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Deep Silicon Amorphization Induced by Femtosecond
Laser Pulses up to the Mid-Infrared

Mario Garcia-Lechuga,* Noemi Casquero, Andong Wang, David Grojo, and Jan Siegel*

Direct laser writing of amorphous lines in crystalline silicon has the poten-
tial for becoming a flexible alternative to silicon-on-insulator technology

for photonic integrated circuits. Yet, the maximum amorphous layer thick-
ness achieved is 60 nm, which is below the requirements for waveguiding

at telecom wavelengths. Here, the authors report on different strategies to
push the layer thickness beyond today’s limit. To this end, irradiation with
femtosecond laser pulses covering an extremely broad wavelength range
(515 nm—4 um) up to the yet unexplored near- and mid-infrared region of
silicon transparency is investigated. The results show that much thicker
amorphous layers can be obtained upon multipulse irradiation at 3-um wave-
length. The deepest amorphization is achieved in silicon wafers covered with
a thick silicon dioxide layer that strongly assists the heat extraction, yielding
steep index profiles with a maximum amorphous layer thickness of 128 nm.
This superior thickness is compatible with single mode waveguiding for a
symmetric waveguide configuration. This study also contributes to a better
understanding of the mechanisms involved in laser-induced amorphization.

1. Introduction

Silicon is a key material for the electronics industry, owed
mainly to its abundance on earth, its semiconducting proper-
ties, and the existence of two structurally different solid phases
(crystalline and amorphous) with very different physical prop-
erties. The arrival of silicon photonics further expanded the
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outreach of silicon, implemented by cou-
pling silicon chip components to fiber
optic telecommunication systems oper-
ating typically around 1550 nm, where
silicon is transparent.'? However, in
order to allow confined light propagation,
it was necessary to develop the silicon-on-
insulator concept that allows fabrication of
optical circuits with lithographic methods
similar to those used for electronics sys-
tems. This represents a major advantage
to capitalize on the huge investment made
by the semiconductor industry on these
technologies. However, a drawback is the
lack of flexibility due to the requirements
of expensive mask prefabrication and
tedious processing cycles to achieve the
desired architectures. It would therefore
be highly desirable to develop a versatile
direct-write technology for refractive index
engineering in Si. While this idea has
been implemented successfully by sur-
face amorphization using ion implantation,®! the approach still
required the use of masks to define the waveguide channels.
To overcome this limitation, we propose to exploit laser writing
of amorphous Si surface structures. This would lead to a very
simple way to create an embedded channel of higher refrac-
tive index than the crystalline phase constituting a standard Si
wafer and therefore provide a unique opportunity for flexible
fabrication of structures potentially supporting guided modes
on Si wafers. Only recently, reconfigurable switching opera-
tions of amorphous Si ridge waveguides on top of crystalline
silicon, fabricated by electron beam lithography, have been
demonstrated.! Making available a laser-based tool for direct
writing of embedded waveguides holds great potential for
a new booster for the already rapidly growing field of silicon
photonics.

The ability of ultrashort pulsed laser irradiation to melt
silicon and induce resolidification into either the crystalline
or amorphous phase has already been observed in 1979 by
the Bloembergen group.>®l The experimental parameters that
influence the melting and quenching kinetics of the material—
and thus the final phase obtained—are the laser wavelength,
pulse duration, number of pulses, as well as the crystal orienta-
tion. One of the early works that provides quantitative measure-
ments of the layer thickness was reported by Smirl and cow-
orkers, obtaining thickness values of t = 25 nm by using pulses
of 7-ps duration at 1-um wavelength.! The first wavelength
dependent thickness-study has been performed by Izawa et al.
using femtosecond laser pulses at specific irradiation
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wavelengths (267, 400, 800, 1560 nm), yielding a maximum
thickness of t = 56 nm.®] Comparable maximum thickness
values were obtained by several other groups: The Bonse group
investigated conditions of single, 30 fs laser pulse irradiation
at 800 nm, obtaining a maximum thickness of ¢t = 60 nm.[10-12
Their most recent study!'” on amorphization and recrystalliza-
tion of bare Si.;» and Sigg introduces a novel method for
determination of the amorphous layer thickness: spectroscopic
imaging ellipsometry. This optical method allows high resolu-
tion measurements of the lateral thickness profile of amorphous
spots. The Siegel group also used fs laser pulses and explored
irradiation wavelengths of 400, 800, and 1030 nm, obtaining a
maximum thickness value of ¢t = 60 nm.'>" Very recently,
Colombier et al. reported a thickness of t = 50 nm for fs
laser irradiation at 800 nm.[®l Gesuele et al. also reported the
same thickness value for laser irradiation at 1033 nm with
slightly longer pulses (850 fs).l”] One of the very few works on
amorphization with mid-infrared (MIR) fs laser pulses is by
Werner et al.,8l who reported a 50 nm layer thickness upon
irradiation at 2.75 pm. It should be underlined at this point that
in most of the cited works, amorphization was induced by mul-
tiple laser pulses, although a dedicated study of the influence of
the pulse number has not yet been performed. Moreover, sev-
eral of these studies reported on the formation of periodic amor-
phous laser induced periodic surface structures, with a width
close to the laser wavelength, a length close to the spot size, and
a thickness not exceeding the above mentioned values.'31>-1719]
It is worth mentioning that the fs laser-induced amorphization
process is not accompanied by a change in the surface topo-
graphy, except the temporary removal of the 2-3 nm thick
native oxide layer, as convincingly shown in ref. [12].

In view of the previous works cited, there seems to exist a
natural upper limit for the thickness of an amorphous layer
that can be formed by ultrafast laser irradiation, at least for the
parameter range explored so far in the literature. In order to
overcome this limit, we have explored a much wider range of
laser wavelengths, ranging from 515 nm up to 4.0 um, paying
particular attention to the infrared region where silicon is trans-
parent (band gap Eg,, = 1.12 eV), in order to attempt triggering
deeper amorphization. Moreover, we have systematically inves-
tigated the influence of the pulse number and the crystal ori-
entation of Si (<100> and <111>). Additionally, we have inves-
tigated the influence of a thick silicon dioxide cover layer on
the amorphous layer thickness, since its presence is expected
to strongly influence the heat extraction of the deposited laser
energy.

2. Results and Discussion

2.1. Surface Amorphization for A,¢e, = 1.55 pm

For an efficient exploration of the enormous parameter space
and its influence on the thickness of the amorphous layer, it
was crucial to employ a quantitative optical diagnostic. To this
aim, we have used an optical microscopy system and inter-
preted interference effects occurring on coherent illumination
light reflected at the front and the back surface of the amor-
phous layer (see also Experimental Section).l'"®] While the
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thickness of the layer can be rapidly determined with this
method even for small laser spots (down to sub-10 um in
our study), the fabrication of written lines, sample cross sec-
tions, and inspection by SEM would have required unrealistic
resources. In order to verify the validity of the optical method,
we have performed a comparative study on irradiations per-
formed for a single material system (Si.y;;. with native oxide)
at a single laser wavelength (A, = 1.55 um), producing single
amorphous spots (for optical analysis) as well as amorphous
lines (optical analysis as well as direct SEM images of cross sec-
tions). According to Izawa et al.l®l (see Introduction), this irra-
diation wavelength was leading in their study to the thickest
amorphous layers, and therefore provide a good starting point
in our quest for ultradeep structuring.

Figure la—d shows the results of the optical method in the
determination of the layer thickness of an amorphous layer
induced by a single laser pulse. The interference nature of the
reflectivity images can be clearly appreciated by the fact that
the annular intensity distribution changes completely when
changing the LED illumination wavelength upon observation
of the same amorphous spot. By extracting radial reflectivity
profiles of the two imaged spots (cf. Figure 1c), the oscillatory
behavior with different periods according to the illumination
wavelength can be seen. When moving from outside the spot
(% < —10 um) toward the center, the reflectivity at A;gp = 460 nm
rises sharply, reaches a maximum, passes through a local min-
imum and then rises again to a second local maximum at the
spot center (x = 0 um). This evolution is consistent with the cal-
culated behavior shown in Figure 1d and indicates a maximum
thickness of about t = 68 nm. In comparison, the reflectivity pro-
file at A;gp = 810 nm in Figure 1c shows a somewhat smoother
rise and reaches a maximum at a position located more toward
the center, after which it features a decreasing behavior. Com-
paring this experimental profile with the corresponding calcu-
lated curve in Figure 1d, a maximum thickness at the spot center
of about t = 64 nm is obtained. The thickness values obtained by
both illumination wavelengths can be considered as consistent
within the experimental error of this method (<10 nm).

Additional experiments were performed for this laser wave-
length to fabricate amorphous lines upon sample displace-
ment, using a focal length f= 150 mm, and moving the sample
at constant speed (Vg;n = 2.5 mm s7}) upon irradiation with a
train of laser pulses. The effective incident pulse number Ng
on the sample per unit area was controlled via a change of the
pulse repetition rate (f,, = 125, 250, 500, 1000, and 2000 Hz),
according to Neg = def frep/Vscans Where deg corresponds to the
diameter of the amorphous line written, following the method
reported in ref. [13]. The optical microscope image of the line that
shows highest contrast upon illumination at A;gp = 810 nm is
displayed in Figure le. The figure includes the extracted reflec-
tivity profile, showing a stronger modulation than obtained for
the amorphous spot and therefore indicating a thicker amor-
phous layer. By comparison to the calculation in Figure 1d a
thickness value of t = 81 nm can be estimated.

This value has been confirmed by performing sample
cleaving and measuring directly the thickness of the amor-
phous layer at the line cross section with SEM (JEOL JSM-
6500F) using secondary electron detection. This method
allowed distinguishing the laser-induced amorphous top layer
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Figure 1. Femtosecond laser-induced amorphization at Aj,ee = 1.55 um
on Siys. a) Optical microscopy image of a region exposed to a single
laser pulse (N =1) at F = 370 m) cm™2, using LED illumination at
Aiep = 460 nm. b) Optical microscopy image of the same region using
a different illumination wavelength, A, gp = 810 nm. c) Radial reflectivity
profile extracted from images (a) and (b), normalized to the reflectivity
of the unmodified regions of the Si sample. d) Calculated normalized
reflectivity evolution as a function of thickness of an amorphous top layer
on a crystalline substrate, plotted for the two illumination wavelengths
employed (see text and Experimental Section). The blue and red sym-
bols correspond to the best match of the corresponding curve values
obtained for x=0in plot (c). The additional green symbol corresponds to
the extracted reflectivity value from (e) (see next). e) Optical microscopy
image of a laser-written amorphous line (width = 75 um) upon sample
displacement at constant speed (2.5 mm s™") and 500 Hz pulse repetition
rate (Neg=15) using a larger focal length (i.e., larger spot size). The inset
shows the extracted transversal reflectivity profile at 810 nm wavelength
using the same vertical scale as in (c) and (d). The green and yellow
symbols mark the positions at which the SEM images of the cleaved cross
section shown in (f) and (g) (in-plane perspective of the sample) have
been recorded, which show the presence of an amorphous layer with a
thickness of t =80 nm in (f) and t =67 nm in (g).

from the crystalline bulk material underneath. Figure 1f dis-
plays the image obtained in the line center, yielding ¢ = 80 nm,
which confirms the value determined optically. Recording an
SEM image off-center (Figure 1g), taken at the position of the
yellow point in Figure le confirms that the thickness decreases
toward the line border (t = 67 nm), as expected from a Gaussian
intensity distribution of the laser at the sample and in agree-
ment with the reflectivity profile.

The conclusions that can be drawn from this initial study are
threefold: First, the optical method can indeed be considered
as valid to quantify the thickness of the amorphous layer.
Second, the fact that the laser-induced region gives rise to an
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optical interference pattern demonstrates that the amorphous—
crystalline interface is optically flat. This observation confirms
the deterministic homogeneous melting process, as well as an
equivalent interfacial solidification mechanism. Third, using
laser pulses in the Si transparency regime, the maximum thick-
ness values reported in literature (£, = 60 nm)!* can be over-
come already by line writing using near-infrared (NIR) laser
pulses in the transparency regime of silicon (t s5m = 80 nm).
Moreover, another advantage of the optical method is the ability
to retrieve from the reflectivity image the thickness profile of
the amorphous spot or line. Applied to channel writing for photo-
nic circuits applications, this can provide the exact structure
geometry to anticipate by calculations the potential waveguide
performances.

2.2. Laser Wavelength Dependence

As a next step, we have explored the laser wavelength-
dependence of the layer thickness, spanning a range of
Aaser = 515 nm—4 um. The results for the case of single laser
pulses (N = 1) on Siy;. covered by a thin native oxide layer are
shown in Figure 2. For each wavelength, the amorphous spot
obtained at the highest tested pulse fluence below the ablation
threshold was analyzed. The discrete energy scanning proce-
dure based on neutral density filters causes that in extreme
cases when this value is 15% below the ablation threshold
limit. In each case, the optical microscope images (recorded at
Arep = 810 nm) feature a bright annular ring structure and a
darker center (cf. Figure 2a—f). This reflectivity distribution is
similar to the one observed in Figure 1b and is indicative of a
layer thickness ¢t >> 50 nm, at which the calculated reflectivity
curve in Figure 1d begins to decrease.

As for Figure 1, the maximum thickness values have been
extracted by comparing the experimental reflectivity pro-
files extracted from Figure 2a—f to the calculated profile at
Arep = 810 nm shown in Figure 1d. We would like to stress that
the calculated profile, using a single data for the optical proper-
ties did lead to a good match with the experimental reflectivity
modulation amplitudes for all laser irradiation wavelengths,
(cf. Experimental Section). This fact strongly indicates that the
structural state of the amorphous phase produced by ultrashort
laser pulses of different laser wavelengths is similar.

Figure 2g displays the maximum thickness values obtained
in the spot center as a function of laser wavelength, extracted
from the images shown in Figure 2a—f. The behavior shows
a general increase toward longer wavelengths, except for the
shortest wavelength that obtains an equally high value as for
the longest wavelengths. This result demonstrates that the
trend does not follow the expected monotonous evolution
with laser wavelength, corresponding to the transition from
linear absorption (A, = 515 nm) to multiphoton absorption
(Atager = 1.03 um). Intuitively, one might expect that the increase
in the optical penetration depth (OPD) with laser wavelength
should lead to a corresponding increase in melt depth and thus
amorphization depth. However, when calculating the OPD
for linear absorption of c-Si (OPDsy5,,, = 980 nm) it becomes
evident that even for this short wavelength, the OPD value
is much larger than the value obtained for the amorphous

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Laser-induced amorphization of Siy;, for different laser wave-
lengths A,,s, (see labels). a—f) Upper frames: Optical microscope images
recorded at A gp = 810 nm, corresponding to single pulse irradiations
(N =1) performed at the highest fluence below the ablation threshold
(Fsisom = 250 m) cm™2, Fy g3, = 320 m) cm™, Fy 55,0, = 370 m) cm™,
Faum =390 m) cm™, F3,, = 510 m) cm™2, Fy, = 730 m) cm™2). The image
contrast is set to [0.95, 1.30]. g) Layer thickness in the spot center as a
function of laser wavelength, determined using the reflectivity calculation
shown in Figure 1d. h) Evolution of the position-dependent layer thick-
ness as a function of the local laser fluence, normalized to the individual
amorphization threshold fluence (see text for details). The inset shows
the spatial fluence distribution at the sample position for 4,6, = 1.55 tm
and Fyssym = 370 m) cm™2, determined by using a calibrated infrared
microscopy system.

layer thickness (tsispm = 81 nm). Taking this large differ-
ence into account, two possible scenarios can be sketched for
Ajaser = 515 nm. The first scenario assumes that the initial melt
depth is comparable to the corresponding OPDs;s,,y,, value and
amorphization only occurs during the final stage of the solidi-
fication process. This scenario is highly unlikely since the
thermal gradient is highest immediately after energy deposi-
tion. The second scenario assumes that the initial melt depth
is comparable to the ts;5,, value, shortened by an additional
contribution of two-photon absorption. Such behavior is likely
to occur, taking into account that strong two-photon absorption
contribution has been demonstrated for above band gap excita-
tion of Si at 620 nm (OPDjg0nm = 2930 nm).2%21 Lipp et al. have
modeled the melting of c-Si with above-band gap NIR pulses
(800 nm, 130 fs) and predict melt depth of =160 nm for flu-
ences close to the ablation threshold.?? This value is a factor
of two to three higher than the thickness of an amorphous
layer observed experimentally under similar conditions," but
considerably smaller than the OPD (OPDgjonm = 10 pum). It is
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worth noting that Si has an indirect band gap (Eg,, = 1.12 €V),
which implies that a transition requires phonon assistance for
momentum conservation. State and band filling, as well as
band gap shrinkage may influence the excitation process but
have reported to be of minor importance at least for excitation
above band gap.??!

In order to quantify the amorphous layer thickness not
only at the spot center but as a function of the lateral posi-
tion, we have performed a detailed analysis of the images
taking into account the equivalent Gaussian spatial intensity
distribution of the laser light at the sample plane. This distri-
bution has been measured experimentally (see Experimental
Section) for each wavelength, which allowed us to assign to
each spatial position x of a given reflectivity image a corre-
sponding local fluence value F(x). The local fluence values
were normalized to the threshold fluence value for amor-
phization (F,,), determined by the local fluence/position at
which the reflectivity begins to increase. These normalized
local fluence values F/F,, were used as the abscissa of the
plot shown in Figure 2h. The ordinate of the plot corresponds
to the layer thickness, ¢, at each local fluence F/F,, and the
data points have been obtained by correlating the extracted
experimental reflectivity profiles extracted from the images
(not shown) and the calculated evolution shown in Figure 1d.
This method of normalization and representation has the
advantage that irradiation parameter-dependent differences
for different laser wavelengths, such as beam waist and amor-
phization threshold, can be eliminated in order to allow for a
better comparison of the intensity-dependent amorphization
behavior for different wavelengths. It should be mentioned
that this representation is based on the hypothesis of a pure
local fluence response of the material, that is, lateral energy
transport as electron or heat diffusion can be excluded. Such
hypothesis is reasonable in view of the large amorphous spot
diameters (10 um or larger) compared to the thickness of the
amorphous layer (80 nm maximum), yielding a size ratio in
excess of 1:100.

The obtained behavior shown in Figure 2h features initially
an almost linear increase of the thickness with fluence for all
wavelengths, consistent with a linear increase of the melt depth
accompanied by rapid quenching. At a thickness of ¢ = 30 nm,
the increase is slowed down for all wavelengths, causing a
curve bending for higher fluences. While the slopes of this
initial increase show slight differences, they do not follow
a clear order in terms of wavelength, as might be expected
if the thickness was determined by a transition from linear
absorption to multiphoton absorption, which would classify
Aaser = 515 nm and 1.03 um to be dominated by one-photon
absorption, Ajee, = 1.55 and 2.0 um by two-photon absorption,
Alaser = 3.0 pm by three-photon absorption, and Ajs., = 4.0 um
by four-photon absorption.

The two wavelength values for which the deepest amor-
phization can be achieved are A, = 515 nm and 3.0 pum,
although the shape of the curves in Figure 2h are completely
different. For A, = 515 nm, the thickness evolution upon
fluence increase shows signs of saturation, which suggests
that the potential of this wavelength for deeper amorphiza-
tion is small. In contrast, no signs of saturation are observed
for Ajger = 3 Wm, or other wavelengths in the NIR and MIR,
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only being limited by ablation. This suggests that higher thick-
ness values should in principle be achievable by exploring other
parameters, such as the number of incident laser pulses or the
presence of a cover layer for enhanced energy dissipation and/
or potential increase of the ablation limit.

2.3. Pulse Number Dependence

The influence of the pulse number on the amorphous layer
thickness was studied for all wavelengths and pulse fluences.
Overall, incubation effects??’] lead to lower ablation thresholds
and so the study could not be conducted at the fluence values
identified as optimum for the single pulse study in Section 2.2.
Therefore, we have limited, where possible, our analysis to flu-
ences, at which the samples could withstand irradiation with at
least N =5 without experiencing ablation.

The pronounced effect of multiple pulse irradiation is illus-
trated in Figure 3a—d for the case of A ¢, = 3 um, showing
a considerable darkening in the spot center upon pulse
number increase, as a consequence of a thickness increase
of the amorphous surface layer (cf. calculation in Figure 1d)
along with a moderate increase of the amorphized surface
area (due to incubation). Moreover, a pronounced sharpening
of the lateral border between the amorphous spot and the

100} €) 11) 1100
E80f A 1 180
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8 60| 1 160
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Figure 3. Influence of the pulse number, N, on the thickness of the
amorphous surface layer formed in Siy. covered with native oxide.
a—d) Optical microscope images recorded with A, gp = 810 nm, after irra-
diation at Aj;ser = 3 um with different pulse numbers N (see labels) at
Fsum = 360 m) cm™. The scale bar length in (a) corresponds to 10 pum.
e) Thickness in the spot center as a function of pulse number for dif-
ferent laser wavelengths A, (see labels), using fluence values at which
the sample could withstand at least up to N =5 pulses without abla-
tion (except Ajser = 515 nm for which even the lowest pulse fluence
available was too high to withstand N = 5): F55pm = 250 m) cm™,
Fiosum = 230 m) ecm™, Fys5um = 280 m) cm™, Fp, = 285 m) cm™,
Fsum = 440 mj cm™2, Fy,, = 460 m| cm™2. f) Thickness in the spot center
as a function of laser wavelength for N =5 (fluence values above) com-
pared to N =1 (fluence values from Figure 2).
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crystalline surrounding can be observed. This behavior
indicates a steeper index profile in the phase transition
region, which is very relevant for technological considera-
tions as it provides a possibility to control the profile of the
written waveguides.

Figure 3e shows the evolution of the extracted maximum
layer thickness in the spot center as a function of pulse number
for all A, studied. The general trend is an increase of the
thickness upon multiple pulse irradiations that can be observed
also for the other laser wavelengths. The behavior seems intui-
tive and simple to explain, but is actually rather complex. It has
to be considered for this experiment that amorphization cannot
be an additive process, in which subsequent pulses further
increase the amorphous layer thickness, because each subse-
quent pulse melts again the entire amorphous layer, plus a cer-
tain thickness of the underlying crystalline silicon. The most
likely reason for a thickness increase, despite complete melting,
is related to the fact that each subsequent pulse “sees” a dif-
ferent material, since the absorption profile is strongly influ-
enced by the presence and thickness of the amorphous layer
formed after the previous pulse. This modified absorption pro-
file leads to a modified thickness of the molten layer, which is
in general larger because the amorphous phase has a higher
absorption coefficient than the crystalline phase for most wave-
lengths. We attribute the increase in amorphous layer thickness
with pulse number to this modification of the molten layer
thickness.

Interestingly, near-to saturation is achieved already after few
pulses (N = 5) and virtually no further thickness increase is
observed at N = 10, which has a practical aspect of requiring
only few pulses for inducing the maximum thickness achiev-
able. A comparison of the multiple-pulse data (N = 5) to the
single-pulse data is shown Figure 3f. The behavior of the
maximum thickness with laser wavelength for N=5 is relatively
similar to the one observed for single pulse data. However, a
much larger thickness value is achieved for multiple pulse
data for A, = 3 um, with the largest value achieved being
t3um = 103 nm, which is 24% larger than for single pulse irradia-
tion at the same wavelength and respective optimum fluence
(value quoted in Figure 2h).

Providing an explanation for our experimental observation
of an enhanced amorphization thickness at 3 um wavelength
(both for single and multiple pulse irradiations [cf. Figure 3f])
is challenging. In view of the fact that the pulse durations for
all wavelength used are comparable, the underlying origin is
most likely related to the different absorption depth profiles.
Some insight in the absorption mechanisms of NIR and MIR
ultrashort laser pulses has been given recently in the theo-
retical study by E. Petrakakis et al.,?¥ who explored a wave-
length range of Ajyqe; = 2.2-3.3 um. The authors observed that
the Kerr effect is important at lower wavelengths, leading to
large deviations in the maximum lattice temperature reached,
which in turn affects the damage threshold. The authors pre-
dict a related non-linear increase of the damage threshold with
laser wavelength by =50%. Such a threshold increase can be
related to our study, since the maximum amorphous layer
thickness in Si_j;;. is observed for the highest fluence just
below the damage threshold. In particular, the corresponding
fluences for the irradiation wavelengths A, = 2 um and
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Alaser = 3 Um with pulse durations used in our study (180 fs)
can be compared to those reported by Petrakakis et al. Our
experimental data show an ablation threshold increase of 54%
(Foum = 285 m] cm™, Fy,, = 440 m] cm™ [see Figure 3e,f]),
which is fully consistent with the predicted increase of =50%
from 2.2 to 3.3 um.[4

While this good match of our data with theory provides pos-
sible explanation for our observed increase in amorphization
thickness upon irradiation at Aj,e; = 3 Um compared to shorter
wavelengths, the observed thickness decrease at Aj g, = 4 pm
requires further explanation. It should be reminded at this
point, that the energy deposition is not the sole factor that deter-
mines the thickness of the amorphized layer, but the velocity of
the solidification front also plays a key role. Its importance will
be demonstrated and discussed in detail in next Section 2.4.
In this context, we attribute the decrease of maximum amor-
phization thickness at 4 um to a reduced solidification speed
within the laser-melted volume, most likely caused by a further
enlarged melt depth at Aj,s, = 4 um and thus reduced thermal
gradients.

2.4. Dependence on Crystal Orientation and Presence of a Thick
SiO, Cover Layer Thickness

While the parameters explored in the previous sections con-
cern laser irradiation (pulse number, energy, and wavelength),
the material system itself also offers room for optimization of
the thickness of the amorphous layer formed. One important
parameter is the crystal orientation, since crystal growth from
the melt in Si along the close packed <100> direction has been
shown to be faster than along the <111> direction, as a direct
consequence of the anisotropic accommodation probability for
atoms in the growing phase.l? Experimentally, this orientation-
dependence of the critical velocity for amorphization to occur
has been confirmed upon nanosecond laser melting, yielding
14 m s for Sijyys and 18 m s for Sicyp0..2%%”) Recent studies
using fs laser pulses confirmed the increased difficulty of Si.g0s
to amorphize.l'>?8] Moreover, Yater and coworkers reported
an orientation dependence of the maximum amorphous layer
thickness achieved using UV nanosecond laser pulses, yielding
thicker layers for Siy..[2

These studies imply that an even stronger undercooling
(and thus larger thermal gradient) is required for surface amor-
phization in Si_jgs. Since our study employs much shorter
pulses than in the works cited above, a stronger undercooling
is expected and amorphization should in principle be straight-
forward. We have performed the full study reported above
(exploring the influence of the pulse number and the laser
wavelength) to the case of Si.. Despite the strong under-
cooling expected, for certain wavelengths (A, = 1.03 and
1.55 um) single pulse irradiation only led to insignificant amor-
phization, and that at least N = 2 were necessary to form an
amorphous layer thickness ¢t > 40 nm (data not shown). The
same inability of strong single pulse amorphization in Siggs
has been reported for Ajeer = 800 nm.l"*12l This result under-
lines the importance of the laser wavelength for the initial
energy deposition profile and suggests that these relatively
standard wavelengths for fs lasers are not ideal for deep amor-
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native
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Figure 4. Influence of the crystal orientation and cover SiO, layer thick-
ness on the thickness of the amorphous surface layer formed (see labels)
in Si after irradiation with single laser pulses at Aj,¢, = 3 um. a—d) Optical
microscope images recorded with A.¢p = 810 nm for optimized peak flu-
ences Fsiamsnativesioz = 510 M) cm™ (a), Fsioosnativesioz = 440 m) cm™ (b),
Fsicmsthicksioz = 550 m) cm™ (c), Fsiqoosthicksioz = 510 m) cm™? (d). The
scale bar length in (b) corresponds to 10 um. For (a), (c), and (d), the
fluences correspond to the highest ones below the corresponding abla-
tion thresholds, except for (b) for which recrystallization was the limiting
factor.

phization. Concerning the other wavelengths used in our study,
we have found that the maximum thickness was obtained for
Alaser = 3 UM, just as for our experiments in Si.y;.. The com-
parison of the results obtained in the two sample types is
shown in Figure 4a,b, yielding a slightly lower value for Sijpg.
(t =72 nm) than for Si_y;;. (t = 83 nm), in agreement with the
ns laser results reported in ref. [29].

In view of the importance of heat extraction, we have
designed a sample configuration with a thick SiO, cover layer,
in which additional heat extraction is provided in the opposite
direction, toward the incident laser beam. It should be men-
tioned here that a wavelength-dependent reflectivity modula-
tion, caused by interference of the reflections at the front and
backside of this layer, may lead to a wavelength-dependent
absorption of laser energy in the Si substrate. However, this
effect is already considered and taken care of by our experi-
mental method to perform irradiations over a broad range of
pulse energies and selecting the one that features the deepest
amorphization. Moreover, relating the corresponding fluence
to the respective amorphization threshold ensures an auto-
matic relative fluence scaling (see for instance representation
in Figure 2h). In terms of heat flow, the thick cover layer acts as
an additional heat sink (thermal diffusivity D = 0.008 cm? s7)
considerably enhancing melt quenching, which is not the
case for a thin native oxide layer. The heat diffusion into the
cover layer is initially fast due to the strong thermal gradient
imprinted after laser-induced melting. The relevant time scale
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a) waveguide covered with SiO,
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b) waveguide covered with c-Si

Figure 5. Calculated mode profile cross sections at a wavelength of 1550 nm for different amorphous Si waveguide configurations using the EIMS 2-D
multilayer waveguide mode solver available at ref. [32]. a) Asymmetric waveguide composed of an amorphous Si waveguide (white rectangle) at the
surface of crystalline Si covered with a thick SiO, layer. b) Symmetric waveguide composed of an amorphous Si waveguide (white rectangle) at the
surface of crystalline Si covered with a thick c-Si layer. In both cases, the modes are calculated for the minimum thickness for single mode operation
(tmin = 560 nm for (a) and t.;, = 80 nm for (b)). The intensity scale corresponds to the square of the electric field of the TEyy mode.

for influencing the amorphization process is the melt duration,
which is in the order of ty. = 10 ns.3% The thermal diffusion
length Ly can be estimated as Ly = (Dsioz tme)”? yielding
Ly, = 90 nm, which is considerably smaller than the cover layer
thickness. Consequently, the cover layer used in our study can
be considered as thermally thick.

Figure 4c,d shows the optimized results obtained for single
pulse irradiation at the most efficient laser wavelength identi-
fied (Ajuser = 3 Wm). For both crystal orientations, a significant
increase of the amorphous layer thickness is observed com-
pared to the samples covered with native oxide. This result
confirms our hypothesis that additional heat extraction is
beneficial for the formation of thicker amorphous layers. Sur-
prisingly, the <100> crystal orientation, which is less benefi-
cial for amorphization, leads in this configuration to a larger
thickness value (tsici00ssio2 = 128 nm) than for the <111>
orientation (tsici0ossioz = 113 nm). This might be caused by the
complexity of the solidification mechanisms involved, but also
a consequence of the discretization of the fluence values used.
Moreover, no thickness increase of the amorphous layer upon
irradiation with multiple pulses was observed, as opposed to
what is observed for Si_;;;, with native cover layer irradiated at
Alaser = 3 Um (see Figure 3f). The important point is that, for
both samples with a thick cover layer, irradiated at Aj,qe, = 3 um,
thickness values obtained are almost twice as large as those
reported to date (t = 60 nm),! showing the relevance of the
identified optimization parameters. Changing the cover layer
thickness toward lower values, in the order of Ly, would effec-
tively allow tuning the heat extraction and therefore the phase
transformation dynamics,®! offering in our case a further
method to tune the thickness of the amorphous layer.

2.5. Potential for Optical Waveguide Writing

Concerning applications in silicon photonics, particularly
optical waveguiding, the largest thickness value achieved in
our study is ¢t = 128 nm, using single pulses at A, = 3 um
on Sigs samples covered with a thick SiO,. While being
more than twice as large as previously reported in literature
(t =60 nm in refs. [11,14)), it is insufficient for surface waveguide
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applications at telecom wavelengths in this sample configura-
tion. The minimum thickness required for single mode opera-
tion has been calculated for an amorphous line written at the
surface of crystalline wafer covered with a thick SiO, layer. The
results are shown in Figure 5a for a 10 um wide waveguide,
yielding a minimum thickness for single mode operation of
tmin = 560 nm, much larger than what has been achieved in the
present study.

One reason for the large thickness values required is the
configuration of an asymmetric index profile, with a low index
cover layer and a high index substrate. If a symmetric index
configuration could be achieved, for instance by writing an
amorphous line on bare silicon and then depositing a silicon
layer on top, the waveguide solver predicts single mode opera-
tion for a thickness value t,;, = 80 nm as shown in Figure 5b,
which is accessible by the irradiation strategies presented
here (cf. Figures 1f and 3f). We would like to stress, though,
that other irradiation parameters are still to be explored, for
instance the pulse duration,B3%l which might have the poten-
tial to increase the amorphous layer thickness beyond current
limits, but would require an additional optical arrangement in
form of a pulse stretcher for each wavelength to concentrate
future works on this question.

3. Conclusions

Surface amorphization of silicon by femtosecond laser pulses
is governed by a large number of correlated experimental para-
meters. In our study, we have explored a large parameter space
(laser wavelength, pulse number, pulse energy, Si lattice orien-
tation, introduction of a dielectric cover layer), aimed at maxi-
mizing the layer thickness. One of the key findings is that the
previously unexplored near- and mid-infrared region of silicon
transparency holds promise for deep amorphization, reaching
largest thickness values for a laser wavelength of Aj,4., = 3 um.
We have also confirmed for a wide spectral range of femto-
second laser pulses the strong influence of the crystal orienta-
tion reported previously for few wavelengths using nanosecond
and femtosecond laser pulses, with Si jj;. strongly favoring
single pulse amorphization and yielding larger thickness
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values. Moreover, the influence of the pulse number on the
maximum thickness achieved in Si_j;;5 is found to be related
to the pulse fluence, in a sense that a low pulse number can be
compensated in part by a fluence increase. Yet, for the specific
case of Aj ey = 3 Um, multipulse irradiation led to the highest
thickness value reported to date for bare silicon, t = 103 nm.
Additionally, multipulse irradiation is beneficial for triggering
a sharp index gradient between amorphous and crystalline
regions. While the demonstrated influence of number of pulses
and crystal orientation is important, we found that the wave-
length and the cover layer are two main drivers for achieving
deep amorphization. Introducing a thick SiO, cover layer as an
additional heat sink is found to strongly contribute to amorphi-
zation, yielding thickness values not achievable in Si with only
a thin native oxide layer. The largest thickness value achieved in
our multiparametric study is t = 128 nm, using laser pulses at
Alaser = 3 Um on Si covered with a micrometer-thick SiO, layer.
Despite being two times thicker than previously achieved, it is
still insufficient for asymmetric surface waveguides operating
at telecom wavelengths. We propose the deposition or bonding
of a Si cover layer after waveguide writing, which should allow
single mode operation for the thickness values achieved in the
present study.

Our study has also led to a number of conclusions about
the mechanisms involved in laser-induced amorphization.
First, the fact that the laser-induced region gives rise to an
optical interference pattern for the entire wavelength range
studied, demonstrates that in all cases the amorphous—crys-
talline interface is optically flat. This observation confirms the
deterministic homogeneous melting process and suggests an
equivalent interfacial solidification mechanism even in the NIR
and MIR region. Second, the fact that this optical response
can be modeled with a single data set of optical properties of
the amorphous phase indicates that the structural state of the
amorphous phase produced by ultrashort laser pulses of dif-
ferent wavelengths is similar. Third, the absence of a system-
atic trend of the evolution of layer thickness versus local flu-
ence for different laser wavelengths demonstrates that the
laser absorption cannot be described by a simple model based
on single and multiphoton absorption. Fourth, the observed
thickness increase with pulse number can be attributed to the
modification of absorption profile by the previous pulse, which
leads to a modified thickness of the molten layer by the next
pulse. Fifth and last, our observation of an optimum wave-
length (A4 = 3 um) for deep amorphization is consistent with
a theoretically predicted ablation threshold increase compared
to lower wavelengths and reduced thermals gradients/solidi-
fication speeds for longer wavelengths. We believe that time-
resolved studies of laser-induced amorphization, particularly in
the NIR and MIR range have the potential to further contribute
to the understanding of the underlying mechanisms and aid to
further increase the amorphization depths.

4. Experimental Section

A state-of-the-art ultrafast laser system was used to pump harmonic
generators or an optical parametric amplifier so that broadband
wavelength tunability from 515 nm to 4 um becomes accessible for
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Table 1. Experimental irradiation conditions for the different wave-
lengths. f corresponds to the nominal focal length, ¢,, to the diameter
of the aperture used before the lens, P; to the power transfer through
the aperture, wy to the beam waist obtained after applying Liu's method-
ologyP®’l to the data. 7 is the corresponding correction factor to account
for the Airy shape of the beam for fluence determination.?¥l The consid-
ered energies for analyses do not exceed four times the energy threshold
of amorphization.

Alnm] flmm] Pap [mm] Pr (%] Wo [Hm] s

515 50 35 76 10.6 0.99
1030 50 4.5 Ul 17.9 0.99
1550 25 3.0 33 16.8 0.93
2000 25 4.0 33 14.9 0.93
3000 25 5.0 28 15.8 0.93
4000 25 6.5 60 15.7 0.96

the investigations. The Si samples were systemically irradiated with
pulses of 180 £ 20 fs as confirmed by autocorrelation measurements at
different wavelengths. Six different laser wavelengths were selected for
the experiment (Ajser = 515 nm, 1.03, 1.55, 2.0, 3.0, and 4.0 um). The
irradiation setup included a filtering aperture (diameter ¢,, = 3.0-6.5 mm,
depending on the wavelength used) before a focusing lens (f= 50 mm
for Ajazser = 515 nm, 1.03 um and f= 25 mm for the other wavelengths)
for precise determination of the local fluence on target, independent of
the beam quality. The specific values used are listed in Table 1 and the
details on the metrology aspects can be found in ref. [34].

The sample holder was mounted on XYZ motorized stages. An in
situ microscope was installed at =45° angle of observation for precise
sample positioning and focal plane control, as used in ref. [36]. The
pulse energy was controlled by employing reflective neutral density
filters, which allowed the authors to perform experiments over a broad
range of different (discrete) energy values, measured using a sensitive
powermeter (3A, Ophir). The pulse energy values E were converted into
peak fluence values F, using the widely used method by LiuP with the
introduction of a fluence correction factor (g) accounting the diffractive
effect due to pinhole truncation.l Specifically, for each laser wavelength
a series of single pulse irradiation at increasing pulse energies was
performed from below the amorphization threshold until two to three
times the ablation threshold. The beam diameter (at 1/€?) 2wy, of the
equivalent Gaussian profile was obtained by representing the spot
diameters as a function of pulse energy, yielding the relation F = 2-E-nj¢/
(mwo?).BY For the specific case of A = 1.55 um, the intensity
distribution at the focal position was characterized with an imaging
system composed of a microscope objective (100x, NA 0.5, Mitutoyo), a
tube lens, and an InGaAs camera (Raptor OWL 640). The acquired 16-bit
image, [; j (a.u.), was translated into an absolute fluence distribution, Fij
() cm™2), for a given incident energy, thanks to the linear response of the
sensor and a calibration procedure.

The samples used for the laser irradiation experiments were
commercial crystalline Si wafers with two different orientations (<100>
and <111>) covered either by a thin layer of native oxide (dsio; = 3 nm)
or by thick layer of SiO,. The exact sample specifications were as follows:
Sici00snativesioz from Siltronix, T mm thickness, intrinsic, 200-600 Qcm,
double side polished. Sisysnativesioz from 1ETM, 0.53 mm thickness,
n-doping, 0.002-0.005 Qcm, single side polished. Sijposthicksioz from
Siegert, 0.53 mm thickness, p-doping, 1-100 Qcm, single side polished,
dsioz = 3.506 um. Siysthicksioz from Microchemicals, 0.53 mm thickness,
n-doping, 1-10 Qcm, single side polished, dsio, = 1.065 um. The dso;
values were measured with spectroscopic ellipsometry.

A possible laser absorption in the cover layer could be neglected,
since SiO, features negligible absorption for the spectral window of the
laser wavelengths used in this study. There were important challenges in
exploring the wide parameter space imposed for this work. It required a
multidimensional study of six laser wavelengths and four samples types
as a function of pulse number and fluence. In order to keep the number
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Table 2. Optical constants of the amorphous and crystalline phase of
silicon at the wavelengths used for calculations of the amorphous layer
thickness and waveguide mode profiles.*®

Material Wavelength Refractive index [n +ik]
[nm] n k
460 4.583 0.130

c-Si 810 3.686 0.006
1550 3.476 0.000
460 5.090 1.173

a-Si 810 4.110 0.020
1550 3.538 0.003

of experiments and subsequent analyses to a reasonable (yet still high)
level, the pulse number was limited to N =1, 2, 5, and 10 and the fluence
values limited to those accessible directly by the combination of the
different attenuation filters. Moreover, for each pulse fluence and pulse
number value, a total of three irradiations were performed and analyzed
in order to verify the reproducibility.

Characterization of the laser-irradiated samples was performed with
an optical microscope in reflection, using monochromatic illumination
sources at different wavelengths. This method was frequently used for
assessing the thickness of the amorphous layer formed in silicon,"
since its presence led to the appearance of interference fringes in the
microscope image, caused by the interference of light reflected at the
sample surface with light reflected at the embedded amorphous/crystalline
interface. The number of interference fringes was a direct measure of the
layer thickness. The microscope used was a Nikon Eclipse Ti equipped
with a 100x, 0.9 N.A. objective lens, and a 12 bit CCD camera, employing
switchable LED illumination at A ¢p = 460 and 810 nm wavelengths.

The modeling for determining the thickness of the amorphous layer
was performed with a program using Fresnel equations and based on an
exact mathematical description of the interaction of an electromagnetic
wave with an isotropic planar multilayered system, normally referred to
as Abeles’ theory.’’l Each layer was computed to have a given thickness
and optical properties (refractive index and absorption coefficients).
The program transformed layer by layer in steps of 1 nm the optical
constants of ¢-Si into those of a-Si and calculated the reflectivity of
the whole system at the illumination wavelengths as a function of
the transformation depth, as already reported in ref. [15]. The optical
constants at the wavelengths used by the LED illumination are listed in
Table 2 and were taken from ref. [38].

It should be noted here that there were several publications
with tabulated data values for the refractive index and absorption
coefficients of the amorphous phase of silicon that differ considerably.
The underlying reason was that the atomic structure of the amorphous
phase was not as well-defined as the crystalline state was, but depended
strongly on the preparation conditions, that is, if it was prepared by
jon implantation, thin film growth (depending also on the growth
technique), or laser amorphization. In order to evaluate the importance
of these differences, the authors calculated the expected reflectivity
change upon amorphization using the refractive index and absorption
coefficients of several data bases. The results were found to be very
robust in terms of the thickness at which reflectivity maxima and
minima were produced, yielding thickness variations between data
bases of less than 5%. However, considerable changes in the amplitude
of the reflectivity modulation were observed for different data sets. This
led the authors to choose the tabulated data listed in ref. [38], which best
described the experimentally observed modulation amplitudes for all
laser wavelengths at the microscope illumination wavelengths 460 and
810 nm, as shown in Figure Tc,d. This could also be appreciated in
Figure 6, which compared the experimental and calculated maximum
reflectivity modulation amplitudes (increase of the relative reflectivity up
to the first maximum). For all irradiation wavelengths the experimental
values showed only small deviations from the values calculated with
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Figure 6. Comparison of the experimental and calculated maximum
reflectivity modulation amplitudes for all irradiation wavelength in Si_y;
with a native SiO, layer and for irradiation at 3 um in Siggs With a thick
SiO; layer. Blue colored symbols and lines correspond to illumination
with A gp =460 nm and red colored ones to A gp = 810 nm. A good match
is obtained when using the optical properties by Adachi,¥ whereas a
poor agreement is found for the data from Palik.*%

the data by Adachi.®l For this data set, an equally good match of the
calculated modulation amplitudes with the experimentally measured
reflectivity profiles for the two samples with SiO, cover layer (1 um and
3.5 um thick) was obtained, as also shown in Figure 6 for the case of
the data from Figure 4 (Aj5er = 3 Um). A much poorer agreement with
the experimental results was obtained when using other data sets for
the optical properties, as can be seen in Figure 6, where the values
calculated with the data from Palik®® are displayed.

Mode profile cross sections of light at A,ayeguide = 1.55 Lm propagating
in amorphous waveguides was calculated with a 2D multilayer waveguide
mode solver.’?l Table 1included the optical constants at the wavelengths
of interest for both types of calculations, taken from ref. [38].
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