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Photonic devices that can guide, transfer, or modulate light
are highly desired in electronics and integrated silicon (Si)
photonics. Here, we demonstrate for the first time, to the
best of our knowledge, the creation of optical waveguides
deep inside Si using femtosecond pulses at a central wave-
length of 1.5 pm. To this end, we use 350 fs long, 2 pJ
pulses with a repetition rate of 250 kHz from an Er-doped
fiber laser, which we focused inside Si to create permanent
modifications of the crystal. The position of the beam is
accurately controlled with pump-probe imaging during fab-
rication. Waveguides that were 5.5 mm in length and 20 pm
in diameter were created by scanning the focal position
along the beam propagation axis. The fabricated wave-
guides were characterized with a continuous-wave laser
operating at 1.5 pm. The refractive index change inside
the waveguide was measured with optical shadowgraphy,
yielding a value of 6 x 1074, and by direct light couplin
and far-field imaging, yielding a value of 3.5x 107*.
The formation mechanism of the modification is
discussed. © 2017 Optical Society of America

OCIS codes: (230.7370) Waveguides; (140.7090) Ultrafast lasers;
(140.3390) Laser materials processing; (130.0130) Integrated optics.

https://doi.org/10.1364/0L.42.003028

Integration of optics with silicon (Si)-based computing devices
has been investigated since the 1960s [1]. Earlier work focused
on optical logic; however, the greatest benefit of optical inte-
gration is expected to come from optical interconnects operat-
ing with low delay times and low power dissipation [2]. Such
optical data transfer links are progressively finding use at shorter
distances, providing advantages from high transmission rates
enabled by wavelength division multiplexed operation over
waveguides [3]. However, a major limitation in applying optical
interconnects at short distances for chip-to-chip or potentially
intra-chip connections is due to challenges in creating dense
optical interconnects [4]. For instance, optical waveguide
architectures positioned over chip surfaces suffer from signal
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crosstalk between intersecting channels [5]. Novel interconnect
architectures such as multi-layered waveguides are proposed as
a solution to some of these problems, help with interconnect
scaling, and complement electrical connections suffering from
lower bandwidths [6]. Toward these goals, variants of three-
dimensional (3D) laser micro-fabrication approaches have been
explored in the past decade in various materials [7]. Through
the nonlinear processes taking place during ultrafast laser
material interaction [8,9], laser light can impart a permanent
refractive index change in the volume of transparent materials,
thus enabling the fabrication of waveguides in glasses, poly-
mers, lithium niobate, and other crystals [10-15], with impor-
tant applications in integrated optics [12,16] and, recently,
quantum circuits [17]. However, despite the importance of
Si for the micro-electronics industry and the growing impor-
tance of Si photonics, functional waveguides with simple geom-
etries deep inside Si have not been shown. One of the previous
attempts, where a 2.4-pm femtosecond laser was used for direct
writing of waveguides in Si, allowed the creation of a waveguide
only in the close vicinity of the front surface [18], thus limiting
applications to two-dimensional geometry.

The lack of functional waveguides or, in general, in-chip
devices is due to difficulties in 3D laser processing of Si without
altering the wafer surface [19,20]. We have first shown the pos-
sibility of laser processing deep inside Si using nanosecond
pulses at 1.55 pum [21], where Si is transparent. This approach
has been subsequently developed into a comprehensive
technique that enables creation of arbitrary complex 3D micro-
structures inside Si with 1-um resolution [22]. The laser-
induced refractive index changes are used to realize functional
elements inside Si, in-chip photonic structures and devices, in-
cluding lenses, gratings, phase-type, high-resolution holograms,
as well as waveguides [22]. However, the laser-induced index
change is negative with nanosecond pulses, which requires
tubular or similar waveguide structures. Using a technique
based on the one we have demonstrated in Ref. [22], the pos-
sible creation of waveguides using nanosecond pulses have re-
cently been reported [23]. However, no experimental evidence
of actual guidance of light was provided, only that the scattered
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light followed a linear pattern. Given that nanosecond pulses
produce negative changes in the refractive index based on our
results with similar pulse durations and energies, it is not clear if
the reported structures indeed were functional as waveguides.

In this Letter, we extend the subsurface Si modification
capability to femtosecond lasers. To the best of our knowledge,
this is the first report of Si subsurface modification with a femto-
second laser without altering the wafer surface. We overcome pre-
viously reported difficulties in direct-laser processing of Si below
the surface [19,20] by benefiting from cumulative effects arising
from the use of high repetition rates (250 kHz), in a manner that is
loosely analogous to [24]. We furthermore provide clear evidence
that the structures are indeed waveguiding, tested at 1.5 pm tele-
communication wavelength. The structures are created while the
laser focus is monitored with iz situ pump-probe imaging. The
laser-written modifications are then used to fabricate buried wave-
guides with a cylindrically symmetric geometry. The refractive in-
dex profiles of the waveguides are characterized with quantitative
shadowgraphy, revealing that they are approximately pure phase
objects, making them ideal for low-loss operation.

The laser processing setup with pump-probe imaging is
shown in Fig. 1(a). The laser source is a home-built Er-doped
fiber laser, which can emit pulses of more than 2 pJ energy with
a 350 fs pulse width (full width at half-maximum). The rep-
etition rate of the laser is tunable from 1 MHz to 100 kHz, but
was set to 250 kHz in this Letter. The laser output was split into
two parts (pump and probe) by the combination of a half-wave
plate (HWP) and a polarization-beam splitter (PBS), which
allows us to continuously tune the power ratio between the two
arms. A second pair of HWPs and PBSs allows independent
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Fig. 1. (a) Experimental setup used for pump-probe imaging and
for fabricating subsurface waveguides inside Si. (b) Pump-probe image
of laser-induced plasma in Si, obtained with a 10 ps delay between the
pump and probe, indicating that the focal position of the beam is
~200 pm below the front surface. (c) Permanently modified area near
the back surface of the sample, recorded after the pump beam is turned
off. HWP, half-wave plate; PBS, polarization beam splitter; MT,
motorized stage; FS Laser, femtosecond laser. The pump beam is
propagating along the direction of the x-axis.
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control of power on the pump arm, delivering a vertically
polarized (y-axis in Fig. 1) pump beam to the sample, which
is necessary for time-resolved imaging of the ultrafast laser pulse
interaction with transparent materials [25]. The pump beam is
focused in Si with a 0.5 numerical aperture (NA) aspheric lens
(Thorlabs C240TME-C), mounted on a translation stage. The
stage allows us to translate the focal spot of the pump beam
along the propagation direction during waveguide fabrication.
The diameter of the pump beam in front of the lens was 6 mm
at a 1/¢? level of maximum intensity. For the probe arm, a
retro-reflector mirror was implemented, which was mounted
on a motorized stage, in order to adjust the delay time between
the pump and probe pulses. An additional pair of HWPs and
PBSs is placed into the probe arm before and after the Si sam-
ple, which allows for pump-probe imaging in both parallel and
cross-polarizations using an InGaAs camera equipped with a
10x objective. The sample position is controlled with a 3D mo-
torized translation stage (not shown in the figure). In this
Letter, we used 1 mm thick, double-side-polished, (100)-cut,
p-type Si samples (boron doped with resistivity of 1 Q- cm).
The characterization of the waveguides was done with an
additional low-power, continuous-wave (cw) laser, operating
at 1.5 pm, coupled to the same setup in place of the pump arm.

A time-resolved pump-probe image of a femtosecond pulse
interacting with Si is shown in Fig. 1(b). The dark shadow of
the recorded image is based on free carrier absorption (FCA)
induced by the pump pulse. We note that FCA is a transient
effect, disappearing after a time equal to the free carrier lifetime
in Si, which is more than 10 ns. The time delay between the
pump and probe can be changed over a wide range, up to a few
nanoseconds, to acquire information on the plasma. A more
detailed analysis of the transient dynamics of ultrashort pulse
propagation in Si will be presented in a future publication. If we
set the time delay between the pump and probe arms much
more then the propagation time of the pump pulse through
the sample [10 ps for Fig. 1(b)], while keeping it less then
the free carrier relaxation time, we can visualize the position
of the sample where the pump pulse intensity was maximum,
i.e., the focal position of the pump. In this Letter, we used this
capability to directly identify the pump beam behavior in Si,
which was crucial to both locating the focused beam and to
controllably writing subsurface waveguides.

In our experiments, we found that a pump beam of ~2 pJ
pulse energy at a repetition rate of 250 kHz focused in Si pro-
duces permanent changes in the sample [Fig. 1(c)]. Controlled
subsurface modifications are realized by focusing the pump
beam on or close to a previously modified subsurface section.
Each modified section acts as a seed for the next part, if one
simply pulls the structures along a linear geometry, either by
translating the sample or focusing lens. By translating the focal
position of the pump beam from the back to the front surface
[Figs. 1(b)—1(c)] parallel to beam propagation direction, we cre-
ated ~5 mm long, cylindrically symmetric wire-like structures
with ~20 pm diameter. We found that the optimal scanning
speeds were in the range of 0.03-0.1 mm/s. The presence of
an upper limit on the scanning speed (0.1 mm/s at the given
pulse energy, repetition rate, and NA of the lens) strongly sug-
gests the important role of thermal effects due to average heat
deposition into the processed volume. Although the peak
intensity of every individual pulse in our case (~5 MW) is
much higher than a Kerr self-focusing power threshold of
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Si (~22 kW estimated from [26]), it is evident that every single
pulse, if it is sent with a low repetition rate, does not perform
the modification. It is also consistent with previous studies,
where a single femtosecond pulse has failed to create any sub-
surface modification even, with 90 pJ of pulse energy [20].
The laser-written waveguide structures were first analyzed
with quantitative shadowgraphy [27] to identify the refractive
index change with respect to the unmodified Si crystal. In order
to obtain the shadow images of the fabricated structures
(Fig. 2), we used the setup described in Fig. 1. However, in
this case, the pump arm was blocked, and the probe arm
was used as a light source. We observe that the modified section
is almost a pure phase object, becoming invisible if the object is
placed exactly in the focal plane of the camera objective. By
translating the object 200 pm from the focal plane, in the di-
rection closer to the camera [Fig. 2(a)], as well as 200 pm away
from the camera [Fig. 2(b)], we observe a characteristic inten-
sity contrast change in the central part of modified area. This
behavior indicates a positive refractive index change (An > 0)
for the laser-modified area, compared to the crystal matrix [26].
We applied inverse Abel transform to phase images of
waveguides, which are computed from the corresponding
shadow images [Figs. 2(a) and 2(b)] using the transport-of-
intensity equation [27]. The calculated refractive index profiles
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Fig. 2. Quantitative shadowgraphy of subsurface waveguides.
(a) Shadow image of a waveguide obtained when the object is
200 pm translated from the focal plane toward the camera.
(b) Shadow image of the same waveguide in (a), obtained when
the object is 200 pm translated from the focal plane, away from
the camera. (c) Refractive index profiles from five different waveguides,
obtained by the inverse Abel transform method (black dashed lines).
The red solid line shows the refractive index profile obtained by aver-
aging five index profiles. The waveguides are fabricated with the same
parameters. Inset: cross-sectional view of an array of waveguides,
recorded with infrared transmission microscopy.
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are shown in Fig. 2(c). In order to reduce errors that may arise
from the well-known sensitivity of this method to measurement
errors, we reconstructed the refractive index profiles from five
different waveguides fabricated with the same processing param-
eters, and averaged the obtained results [Fig. 2(c)]. These
measurements yield a refractive index change of about 6 x 104
at the center of the structures with respect to unmodified Si.
An array of 5.5 mm long, 100 pm separated subsurface
waveguides were written in Si for testing [inset of Fig. 2(c)].
Then, collimated light from a 10 mW cw laser operating at
1.5 pm was coupled into the waveguides with a lens of
NA = 0.2 [Fig. 3(a)]. The polarization of the laser was the
same as the polarization of the pump beam. As a control experi-
ment, the beam was also focused in Si with the same lens at a
location where there was no waveguide. The output light was
recorded with an InGaAs camera, from a screen at a distance of
4 cm, corresponding to the far-field intensity distributions for
both the control beam [part i of Fig. 3(b)] and the output beam
from a waveguide [part ii of Fig. 3(b)]. The dark shadows seen
in the far-field waveguide image are due to neighboring wave-
guides, whereas the white halo around the main peak is attrib-
uted to residual uncoupled light. A representative near-field
image at the exit port of a waveguide [part iii of Fig. 3(b)]
demonstrates that the guided laser light is confined to a
~20 pm spot diameter. The intensity profiles obtained along
the vertical symmetry axes of the far-field images are shown in
parts i and ii of Fig. 3(b); the corresponding Gaussian fits are
shown in Fig. 3(c). We calculated the NA of the decoupled
light from the intensities given in Fig. 3(c). (The width is taken
at 1/¢® of the intensity profile.) For the unmodified area, the
NA is found to be 0.19, which is about the same as the NA of
the focusing lens. The NA of the waveguide, in contrast, is cal-
culated to be 0.05. Assuming a step-index profile, this corre-
sponds to a refractive index difference of 3.5 x 1074, which is in
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Fig. 3. Optical waveguides inside Si. (a) Schematic illustrates direct
coupling of 1.5 pm cw laser light into a subsurface waveguide and the
corresponding control experiment. (b) i, far-field image of 1.5 pm laser
light after passing through Si without waveguide. ii, far-field image of a
1.5 pm laser light exiting from the output port of a subsurface wave-
guide. iii, near-field image of a 1.5 pm laser light exiting from the
output port of a subsurface waveguide. (c) Intensity profiles along
the vertical axes of the far-field images shown in parts i, ii,
and the corresponding numerical fits. The blue (solid) curve is a dou-
ble Gaussian fit to the intensity profile data (blue circles) obtained
from the waveguide exit. The red curve is a Gaussian fit to the data
(orange crosses) from the control measurement.
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good agreement with the result obtained from the quantitative
shadowgraphy method.

For waveguide loss characterization, we compared the out-
put power from the unmodified Si [part i in Fig. 3(b)] and the
power in the central maximum of the waveguide output in part
ii in Fig. 3(b). Using 16 mW of incident laser power, the output
power from the unmodified Si is measured to be 6.5 mW.
Here, the losses are mainly due to multiple reflections from
the surfaces of the wafer. Similarly, the waveguide output power
is measured as 0.45 mW [part ii in Fig. 3(b)], corresponding to
7.1% of the laser power from the unmodified Si. With the
given lens NA, the estimated coupling efficiency is ~7-8%,
which shows that the actual loss of the waveguide is negligible,
compared to the reflection and coupling losses.

In summary, we demonstrated optical waveguides written
deep inside Si with a 1.5 pm femtosecond laser. To the best
of our knowledge, this is the first report of 3D controllable sub-
surface Si modification with femtosecond pulses, as well as the
first demonstration of optical waveguides written with ultrafast
laser pulses in Si. From the characterization of waveguides by
optical shadowgraphy and direct light coupling, we measured
the refractive index difference between the waveguide and
unmodified crystal as 6 x 107 and 3.5 x 1074, respectively.
The waveguide diameter was measured to be 20 pm. With this
fabrication method, one can create multi-level arrays of func-
tional waveguides in Si. We anticipate that with future optimi-
zation of the laser and scanning parameters, it may be possible
to create additional in-chip optical elements, with refractive in-
dex modulation control and various architectures. We believe
this new laser-writing method will find use in 3D integrated
optics, Si photonics, and optical chip-to-chip communications.
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