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a b s t r a c t

Silicon-loaded nanoplasmonic waveguides were integrated onto a micron-scale characterization beam to
allow for accurate and efficient nonlinear optical characterization. The waveguides consist of a
95 nm � 340 nm silicon core that is capped by a 60 nm thick gold film. The characterization beam is
formed by precision cleaving one waveguide end facet and by deep silicon etching the substrate area
adjacent to the other end facet. This configuration allows input radiation to be coupled directly to the
waveguides using a microscope objective and output radiation to be out-coupled with a lensed
single-mode optical fiber. The fabrication steps are characterized via scanning electron microscopy at
various points throughout the process. The fabricated devices are optically characterized using an
ultrafast nonlinear pump–probe time-domain spectroscopy setup. Ultrafast all-optical modulation is
measured in the waveguides on two timescales: s1 = 1.98 ± 0.40 ps and s2 = 17.9 ± 6.8 ps.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Fiber optical networks have proven to outperform electrical
networks in bandwidth and energy consumption. This success
has motivated substantial effort into developing chip-scale
photonic waveguide circuits. Silicon (Si) photonic devices fabri-
cated on silicon-on-insulator (SOI) substrates have reached a
sophisticated level of development and their integration with com-
plementary metal–oxide–semiconductor devices is undergoing
rapid development. As such, optical interconnects have been
proposed as a means to alleviate resistive–capacitive delays in
the present electrical scheme [1]. While photonic waveguides
show promising applications, their minimum cross-sectional
dimensions are limited by the light wave diffraction limit.
However, for high integration density applications when the sepa-
ration between waveguides is reduced to the order of a wave-
length, photonic waveguides exhibit prohibitive cross-talk due to
mode coupling. Furthermore, sharp bends in photonic waveguides
result in radiation losses of the propagating optical mode. All of
these factors limit the maximum integration density achievable
with photonic waveguides.
Plasmonic waveguides function in a similar manner as photonic
waveguides, but incorporate low-loss metal (Au, Ag, Al, and Cu)
features. When an appropriate coupling scheme is used,
free-space radiation can excite an electromagnetic mode at the
interface between metallic features and adjacent dielectric materi-
als. The incident radiation couples strongly to the conduction elec-
trons of the metal and the mode propagates as a coupled
oscillation of charge density in the metal and evanescent
electromagnetic fields in the dielectric. The strong coupling of
radiation to the metal features has enabled demonstration of
waveguide devices with cross-sectional dimensions as small as a
few tens of nanometers [2]. Plasmonic waveguides also exhibit
low cross talk and low bending losses compared to their photonic
counterparts.

Along with the aforementioned characteristics, this strong
confinement produces an enhancement in the amplitude of the
electric field in the vicinity of the metal features. In the case of a
nanoplasmonic waveguide, fields can be enhanced by several times
their original strength. The enhanced fields can be used to magnify
light-matter interaction processes, such as chemical detection [3]
or nonlinear optical processes [4,5]. While plasmonic waveguides
have several attractive characteristics, strong interaction of the
radiation with metals results in propagation losses that are higher
than photonic waveguides. The characteristic propagation length
of electromagnetic energy in a subwavelength plasmonic waveg-
uide depends strongly on the materials and design of the waveg-
uide and may range from several microns to several tens of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2015.07.036&domain=pdf
http://dx.doi.org/10.1016/j.optmat.2015.07.036
mailto:shawn.sederberg@mpq.mpg.de
mailto:elezzabi@ece.ualberta.ca
mailto:elezzabi@ece.ualberta.ca
http://dx.doi.org/10.1016/j.optmat.2015.07.036
http://www.sciencedirect.com/science/journal/09253467
http://www.elsevier.com/locate/optmat


Fig. 1. (a) Schematic of the cross-sectional geometry of the nanoplasmonic
waveguide. (b) Distribution of electric field amplitude in the nanoplasmonic
waveguide. (c) Schematic of nanoplasmonic waveguides integrated onto a charac-
terization beam, along with the microscope excitation and optical fiber detection
configuration.
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microns. Long-range surface plasmon polariton waveguides have
dimensions larger than the optical wavelength, but enable light
propagation over millimeter length scales [6,7].

Coupling radiation into nanoplasmonic waveguides with
micron-scale lengths requires a carefully designed on-chip coupler,
which may add additional fabrication complexities [8,9]. Previous
coupling schemes have incorporated prisms [10], photonic bus
waveguides [11], gratings [12], plasmonic antennas [13], and
nano-mirrors [14] to direct the free-space radiation to the
nanoplasmonic waveguide mode.

However, a key predicament in accessing ultrafast active oper-
ation in a Si-nanoplasmonic waveguide device is the ability to cou-
ple the optical signal directly into the device. That is, when
considering nonlinear optical interaction effects in Si-based
nanoplasmonic waveguides, it is not possible to achieve efficient
nonlinear interaction in the plasmonic region, as nonlinear interac-
tion can occur within the on-chip coupler. End-fire coupling radia-
tion directly into the nanoplasmonic waveguide would eliminate
the need for a coupler, but requires separation of the substrate into
micron-scale die, which would make subsequent handling and
characterization prohibitively challenging. Moreover, these dimen-
sional constraints push traditional die separation techniques, such
as dicing or scribing beyond their prescribed abilities. Therefore, it
would be beneficial to develop a means to integrate nanoplas-
monic waveguides with lengths of several microns onto a macro-
scopic die in a configuration that would allow their end-facets to
be directly accessed with macroscopic objects such as microscope
objectives and optical fibers. Realization of such a sample would
enable efficient access to nonlinear optical effects and ultrafast
modulation in Si-loaded nanoplasmonic waveguides.

In this work, we fabricate Si-loaded nanoplasmonic waveguides
and integrate these structures onto a micron-scale ‘‘characteriza-
tion beam.’’ This characterization beam allows for direct coupling
to the waveguides using microscope objectives and optical fibers
and enables accurate measurements of ultrafast nonlinear interac-
tions taking place in the waveguide.
2. Device design

The waveguide geometry consists of a Si waveguide core with
cross-sectional dimensions, w � h = 95 nm � 340 nm. The Si core
is capped by a gold (Au) film of a thickness, t = 60 nm. The
cross-sectional geometry of the waveguide is depicted schemati-
cally in Fig. 1(a) and the corresponding nanoplasmonic mode pro-
file was obtained with an electromagnetic mode solver and is
shown in Fig. 1(b). The theoretical distance propagated by the
mode before attenuating to e�1 of its initial amplitude was found
to be Lprop = 3.1 lm. In order to ensure a strong signal is transmit-
ted through the device, we consider waveguides with lengths,
L 6 10 lm.

A schematic depiction of several nanoplasmonic waveguides
integrated onto the characterization beam is shown in Fig. 1(c).
In this design, the width of the characterization beam is increased
in steps, allowing the waveguide length to be varied. As labeled in
Fig. 1(c), one face of the characterization beam is defined by cleav-
ing the SOI wafer and the other is defined by deep etching the Si
handle wafer. A deeply etched line is used to define the cleavage
plane, ensuring that the cleave intersects the waveguide
end-facets. The implementation of this technique is discussed fur-
ther in Section 4. Notably, a cleaved facet allows for a bulky micro-
scope objective to be brought in close proximity to the sample for
excitation. We consider etching depths, detch = 75 lm, allowing for
an optical fiber to be brought over the substrate to the output facet
of the waveguide. The proposed excitation and detection scheme is
depicted schematically in Fig. 1(c).
3. Nanofabrication

3.1. Nanoplasmonic waveguide definition

In order to maintain compatibility with Si photonic devices, we
used a SOI substrate with a device layer thickness, tdev = 340 nm, a
buried oxide layer thickness, tBOX = 1 lm, and an overall substrate
thickness, tsub = 500 lm. The fabrication process involved two lay-
ers of electron beam lithography (EBL), which were performed
using a Raith 150-TWO system.

Organic contamination was removed from the sample by plac-
ing it in an ultrasonic bath of acetone for 10 min, followed by a
15 min immersion in Piranha solution (3:1 mixture of 96% H2SO4

to 30% H2O2). The native oxide was removed by a 45 s bath in buf-
fered hydrofluoric acid (1 HF:10 NH4F). A schematic depiction of
the bare SOI substrate is shown in Fig. 2(a).

In preparation for the first layer of EBL, a layer of 6% 495 K
poly(methyl methacrylate) in anisole (495 k PMMA A6) was spun
onto the substrate at 5000 rpm (RPM), producing a resist thickness
of tPMMA,1 = 275 nm. The sample was then baked at 180 �C for
15 min. The pattern was exposed using an aperture diameter,
d = 20 lm, an acceleration voltage, V = 20 keV, and an area dosage,
D = 450 lC/cm2. The sample was developed in a methylisobutylke-
tone (MIBK)-based developer (1 MIBK:3 isopropyl alcohol (IPA))
for 45 s. Four subsequent thin films were deposited on the sample
using an electron beam evaporation system. The first layer was a
tCr,1 = 5 nm chromium (Cr) adhesion layer. The second was a
tAu = 60 nm Au layer, which gives the waveguide its ability to guide
optical signals at sub-diffraction dimensions. The third was an
additional tCr,2 = 5 nm Cr adhesion layer, and the final layer was a
tSiO2 ;1 ¼ 40 nm SiO2 layer, which acted as an etch mask to prevent
sputtering of the soft Au features during subsequent plasma



Fig. 2. (a) Silicon-on-insulator substrate. (b) First EBL exposure, followed by electron beam evaporation of Cr(5 nm) + Au(60 nm) + Cr(5 nm) + SiO2(40 nm). (c) Evaporated
films after lift-off. (d) A fully-defined nanoplasmonic waveguide after ICPRIE etching through the Si device layer. (e) A nanoplasmonic waveguide embedded in a 500 nm thick
SiO2 cladding. (f) Subsequent deposition of 150 nm thick chromium etch mask.
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processing. The EBL pattern along with the deposited films is
shown schematically in Fig. 2(b). After deposition, a standard
lift-off in an ultrasonic bath of acetone was performed, and the
sample was cleaned in this manner for 20 min. A nanoplasmonic
waveguide after the lift-off step is shown in Fig. 2(c).

The pattern was transferred through the Si device layer using an
unswitched recipe in an inductively coupled plasma reactive ion
etching (ICPRIE) system, shown in Fig. 2(d). In order to avoid scal-
loping in the waveguide sidewalls that would be produced by the
Bosch process [15], we expose the sample to C4F8 (80 sccm), SF6

(85 sccm), and O2 (5 sccm) simultaneously. This produces a contin-
uous etch with smooth sidewalls, minimizing scattering losses of
the nanoplasmonic mode. It has previously been demonstrated
that metallic masks can lead to substantial undercut in the etching
profile [16]. Although the Au features were capped by a SiO2 etch
mask, it was found that even etching in close proximity to Au
features produced substantial undercut, and it was necessary to
increase the C4F8 passivation gas flow from 40 sccm (which was
optimal for a PMMA mask) to 80 sccm.

Next, we deposited a tSiO2 ;2 ¼ 500 nm layer of SiO2 using
plasma-enhanced chemical vapor deposition (PECVD), which
served several purposes. Primarily, it acted as a waveguide clad-
ding, giving the waveguide a uniform refractive index environ-
ment. In addition, it protected the waveguides during subsequent
processing steps and from their environment during optical char-
acterization. The SiO2-clad waveguide is shown in Fig. 2(e). A Cr
layer with a thickness of tCr,3 = 150 nm was deposited on the
sample via magnetron sputtering, as shown in Fig. 2(f), and was
used to define an etch mask.

Scanning electron micrographs (SEMs) of typical results taken
during several steps of the fabrication are shown in Fig. 3.
Fig. 3(a) shows a top-view SEM of a typical Cr–Au–Cr–SiO2

waveguide cap after completing the lift-off step. A tilted-view
SEM showing the nanoplasmonic waveguide sidewall quality after
dry etching through the Si device layer is shown in Fig. 3(b). An
SEM of a nanoplasmonic waveguide buried beneath the SiO2

cladding and the Cr etch mask is shown in Fig. 3(c) and is depicted
schematically in Fig. 4(a).
3.2. Characterization beam definition

The next layer of lithography involves micron-scale features that
must be aligned to the existing features with a misalignment toler-
ance of d < 100 nm. Therefore, we exposed the pattern via EBL,
which employed laser interferometry to position the sample stage
and enabled overlay alignment accuracy on the order of a few tens
of nanometers. In preparation for the second layer of EBL, a
tPMMA,2 = 275 nm layer of 495 K PMMA A6 was spun onto the sample
and baked for 15 min at 180 �C. In order to reduce the exposure time,
we used a large electron beam aperture diameter, d = 120 lm,
an acceleration voltage, V = 20 keV, and an area dose of
D = 200 lC/cm2. The fixed beam moving stage feature of the Raith
system was used to ensure stitch-free exposure between write fields
[17]. The sample was developed in 1 MIBK:3 IPA developer for 45 s.

The pattern was transferred through the Cr layer using a
commercially available solution of ceric ammonium nitrate
((NH4)2Ce(NO3)6), nitric acid (HNO3), and water (H2O) and the
sample was cleaned in an ultrasonic bath for 20 min. Fig. 4(b)
shows a schematic of the Cr mask, which consists of a guide for
the cleave plane adjacent to one waveguide end facet and a large
cleared area adjacent to the other end facet. The Cr mask was then
used to etch through the oxide layer (tSiO2 ;2 ¼ 500 nm PECVD oxide
and tBOX = 1000 nm thermal oxide), via reactive ion etching (RIE),
and to a depth of detch = 75 lm into the Si wafer using the Bosch
process in an ICPRIE system. A schematic view of the sample after
Bosch etching is shown in Fig. 4(c). At this point, the Cr mask was
removed and the sample was cleaved and cleaned in an ultrasonic
bath for 20 min.

Fig. 5 depicts typical fabrication results during the definition of
the characterization beam and of the final structures. An SEM of
the Cr etch mask is shown in Fig. 5(a). The final sample after deep
etching and cleaving is shown in Fig. 5(b)–(c). Approximately 10
waveguides are integrated onto the characterization beam, with
lengths in the range of 2 lm 6 L 6 10 lm. A cross-sectional SEM
of the nanoplasmonic waveguide geometry is shown in Fig. 5(d).
Close inspection of this image reveals that a remnant of the SiO2

mask is present on top of the Au cap.



Fig. 3. (a) Top-view SEM of the evaporated films after lift-off. (b) Tilted SEM of the
fully defined nanoplasmonic waveguide after etching through the Si device layer.
(c) Tilted SEM of a nanoplasmonic waveguide enclosed in a 500 nm SiO2 cladding
and a 150 nm Cr etch mask.

Fig. 4. (a) Schematic of a nanoplasmonic waveguide buried beneath a 500 nm SiO2

cladding and a 150 nm Cr etch mask. (b) The Cr etch mask consisting of a cleave
guide adjacent to one waveguide end facet and a large area adjacent to the other
end facet. (c) The sample after etching through the BOX layer and 75 lm into the Si
substrate.
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4. Optical measurements

4.1. Characterization setup

Following their successful fabrication, nonlinear optical
interactions were investigated in the nanoplasmonic waveguides.
Strong nonlinear loss mechanisms exist in the silicon core of the
nanoplasmonic waveguide, including two-photon absorption
(TPA) and free-carrier absorption (FCA) [18]. The nonlinear loss
may be used to operate the waveguide as an ultrafast modulator.
To visualize the ultrafast temporal dynamics of nonlinear loss in
the nanoplasmonic waveguide, we set up a pump–probe character-
ization system.

An erbium-doped fiber laser that emits pulses with a duration,
sp = 84 fs, centered at k ¼ 1550 nm was used to measure ultrafast
nonlinear dynamics in the nanoplasmonic waveguides. The laser
pulses were split into a pump and a probe, which had orthogonal
polarizations. The probe pulses underwent a variable delay,
whereas the pump pulses underwent a fixed delay. The two beams
were recombined and coupled into the nanoplasmonic waveguides
using a microscope objective (50�, NA = 0.85). The transmitted
optical signal was out-coupled using a lensed single mode optical
fiber, which delivered the signal to a fast-photodiode and lock-in
detection setup. By varying the delay between the pump and probe
in a continuous manner, ultrafast nonlinear effects occurring in the
nanoplasmonic waveguides were visualized. A schematic of the
characterization setup is shown in Fig. 6(a).
4.2. Results

Using the fabrication processes presented earlier, it was also
possible to fabricate nanoplasmonic and photonic waveguides
side-by-side on the same sample enabling a direct comparison of



Fig. 5. (a) Tilted SEM of the Cr etch mask adjacent to a nanoplasmonic waveguide. (b) Tilted SEM of the final structure after deep etching and cleaving. (c) Top-view SEM of
the final structure after deep etching and cleaving. (d) Cross-sectional SEM of a nanoplasmonic waveguide end facet. A thin remnant of the SiO2 etch mask is visible on top of
the Au cap.

Fig. 6. (a) Schematic of the ultrafast pump–probe characterization setup. (b) SEM of nanoplasmonic and photonic waveguides fabricated side-by-side on the same sample. (c)
A typical pump–probe trace obtained from a nanoplasmonic waveguide. (d) A typical pump–probe trace obtained from a photonic waveguide.
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their performance. A SEM showing side-by-side nanoplasmonic
and photonic waveguides is shown in Fig. 6(b). A typical trace
obtained during the pump–probe experiments from a nanoplas-
monic waveguide of length L = 5.2 lm and width w = 95 nm for a
peak input power of Ppeak = 23.0 W is shown in Fig. 6(c).
Interference fringes become visible as the delay between the pump
and probe pulses is decreased. The electric field amplitude in the
nanoplasmonic waveguide reaches a maximum when the time
delay between the two pulses is zero. A sharp drop in the signal
transmission is visible at this point, signifying the presence of
TPA and FCA. As free-carriers recombine, the FCA loss is reduced
and a recovery tail is evident in the trace. A biexponential function
is fit to this recovery tail and the resulting time constants are found
to be s1 = 1.98 ± 0.40 ps and s2 = 17.9 ± 6.8 ps. Traces with distinct
modulation depths and the same biexponential recovery tail were
measured from waveguides with several lengths and larger widths
of w = 340 nm.

Detailed physical investigation into these results has been pre-
sented in [4]. Briefly, after electron–hole pairs are excited via TPA,
they are accelerated in the electric fields of the laser pulse. For suf-
ficiently intense fields (�3 V/nm), electrons are ponderomotively
accelerated to energies greater than the threshold for impact ion-
ization (Eth = 2.3 eV [19]). In this way, a series of impact ionization
collisions frees additional free-carriers, which are then accelerated
in the laser field and undergo subsequent impact ionization colli-
sions. Therefore the free-carriers are multiplied in an avalanche
fashion, which enables strong modulation of the transmitted
pulses over a very short length scale.

After the pulse excitation, the waveguide recovers from this
interaction through two processes. The slower timescale arises
from electron–hole recombination, where Au diffusion into the Si
waveguide core creates recombination centers, enabling faster
electron–hole recombination than bulk Si. The faster timescale rep-
resents electron sweeping in the intense field created by the fem-
tosecond pulses. Tight, asymmetric fields close to the Au–Si
interface cause cycle-by-cycle ponderomotive acceleration of con-
duction band electrons, imparting them with a velocity away from
the Au–Si interface. Therefore, conduction band electrons are
swept out of the probed region on an ultrafast timescale of
�2.0 ps, which is primarily determined by the saturation velocity
of Si.

A pump–probe trace obtained from a photonic waveguide with
length L = 6.5 lm and width w = 340 nm for a peak input power of
Ppeak = 38.6 W is shown in Fig. 6(d). Similar interference fringes are
observed as the pump and probe pulses coincide in time. However,
despite a longer interaction length and a higher peak input power,
the modulation depth due to TPA and FCA is much less pronounced
for the photonic waveguide. In addition, the recovery tale exhibits
a single exponential trend with a much longer time constant
s = 378 ps. In this case, free-carriers must diffuse to the waveguide
sidewalls where a large density of partially bonded Si atoms give
rise a continuous distribution of interface states through the
energy bandgap. The absence of tightly confined nanoplasmonic
fields significantly reduces the modulation efficiency and increases
the recovery time of this device.
5. Conclusion

Nanoplasmonic waveguides with subwavelength
cross-sectional dimensions were integrated onto a micron-scale
characterization beam that allowed for characterization with
macroscopic optical components. The structures were fabricated
using two layers of EBL, creating masks for: (1) the lift-off and
etching of Si-loaded nanoplasmonic waveguides, and (2) the defi-
nition of a characterization beam and a cleavage plane directly
adjacent to the end-facets of the waveguides. The time-dynamics
of the nonlinear loss mechanisms in the waveguide were charac-
terized using a pump–probe delay line system, and it was found
that the device recovered on two timescales, s1 = 1.98 ± 0.40 ps
and s2 = 17.9 ± 6.8 ps, demonstrating potential device applications
as subwavelength, ultrafast all-optical switches. By performing
identical experiments on photonic waveguides, it was shown that
the nanoplasmonic waveguide is superior in terms of modulation
bandwidth and efficiency. The process steps used to fabricate these
structures are compatible with typical semiconductor fabrication
techniques. It is envisioned that this fabrication approach will be
a valuable tool for accurate characterization of nonlinear
nano-optical devices, and can easily accommodate a wide variety
of device geometries.
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