width. The width was chosen to ensure sufficient separa-
tion between the chip and its surrounding layer. However, this

Figure 4. Two-step process flow for an area-selective LLO: a) high-fluence
ablation for selectively creating the outer frame surrounding the to-be-
lifted GaN chip and b) scanning with lower fluence for releasing the
GaN chip from the sapphire substrate.
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value can still be reduced to be around the according beam diam-
eter for minimizing the wasted wafer area. For chip definition, a
high pulse energy of 5 uj was used, while the beam was scanned
across the surface with the pattern shown in Figure 3c. For
the tested working distance range from WD,q=—-2mm to
WD, = 1mm, the corresponding fluence at that pulse energy
was high enough to completely remove the GaN film around
the center, fragmenting it into small pieces. Subsequently, the
impact of laser irradiation on the central area under different
conditions was tested. The size of the chip was kept constant
to 0.5 x 0.5mm?% The working distance was varied between
—2 and 1 mm at pulse energies between 0.7 and 3.3 pJ. For each
parameter combination, ten tests on different sites of the same
wafer were conducted. In each case, the laser completed one full
run through the scanning pattern. In case of a positive lift-off
event, the detached film, which was facing downward, dropped
onto a cover slide.

The results of this test series are shown in Figure 5a. The
white numbers in the graph, at a x—y position indicating the
applied parameters, show how many of the ten lift-off runs
had a positive outcome. For each working distance, the lift-off
probability reached a maximum for a certain pulse energy.
The maximum shifted to higher pulse energies when moving
away from WD, = —0.5 mm. This shift indicates that the lift-
off probability is not only defined by the pulse energy and the
corresponding integrated fluence ¢, = Ep X n/A, where n/A
describes the number of pulses per area, but is also affected
by the working distance. The influence of the working distance,
that is, the beam width, is taken into consideration when regard-
ing the peak fluence ¢,. For each value of WD, in Figure 5, the
beam widths ., in x- and y-direction were computed with the fit
curves from Figure 2e and then used to calculate ¢ according to
Equation (3). However, one has to consider that in case of the lift-
off experiments the wafer was flipped, meaning that a sapphire

o
- o

Relative working distance WDrel [mm]
Peak fluence <I>0 at GaN surface [J/cm?]

0.5 1 1.5 2 25 3 35
Nominal laser pulse energy Ep [bd]

Figure 5. Experimental results for lift-off of GaN LED chips 0.5 x 0.5 mm?
in size. Color-coded plot depicting the peak fluence of a laser pulse in
dependence on the relative working distance and the pulse energy, calcu-
lated with the beam profile shown in Figure 2e. The white numbers in the
graph indicate positive outcomes of lift-off experiments under the corre-
sponding conditions, where ten experiments were conducted for each
parameter combination.
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layer with a thickness of 430 pm had to be passed until the inter-
face was reached. This shifted the focus position to a value of
WD, =—0.3mm, also considering refraction of the rays at
the air/sapphire interface. Moreover, Fresnel reflections at the
air/sapphire and sapphire/GaN interface were considered for
the calculation of the fluence values in Figure 5. In addition
to those linear optical effects, nonlinear phenomena in sapphire,
that is, multiphoton absorption and self-focusing, come into play
for ultrashort pulses.?? The effect of multiphoton absorption
in sapphire was estimated by measuring the transmission
through a double-side polished wafer without a GaN layer on top
(see Figure S2, Supporting Information). It turns out that signif-
icant absorption in sapphire does not occur for the lower fluence
regime, which is suitable for lift-off. Concerning self-focusing,
the critical power value of ~700kW for sapphire at 520 nm is
exceeded in our experiments by a factor of 3-15.4% Thus, self-
focusing might affect the pulse shape during transition through
sapphire, but was not taken into account for calculating the peak
fluence values displayed in Figure 5.

Despite those simplifications, Figure 5a states a quite good
correlation between the lift-off probability and as-calculated peak
fluence. As illustrated by the two contour lines, nearly all positive
lift-off events are settled between ¢ = 0.3 and 0.55 ] cm ™2, defin-
ing a suitable working range for lift-off under femtosecond
irradiation. In Figure 6, exemplary microscopic images of the
wafer and chips after LLO are shown, fabricated at a constant
working distance of WD, = 0.5 mm and increasing pulse ener-
gies. The appearance of grayish spots on the chips is related to
gallium formation at the interface (see Figure S1, Supporting
Information).””! The peak fluence in (a) is too low to induce
lift-off, the chip remains at the sapphire substrate. For the high-
est displayed pulse energy of 2.3 pJ, the peak fluence has already

Microscopic surface images — 0.5mm

Wafer condition
after LLO

process

Chip condition

after LLO .y Fragmented
process No lift-off g
Pulse energy Ep 1.0 1.6 pJ 23
Peak fluence ¢, 0.20 J/cm? 0.34 J/cm? 0.48 J/cm?

Figure 6. Microscopic images of the wafer and chip surface after applying
the two-step LLO process depicted in Figure 4 with increasing laser power.
The relative working distance WD, was kept constant at 0.5 mm. a) The
energy was too low to initialize lift-off and the chip remained on the wafer.
b) For 0.3 )/cm? < ¢y < 0.45 J cm ™2, the lift-off regime was reached as
shown in (b,c). ) A higher peak fluence of ~0.5)cm™ has already led
to fragmentation in this case.
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reached the upper limit of the stated interval, leading to fragmen-
tation of the chip.

For conventional lift-off processes, the integrated fluence ¢y,
is often given as a critical parameter.***>*! In case of a non-
linear process, the temporarily reached laser intensities are of
more significance for the total amount of absorbed irradiation.
Since the pulse width remains constant here, it seems reasonable
that the reached peak fluence ¢, is critical for lift-off. However,
according to Figure 5, one might argue why LLO takes place
when a peak fluence between ¢o=0.25 and 0.45]Jcm™? is
reached after passing the GaN/sapphire interface, thus below
the damage threshold of ¢y, =0.5] cm™ determined in the
previous section. Even when taking Fresnel reflection at the
GaN/air interface into consideration for the threshold fluence,
the previously determined value of ¢y, is lowered by 17% and
still reaches 0.4 ] cm™2. As consistently reported in the litera-
ture, there is an incubation effect, meaning that the laser-
induced damage threshold is lowered if a spot on a sample
is hit several times by impinging pulses.*>***? This mecha-
nism is explained by ongoing crystal modifications during
repetitive laser treatment. While scanning over the surface as
sketched in Figure 4b, every part of the sample was located
within the beam area several times. Even if a particular spot
was not in the centre of the beam, it was still reached by a sig-
nificant intensity around ten times. A repetition of ten may
already lower the damage threshold by a factor of ~2, explaining
the inset of lift-off at ¢y, < 0.4 ] cm™2. In addition, the value of
the damage threshold itself might be influenced by the
deviating interface conditions (i.e., for the cases of GaN/air
and GaN/sapphire).

The incubation effect also explains the increasing LLO proba-
bility with a multiple number of runs through the scanning pat-
tern. For those experiments, sample pieces were treated at
WD, =1mm and a laser power of 0.5W, corresponding to a
pulse energy of Ep = 1.6 pJ. Looking at Figure 5, those conditions
are not sufficient for lift-off, as the peak fluence only reaches
0.19] cm ™% After several runs through the pattern, lift-off could
be achieved (see Figure S3, Supporting Information). However, it
has to be mentioned that the probability of the lift-off was highly
site-specific in this case.

Taking the scanning pattern presented in Figure 3c into con-
sideration, the integrated fluences ¢y, for the presented lift-off
method can be calculated. For a single scan over the surface,
the integrated fluences in case of positive lift-oft events vary
between 1 and 5] cm 2. These values are considerably higher
than the integrated fluences reported for conventional lift-
off,2*?>% ranging from 0.1 to 1] cm 2 This seems reasonable,
as the absorption probability in case of two-photon excitation in
GaN is lower than for conventional LLO.*" Thus, a considerable
fraction of the pulses travel further into and even through the
semiconductor. However, ablation takes place in the first GaN
layers, as is proven by the positive lift-off events and also further
demonstrated in the next section.

2.3. Characterization of Lifted LED Chips

During lift-off, the detached LED chips directly dropped onto a
cover slip, so that both their p- and n-GaN surfaces were

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) Freestanding GaN chips of edge length 1 mm with magnified view of the p- and n-GaN side. b,c) Secondary electron (SE) map of the p-GaN
side, chip with 0.5 mm edge length lifted at 0.34 ) cm™2. d—f) SE maps of the n-GaN side with growing peak fluence: (d) 0.19Jcm™2, five runs,

(e) 0.26 ) cm™2, one run, and (f) 0.34) cm™2, one run.

accessible for further investigation (Figure 7a). The p-GaN sur-
face of a lifted chip looked smooth (Figure 7b), except for some
scattered areas where the p-GaN layer had been blown off
(see Figure 7c). Since those areas did not occur on the wafer
before lift-off, they were a consequence of the laser irradiation.
As discussed before, the light penetrates deeper into the crystal
in case of two-photon absorption. Consequently, a considerable
fraction of the remaining light might be absorbed at indium-rich
spots in the multiple-quantum well (MQW),!**! leading to local
ablation of the p-GaN layer above. In terms of the density
of the surface defects, its value depends on several factors
(e.g., the condition of the employed wafer, the laser energy,
and the number of repetitions through the pattern). Thus, it
can strongly vary from process to process. In one case, densities
of up to 10° cm* were found, whereas in other cases they were
not detectable at all. Thus, the surface defect densities are approx-
imated to be in the range of 0-10° cm™? after LLO. To under-
stand the underlying reasons of these variations, more LLO
experiments and surface characterizations are required in future.
In Figure 7d—f, the n-GaN surfaces of chips that were lifted at
different peak fluences are shown. In Figure 7d.e, the peak
fluence is rather low, with 0.19 and 0.26 ] cm™?, respectively.
The n-GaN surface looks comparatively smoother after ablation
(also compare to Figure S4, Supporting Information). In con-
trast, the chip lifted at a higher peak fluence of 0.34]cm™2
has a rough interface, where the laser scanning pattern can easily
be recognized. For further processing of the chip, a smooth sur-
face is required. Thus, working at lower peak fluences in the
given interval should be preferred.

Moreover, cross sections of both the wafer before LLO and
the detached chips were analyzed, as shown in Figure 8a,b,
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respectively. The breaking edge was produced by locally
pressing onto the chip on the carbon pad. In both cases, the
measured film height ranged from 5.5 to 5.8 pm. This
implies that only the first layer at the interface was destroyed
during ablation, which is similar to the case of conven-
tional LLO.

As indicated by the panchromatic CL map (Figure 8b), there
was still bright emission from the MQW region of the detached
chip. The main emission wavelength at =500 nm, which resulted
from the MQW, remained constant after LLO (Figure 8c). There
was another small peak at ~385 nm, which also stemmed from
the MQW region. This is indicated by constraining the CL scan
area to small regions at the cross section (Figure 8d). This peak
was already present before LLO. Most probably, it originated
from a thin InGaN phase with indium content of a few percent
underneath the MQW region, grown to reduce the threading
dislocation density in the active area. Around 365 nm, the near
band edge emission of GaN caused another peak in the CL spec-
tra, which was significantly higher in case of the untreated
wafer. Even though a quantitative analysis of CL intensities
is generally difficult as many parameters have an impact on
the signal intensity, the two curves in Figure 8c show a quite
similar behavior. Thus, the CL data imply stable emission prop-
erties of the LED layer after femtosecond LLO, with bright illu-
mination from the MQW (also see Figure S5 and S6,
Supporting Information). LED devices with according metal
contacts have not been processed yet, so that electrical
characterization has not been performed so far. However,
these issues will be investigated and tackled for the next gener-
ation of LED devices manufactured with femtosecond LLO
processing.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) Cross-sectional SE map of the GaN LED wafer before LLO, revealing a thickness of 5.8 um. b) SE map of a tilted edge (30°) of a lifted chip
with a corresponding panchromatic CL signal obtained at 5 kV electron energy and a beam current of 250 pA. The breaking edge was produced by pressing
onto the chip. Bright MQW emission as well as threading dislocations inside the GaN layer, visible as dark vertical lines, can be seen. c) CL spectra,
acquired at T0kV and 250 pA, comparing emission from the cross sections as shown in (a,b). d) CL spectra obtained from different scan areas shown

in (b), acquired at T0kV and 250 pA.

3. Conclusion

The feasibility of applying femtosecond laser pulses at a wave-
length of 520 nm for LLO of GaN-based LED films from sapphire
substrates has successfully been demonstrated in this article. In
preparatory measurements, the beam characteristics of the used
laser system have carefully been investigated and a laser-induced
damage threshold of 0.5] cm™? for GaN has been determined.
For LLO, the beam is scanned over the sapphire side of the sam-
ple in a quadratic pattern. Significant multiphoton absorption
occurs in the vicinity of the GaN/sapphire interface. The peak
fluence at the GaN/sapphire interface has been identified as
the critical parameter, which must range between approximately
0.25 and 0.45 ] cm ™ for lift-off. This interval is slightly below the
measured damage threshold, which can be explained by taking
the incubation effect into consideration. The integrated fluence
during femtosecond LLO is well above 1]cm™?, that is, higher
than for conventional LLO, which is expected due to the nonlin-
ear nature of absorption. A key question is whether below-
bandgap light causes damage to the GaN layers. The optical
quality of the MQWs before and after LLO has been found to
be comparable, indicating that the MQWs or GaN layers do
not experience damage. However, an impact of laser irradiation
on small localized areas in the p-GaN has been found, indicating
a higher absorption at these “hot spots.” The underlying mecha-
nism and effects on LED performance have to be further
explored. A two-step recipe has been developed to create free-
standing GaN LED chips with variable sizes up to 1.2 mm edge
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length. SEM measurements indicate that the roughness of the
n-GaN surface is affected by the applied peak fluence during
lift-off, whereas the GaN layer thickness does not change consid-
erably during detachment. It can be concluded that the presented
femtosecond LLO is a viable alternative approach to lift GaN-
based LEDs from sapphire. Key advantages are that our approach
relies on solid-state lasers instead of excimer lasers and that our
technique is less dependent on the bandgap of the semiconduc-
tor material. Therefore, it should be possible to even detach AIN
layers from sapphire substrates using femtosecond LLO techni-
ques.*Y For AIN, the realization of an efficient lift-off process has
proven to be difficult with conventional LLO."**

4. Experimental Section

Wafer Design: In the presented experiments, two types of wafers were
utilized, that is, plain n-GaN layers of roughly ~4 pm thickness for laser
beam characterization and InGaN/GaN LED structures for demonstration
of LLO. Both types of samples were epitaxially grown on 430 um thick
2" sapphire substrates by metalorganic vapor-phase epitaxy (MOVPE)
inside an Aixtron G3 reactor in an in-house epitaxy competence center
(ec®). The InGaN/GaN films with a total thickness of ~5um consisted
of a 2.4 um thick low-doped n-GaN buffer layer, a 2.1 pm heavily doped
n-GaN layer with a dopant density of 10'®-10'°cm™, four pairs of
InGaN/GaN MQWs, and a p-GaN layer with a total thickness of
~300 nm. The LED epilayers were grown on double-side polished sapphire
substrates to facilitate light transmission from the backside.

Laser Micromachining: The experimental setup for conducting the fem-
tosecond LLO is sketched in Figure 3a. The laser source emits at a center

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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wavelength of 520 nm with a pulse width of 350 fs and a repetition rate of
200 kHz. It comprises an internal pulse picker. The laser beam is guided
towards a micromachining stage by several mirrors. The stage consists of
a galvanometer scanner with an attached telecentric f-theta objective and a
sample holder. The distance between the objective and the sample, that is,
the working distance, can be adapted by vertical movement of the galva-
nometer scanner with a motorized precision stage. The mirrors inside the
scanner allow fast xy beam scanning along the sample surface with veloci-
ties up to 2m s~ ', where the angle of incidence onto the surface is kept
orthogonal by the telecentric objective. Moreover, additional xy movement
is provided by two linear positioners underneath the sample holder. The
optical transmissivity of the laser machining system was measured to be
0.83. The f-theta objective enables fast sample processing with constant
beam parameters over a plane area as large as 40 x 40 mm?. A large focal
length of f =100 mm is required for this, connected to a rather high
Rayleigh length of ~1 mm.

In first preparatory experiments, single laser pulses were directed
toward plain n-GaN layers, without passing through the sapphire, as
depicted in Figure 3b. Sufficient lateral distance of 150 pm between
two pulses was provided by scanning the beam along a line with the gal-
vanometer scanner at a speed of 1ms™' and setting the pulse picker to
30. Resulting craters on the semiconductor surface for different working
distances and pulse energies were measured inside a field emission scan-
ning electron microscope equipped with a customized CL detection setup.
For the lift-off of LED chips, the focused beam was scanned across the
sample on a selected area with the galvanometer scanner. The applied
pattern is illustrated in Figure 3c. The area was scanned in orthogonal lines
with 15 pm distance. As the scanning velocity and the repetition rate were
1.5ms™" and 200 kHz, the distance between two impinging pulses along
a scanned line was 7.5 pm. Depending on the working distance, the beam
width of the laser was at least 20 pm (see Figure 2). Thus, the scanning
pattern ensured a homogeneous treatment of the surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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