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ABSTRACT

The nature of structural changes of nanosecond laser modification inside silicon is investigated. Raman spectroscopy and transmission elec-
tron microscopy measurements of cross sections of the modified channels reveal highly localized crystal deformation. Raman spectroscopy
measurements prove the existence of amorphous silicon inside nanosecond laser induced modifications, and the percentage of amorphous
silicon is calculated based on the Raman spectrum. For the first time, the high-resolution transmission electron microscopy images directly 2
show the appearance of amorphous silicon inside nanosecond laser induced modifications, which corroborates the indirect measurements
from Raman spectroscopy. The laser modified channel consists of a small amount of amorphous silicon embedded in a disturbed crystal
structure accompanied by strain. This finding may explain the origin of the positive refractive index change associated with the written

channels that may serve as optical waveguides.
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I. INTRODUCTION

Silicon is the basic semiconductor material for numerous
applications, such as sensors, photovoltaics, optoelectronics, MEMS
devices, and microelectronics. One of the major needs in today’s
communications industry is to integrate electronic and photonic
devices on the same chip."* Direct writing of optical waveguides
using ultrashort laser pulses is a promising approach to achieve this
goal.”™> However, direct writing inside silicon has several difficulties
compared to writing inside glass or other dielectrics, such as strong
spherical aberration and nonlinear interactions.””’

Countless methods have been attempted to overcome these
limitations since 1990s.°”"” Localized modifications in the bulk
of silicon induced by 3.5ns laser pulses have been reported.’

The properties of the internal modifications generated by nano-
second laser pulses have been investigated."”” Longitudinally
written waveguides inside silicon by nanosecond laser has been
presented.® Direct writing of single-mode waveguides in Si with
picosecond (ps) laser pulses has been reported.” Waveguides
have been written by femtosecond (fs) pulses at the interface of
Si0,/Si.” Waveguides deep inside bulk Si with 350 fs laser pulses
at a wavelength of 1550 nm have been demonstrated.'”'" Local
modification in the bulk of Si with sub-100-fs laser pulses has
also been proved by tight focusing at the center of silicon
spheres using an extreme solid-immersion technique.'”
Depressed-cladding waveguides inside bulk silicon written by
nanosecond laser pulses have been demonstrated to be feasible."”
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Both straight and curved waveguides have been written inside
silicon by transverse ns laser writing.'*"”

The past decades have seen achievements in the field of laser
induced modifications and waveguide writing inside silicon;
however, many problems still remain to be solved.'®** One
problem is related to the structural changes of the modifications
inside silicon induced by a pulsed laser. When laser pulses, espe-
cially ultrashort pulses, are focused inside silicon, the extremely
high temperature and pressure at the focusing spot often result in
complicated material changes, such as melting, explosion, shock
wave, and re-solidification. Past research has shown many different
material changes inside silicon induced by pulsed lasers, including
voids,'®"” high-pressure phases,'® dislocations,”"” hydrostatic com-
pressive strain,”"? cracks,'® and polycrystalline features.''%%°
Another problem is concerned with the light-guiding mechanism
of the waveguides created inside silicon. The origin of the positive
refractive index change associated with the written waveguides calls
for further investigation.”’ Given the fact that the refractive index
of amorphous silicon (n,_gi = 3.73) is higher than that of crystal-
line silicon (n._g; = 3.48 at 1.55-um wavelength), we may expect a
partial amorphization of silicon for explaining the waveguiding
abilities.”” However, there has been no direct evidence showing the
amorphous silicon inside nanosecond laser induced modifications
and waveguides. Thus, a better understanding of the material
changes inside ns laser induced modifications is important to
provide guidance for the next generation of silicon devices. It is
critical to understand the light guiding mechanisms of waveguides
written inside silicon and make low-loss waveguides possible.

In this paper, we investigate the structural changes of ns-laser
written channel modifications in silicon by means of Raman
microscopy and TEM. Our focus is to search for laser induced
amorphization of silicon through HRTEM and quantify the amor-
phous silicon in the modified zone using Raman spectroscopy.
Scientifically, it can answer questions such as whether and how
much amorphization occurs under ns laser irradiation inside
silicon, which should stimulate further investigations on the mech-
anisms of laser induced amorphization as well as the reason for the
location and quantity of amorphous silicon in the modified zone.
Such insights gained about laser induced amorphization of silicon
will potentially help engineer the refractive index change to enable
low-loss waveguides written inside silicon for applications in inte-
grated optoelectronic devices. Our Raman results prove the exis-
tence of amorphous silicon inside laser induced modifications, and
the percentage of amorphous silicon is calculated based on the
Raman spectrum. For the first time, the HRTEM images directly
show the appearance of amorphous silicon inside ns-laser induced
modifications. Such amorphous silicon may be responsible for a
positive refractive index change in the range of 1073

Il. EXPERIMENTAL PROCEDURE

The experimental setup for the laser modification inside
silicon is shown in Fig. 1. The laser is a fiber MOPA (master oscil-
lator power amplifier) laser (MWTechnologies, Model PFL-1550)
delivering laser pulses at 1.55um center wavelength and 3.5ns
FWHM (full-width-at-half-maximum) pulse duration. The pulse
repetition rate is 20-150 kHz and the pulse energy is 20 #J. During
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FIG. 1. Experimental setup for transverse ns laser writing inside silicon. P:
polarizer. The combination of half-wave plate (HWP) and polarizing beam splitter
(PBS) are used to tune the power. The numerical aperture (NA) of the objective
lens is 0.85.

laser writing, a spherical aberration corrected objective lens
(Olympus, LCPLNI100XIR, NA =0.85) is used to focus the
beam into the silicon sample. The focal spot diameter at 1/ is
2wy =2A/(7NA) = 1.16 um, and the Rayleigh length is Zp =2.6 um
in air and zg &~ 9.2um in Si. The relative position between the
sample and the objective lens is controlled using an XYZ transla-
tion stage (Newport, ILS100PP). The writing direction is perpen-
dicular to the beam propagation axis. Based on our previous
study,””'*!"> the following two writing conditions are selected
for the sample preparation: (1) pulse energy E=10uJ and
(2) E=6u]. The repetition rate is fixed at f,=20kHz and the
writing speed is fixed at V'=1mm/s. After laser inscription, the
sample is cleaved to observe the cross section of the channel modi-
fication by an optical microscope.

In order to investigate the origin of the laser induced refractive
index change, Raman spectroscopy is used to determine the com-

position of the modification. Raman microscopy is applied at a ¢
wavelength of 532nm using a 100x objective with NA =0.85 |

(Renishaw inViaRaman microscope). 2D mappings are obtained by
scanning with a step size of 2um in the x and y directions. The
sample is cleaved perpendicular to the channel direction. The cross
section of the channel is examined under the Raman microscope
directly without further processing to avoid any further modifica-
tion of the modified zone. The sample is characterized with a
Raman microscope at three positions for every modification. In
order to reveal the atomic scale microstructure of the modification,
lamella samples are prepared from the modified zone using the
focused ion beam (FIB) workstation (FEI, Helios 660 NanoLab) for
TEM analysis. TEM characterizations including bright field
imaging and HRTEM are carried out on an S/TEM system (FEI,
Technai Osiris) operating at 200 kV.

lll. RESULTS AND DISCUSSION

One can determine the ratio of the amorphous silicon in the
modifications by the curve fitting of the Raman spectrum. In the
case of silicon with mixed amorphous- monocrystalline phase com-
position, the spectrum includes a broad low-frequency component
peaking around 480 cm ™" which is from the amorphous phase, and
a narrow peak near 520cm”' which is from the crystalline
phase.>" The total scattering intensity I(w) in the frequency region
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FIG. 2. (a) The laser modification inside silicon. (b) The Raman spectrum at the intersection of the two lines in (a). The solid curve is the original data, the left dashed
curve is the Gaussian fit (amorphous silicon), and the right dashed curve is the Lorentzian fit (monocrystalline silicon).

can be written as

I(Cl)) = Ic(w) + Iu(w)> (1)

where I.(w) is the intensity of the line produced by the crystalline
phase and I, (o) is that of the amorphous phase line.”*'

Based on the above theory, we wrote a program to analyze the
percentage of the amorphous and crystalline silicon in the laser
induced modifications. The analysis is done in python using a
fitting module called non-linear least-squares minimization and
curve-fitting for Python (Lmfit).”> The validity of the fitting
program can be seen in Refs. 23-25. The amorphous component is
represented by a Gaussian profile, while the crystalline component
is represented by a Lorentzian profile.””' An optical image of the
cross section of a laser modified zone is shown in Fig. 2, together
with the Raman spectrum and the curve-fit Gaussian and
Lorentzian components.

The modification in Fig. 2(a) is written with the pulse energy
of 10u]J, pulse repetition rate of 20kHz, and scanning speed of
1 mm/s. The optical image shows that the modification is not
uniform. A heavily modified part in the cross center is found, and
the Raman spectrum from this position is analyzed by our
in-house program. The results are shown in Fig. 2(b). The original
Raman data (solid line) are split into two parts, the crystalline part
(Lorentzian Component) and the amorphous part (Gaussian com-
ponent). As an accuracy check, the areas underneath the fitting
(28.73) and the experimental data (28.58) are very close (<1% in
difference), as a result of small residuals between the measured data
and the fit curves. This indicates that the area derived from the fit
agrees with experimental data. As Fig. 2(b) indicates, the
Lorentzian and Gaussian areas are calculated from the fitting. The
Lorentzian contribution is (14.34 +0.4138) and the Gaussian area
is (14.39 +£0.4118). The area underneath the Gaussian divided by
the area underneath the whole curve indicates the amorphous ratio.

Based on our calculation, the percentage of amorphous silicon is
50.1% at this location.

To better understand the distribution of the amorphous
silicon in the modified zone, 2D mapping of the Raman spectrum
is done. Figure 3(a) shows the optical image of the modification
written with the pulse energy of 6uJ, pulse repetition rate of
20kHz, and scanning speed of 1 mm/s. This cross-sectional view
shows that the modification is elongated and non-uniform. The 2D
mapping of the peak intensity at 480 cm™', an indication of amor-
phous silicon in the modified zone, is shown in Fig. 3(b). The 2D

mapping proves that amorphous silicon is created by ns laser ¢
writing, but it is non-uniform in the modified zone. There is a sim- §

ilarity between the Raman signal strength in Fig. 3(b) and the color

FIG. 3. (a) The optical image of the modified zone under the following condi-
tions: pulse energy =6 uJ, pulse repetition rate =20 kHz, scanning speed =1
mm/s, (b) The intensity distribution of peak 480 cm™", (c) 2D distribution of the
percentage of the amorphous silicon, (d) log scale distribution of the amorphous
silicon.
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contrast in Fig. 3(a). Quantitative analysis at each pixel of the 2D
mapping produces another 2D mapping, shown in Fig. 3(c), for the
percentage of amorphous silicon in the modified zone. The 2D
mapping is obtained by calculating the percentage of amorphous
silicon at each pixel with the same method as described earlier and
applied in Fig 2(b). Only a small number of pixels with relatively
high amorphous silicon contents are visible in Fig. 3(c) because of
the low value range on a linear scale. To better tell the small differ-
ences between pixels, the log scale distribution of the amorphous
silicon is shown in Fig. 3(d). Each dot represents the value of log
[1,/(I,+1,)] at the corresponding pixel. The highest percentage of
amorphous silicon is found to be about 3% for this sample.

To better characterize the modification in terms of its struc-
tural changes, a TEM analysis is done. As illustrated in Fig. 4(a),
one channel modification is written in the silicon wafer and a
lamella is extracted along the x—z plane in the middle of the cross
section of the modification. Figure 4(b) shows an SEM image of
the cross-section of the channel along the x—y plane and the posi-
tion of the lamella (in the yellow rectangular area). The channel
modification is written with the pulse energy of 10 ], pulse repeti-
tion rate of 20 kHz, and scanning speed of 1 mm/s. After removing

Waveguide
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the surrounding materials by FIB with subsequent thinning, a
lamella as shown in Fig. 4(c) is formed. The lamella is about
10x 10u4m> in the x—z plane and about 100nm thick in the
y-direction. Figure 4(d) shows the SEM image of the lamella with
more details. From Figs. 4(c) and 4(d), the lamella has been rotated
(see the arrow). Figure 4(d) shows that the modifications are highly
non-uniform. Pockets of severe modifications in dark color seem to
appear in random locations against the lighter background, which
is in its crystalline form. The long curly thin lines in the upper
right corner and the faint line patterns in other areas are believed
to be caused by micro strains. Some cracks can be found in the
laser modified region, but it is believed that they are formed after
thinning, due to the inherent stress distribution after laser writing.
Figure 4(e) zooms in on one of the severely modified areas in the
lamella. The laser modified region is also observed by high-
resolution transmission electron microscopy (HRTEM). Figure 4(f)
is one example of the TEM results. The material in Fig. 4(f) is
roughly divided into two parts. The upper part is mainly amor-
phous silicon and the lower part is mainly crystalline silicon.
Figures 4(g) and 4(h) are HRTEM images of rectangular areas A
and B in Fig. 4(f), respectively. Figure 4(g) clearly shows that the

Published under an exclusive license by Laser Institute of America
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FIG. 4. (a) A 3D illustration to show the location of the lamella with respect to the channel modification written inside silicon. (b) The cross section of the channel and the

location of the lamella (in the yellow box). (c) The lamella is analyzed by TEM. (d)-(f) The TEM image of the modification. (g) The HRTEM image of area A of (f) and its

corresponding FFT [inset (i)]. (h) The HRTEM image of area B of (f) and its corresponding FFT [inset (j)].
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silicon atoms are randomized. Figure 4(h) shows that the atoms are
regular as the original crystalline silicon. The inset FFT images of i
and j provide solid evidence for the above claim. For the first time,
the HRTEM results directly show the appearance of amorphous
silicon inside ns laser induced modifications.

The amorphous silicon is probably one reason for the light
guiding ability of the channel since the refractive index of amor-
phous silicon is higher than that of monocrystalline silicon.
However, it may not be the only reason, because the amorphous
silicon in the modification is not uniform and the percentage is
low.

IV. CONCLUSIONS

We investigated the structural changes of ns laser induced
modifications in bulk silicon. This analysis was performed by
Raman microscopy and TEM. The measurements reveal a perma-
nently induced transition from monocrystalline silicon to silicon
with a disturbed crystal structure. The Raman results prove that the
existence of amorphous silicon inside modifications and the per-
centage of the amorphous silicon were calculated based on the
Raman spectrum. For the first time, the HRTEM images directly
show the appearance of amorphous silicon inside nanosecond laser
induced modifications. This may explain the origin of the positive
refractive index change associated with the ns laser written channel
modifications. It is believed that the amorphous silicon in combi-
nation with defects is responsible for a positive refractive index
change in the range of 1073, In addition, defects created in the
modified zone serve as scattering sources for high losses of wave-
guides written inside silicon. To better understand the material
change inside modifications, more experiments with different
writing conditions are needed in the future. Our work is a step
forward toward the goal of a single-step fabrication process of com-
plicated waveguide structures in silicon. Meanwhile, our results
show that future work is needed to write waveguides with more
complicated shapes and better performance. We believe that a
better understanding of the material changes inside laser induced
modifications will inform future improvements.
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