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Abstract: Using a gold/silicon grating coupler and modulating the silicon
dielectric constant with 775 nm, 800 fs pump pulses we demonstrate an
ultrafast spectral shift to a surface plasmon polariton coupling resonance for
1300-1700 nm probe pulses. With a modest pump fluence of 2.2 mJem ™ the

pump-induced free carriers shift the resonance by more than its width, with
recovery occurring in 103 ps due to surface recombination.
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1. Introduction

The emergence of integrated information processing technologies based on surface plasmon
polaritons (SPPs) has been gaining momentum as researchers come to understand and learn
how to control these unique modes [1-3]. A cornerstone of this developing technology is the
active control of the propagation [4-10] of, or the coupling [11-14] of light to, these
polaritons. A key goal is a high contrast switching element that operates with minimal
activation energy and on a picosecond time scale, making it compatible with multi-GHz
technology.

SPPs, propagating electromagnetic fields coupled to electron oscillations at a metal-
dielectric interface, combine the advantages of the high speed of light and nanometer mode
confinement-scales that are usually associated with electronics. The use of plasmonic
elements for integrated nanophotonic devices is therefore both intriguing and promising [1-3].
The first generation of active plasmonic elements, such as extraordinary transmission switches
[4], plasmonic propagation modulators [5-7], or all-optical quantum-dot based plasmonic
excitation [8] offer high contrast but suffer from slow recovery times and are incompatible
with multi-GHz information processing technology. Subsequent schemes such as plasmon-
mediated control of waveguide modes [9], MOSFET designs for plasmonic waveguides [10],
opto-thermal modulation of plasmonic coupling on gold films at visible wavelengths [11-13],
or optical control of SPP propagation on aluminium films near 780 nm through an interband
resonance [14] are promising. These exhibit ultrafast active plasmonic control, yet are limited
by either low modulation efficiencies or high pump fluence requirements. While such control
has recently been shown in metamaterials [15,16] where the negative index of refraction
resonance is quenched, there have been no similar reports based on work with plasmonics.

In this work, we demonstrate a silicon-based active plasmonic coupler with a picosecond
scale recovery time, high contrast switching at telecom frequencies, and activation with low
pump fluences. Additionally, as this approach is compatible with silicon processing
technology, it represents an essential step towards next-generation plasmonic-based
nanophotonic applications.

2. Theoretical background of active SPP coupling

Our modulator uses a silicon/gold grating to couple light to a SPP as shown in Fig. 1.
Coupling requires matching the parallel component of the k-vectors of light and the SPP with
the aid of the grating so that [17]

kysin(0)+mG =k, (H

where k, is the vacuum wave vector, € is the incident angle, m is an integer, and G is the

grating reciprocal lattice vector. The SPP wavevector, k depends on the relative dielectric

N7
function of both the gold and the silicon, &g, ,,, through [18]

[ &4
kgpp =k, - S+2 . (2)
si T éa

To modulate the coupling we optically inject free-carriers into the silicon with a pump
pulse and alter its dielectric function due to Drude contributions [19]; these changes modify

kg, and thus shift the wavelength at which resonant light-SPP coupling occurs.
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Fig. 1. Schematic of the active grating coupler. A grating at a silicon-gold interfaces couples
light from a p-polarized probe pulse to a SPP. The coupling is modulated by a 775 nm pump
pulse that induces free carriers in the silicon. The sapphire layer on top of the silicon has been
removed for clarity.

pp | ////////// m_.qﬂm \ Grating

We estimate the changes to k,, by calculating the carrier induced changes to &, . In the

experiments discussed below (see Fig. 1) we use a 0.5 pm thick layer of silicon pumped by a
pulse centered at 775 nm, for which the absorption depth is ~9 um. If we reasonably consider
that absorption is dominated by interband absorption (silicon band gap: 1.1 eV [20]), the
1n]ected free-carrier density, N,, is proportlonal to the pump fluence. For a fluence of 1
mJcm™ we estimate N, ~1x 10" cm™ throughout the thin Si film with only ~6% of the
incident light absorbed; the remaining light is reflected and could possibly be used to activate
additional systems. The Drude changes to the dielectric function for a probe beam are given
by [19]

a)2

Ag=———"—, (3)
o +iyw
where y is the carrier collision rate (~10 THz [20]), w is the probe frequency and w, is the
bulk plasma frequency defined as

w = |—L )

Here g is the elementary charge and m" as the reduced effective mass of electron and holes
(~0.4 m,, where m, is the free electron mass [20]). Figure 2 shows the changes to the

complex relative dielectric function and the induced shifts for two SPP resonances originally
centered at 1400 and 1550 nm; the grating period is 500 nm. As expected, the changes to the
dielectric function, and consequently the shifts, increase with increasing wavelength.

Since the FWHM of plasmonic coupling resonances is typically ~30-50 nm, we predict
that this scheme leads to spectral shifts of the resonance greater than its width for modest
fluences. Although this is demonstrated here for telecom wavelengths, since the Drude
contribution to the dielectric function increases with increasing wavelength [19], this
approach to SPP control is applicable over the near and mid infrared.
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Fig. 2. Simulation of the induced changes to silicon dielectric function and shift of the SPP
resonance for a grating with 27/G = 500 nm. (a) The spectral shift of SPP resonances that
are originally centered at 1400 nm (blue) and 1550 nm (red) as a function of pump fluence and
induced free carrier density. (b) The changes to both the real part (solid line, left axis) and the
imaginary part (dashed line, right axis) of the relative dielectric function of silicon at 1400 nm
(blue) and 1550 nm (red) as a function of incident pump fluence and free carrier density.

3. Experimental setup and sample fabrication

The plasmonic coupling modulator was fabricated using a commercially available silicon on
sapphire (SOS) wafer. The silicon side was patterned with electron-beam lithography, and wet
etched with potassium hydroxide (KOH). The resultant square grating structure (500 um by
500 pum) has a period of 500 nm and a nominal depth of 70 nm. A monolayer of chromium,
was deposited for adhesion purposes, followed by a 170 nm layer of gold, completing the
fabrication. One exemplary sample was cut and analysed by a SEM to verify the grating
profile and gold layer thickness.

A commercial Ti:sapphire amplifier pumping an OPA generates 800 fs (FWHM) probe
pulses, with center wavelengths between 1300 nm and 1700 nm, and 20 nm spectral
bandwidth (FWHM). These pulses are used as a probe, passing through the silicon-sapphire
system and incident on the grating where they couple to SPPs (Fig. 1). We measure a spot size
of 100 um using a “knife-edge” technique on the grating. The presence of the plasmonic
coupling resonances is confirmed by measuring the zero-order reflectivity of the sample for
different incident probe beam angles. As expected, the spectral dip in the p-polarized
reflectivity shifts with angle, as seen in Fig. 3. While not shown here, the s-polarized
reflectivity spectrum is featureless, as expected.

As shown in Fig. 1, the plasmonic coupling is modulated by an 800 fs (FWHM), 775 nm
pump pulse that is normally incident on the silicon. We use pump fluences up to 2.2 mJcm >
on a 500 um spot size (5x the probe spot size). Because the coupling of the probe light to a
SPP is intimately dependent on the dielectric function [18], the pump-induced increase of the
Drude contribution results in a change to the probe-SPP coupling condition. We monitor the
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changes in the probe reflectivity spectrum as a function of delay time between probe and
pump pulse; from this we deduce the changes in the coupling efficiency.
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Fig. 3. Angle dependent SPP excitation. Zero-order reflectivity spectra for 6°, 9°, and 12°
incident angles at the silicon-gold interface show different SPP resonances. The small dip near
1415 nm for the 6° curve is due to a Wood-Rayleigh anomaly. The symbols represent the
measured values and the curves are guides to the eye.

4. Results and discussion
4.1 Ultrafast plasmonic coupling dynamics

Figure 4a shows the zero-order probe reflectivity spectrum for a pump fluence of 2 mJem ™.
Initially, the SPP resonance is seen as a large dip in reflectivity centered near 1400 nm, with a
FWHM of 38 nm. At a time delay of 3.3 ps the resonance shifts to 1360 nm, but then slowly
relaxes back to 1400 nm; by 130 ps, a time related to carrier recombination (see below), the
system has almost completely recovered. The reflection spectrum at 3.3 ps also shows a
second dip in reflectivity for wavelength above 1420 nm; this reflects coupling to a second
plasmon resonance that is centered near 1550 nm in the unexcited material, and which also
shifts due to the excitation of the silicon.

The transient reflectivity curves shown in Fig. 4b exemplify the dynamics of the SPP
resonance, and, in particular, the interplay between its shift and free carrier alteration of the
silicon dielectric function. We mark four points (A,B,C,D) on the transient curve at 1370 nm
(corresponding to the four curves in Fig. 4a) that show this behavior. At point “A” there are
no changes before the pump arrives while at “B” the SPP resonance has shifted to shorter
wavelengths, reaching 1370 nm at a time delay of ~1 ps (see inset to Fig. 4b). The resonance
then continues to shift, reaching ~1360 nm before starting to relax back to 1400 nm; this is
revealed by the sharp dip in the reflectivity shown in both the inset and main part of Fig. 4b at
1 ps, followed by the slow recovery of the reflectivity.

The overshoot of the resonance is more obvious on the 1390 nm curve where the
reflectivity first sharply decreases then increases as the center of the resonance passes this
wavelength, then slowly decreases until the resonance is once again centered at 1390 nm for a
delay of 80 ps. Lastly, the reflectivity slowly increases as the plasmon resonance shifts past
1390 nm and returns towards 1400 nm. The change in the reflectivity is never positive in this
case due to free carrier absorption, though it can be for other pump fluences (not shown). This
happens when the resonance shifts sufficiently but the absorption due to the free carriers is
still relatively small. Points “C” and “D” show the recovery of the reflectivity as the SPP
resonance shifts back to its original position.
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Fig. 4. Probe reflectivity and plasmonic coupling dynamics. (a) Zero-order reflectivity spectra
for different delay times. The A,B,C, D letters indicate the order in time. The symbols are the
measured values and the curves are guides to the eye. (b) The change in reflectivity as a
function of time delay for 3 different wavelengths on the short wavelength side of the SPP
resonance. The circles with the letters indicate the time delays that correspond to the
reflectivity curves shown in (a). The inset shows the behaviour at 1370 nm for small time
delays after the temporal overlap of pump and probe pulses. (c) The coupling efficiency as a
function of wavelength for the same time delays as in (a). (d) The differential coupling
efficiency (the modulation of the coupling efficiency normalized to the original coupling
efficiency at 1400 nm) as a function of delay time. The inset shows the shift of the SPP center
wavelength as a function of delay time.

The effectiveness of the Si-Au modulator is more evident from a consideration of the
plasmonic coupling efficiency, which is defined as the amount of energy coupled from the
incident light to a SPP. The plasmonic coupling efficiency is calculated by taking the
difference between the spectrum with dip and a featureless background spectrum. The
coupling efficiency is shown for different time delays in Fig. 4c corresponding to the
reflectivity shown in Fig. 4a. Here, both the initial shift of the plasmonic resonance and the
slow relaxation are evident, as is the fact that the change to the optical properties of the silicon
does not decrease the amplitude of the SPP resonance. From these curves we extract the
change to the SPP coupling efficiency, and normalize it to the initial coupling efficiency at the
center of the resonance (~0.35).

Figure 4d shows the changes to the coupling efficiency at the unperturbed resonance
center wavelength, 1400 nm, and at its wings at 1360 nm, as a function of time delay. The
spectral shift of the plasmonic resonance is shown for the same time delays in the inset.
Shortly after temporal overlap of pump and probe pulses we observe modulation of -91% and
+ 93% at 1400 nm and 1360 nm, respectively. Initially the plasmonic coupling efficiency is
0.35 and 0.03 at 1400 nm and 1360 nm, respectively, and due to the pump-induced changes to
the dielectric function these become 0.03 and 0.36, respectively. That is, the resonance is
effectively shifted from 1400 nm to 1360 nm. In fact, the plasmonic resonance shifts to
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shorter wavelengths by 32 nm, which is 5 times larger than the shift observed due to electron
thermal effects in gold in a PMMA/gold grating [13]; this is particularly exciting since the
fluence used here is also 30 times lower. We note that the magnitude of the initial coupling
efficiency is dependent on excitation geometry. Since plasmonic grating couplers can be
optimized to > 0.9 efficiency [17], and since the modulations observed here are not dependent
on the amplitude of the plasmon resonance but rather on its shift, the approach presented here
can be used to effectively modulate highly efficient couplers.

We also use the shift to estimate the number of induced free carriers. Using Eqgs. (1-4) we
calculate that a carrier density of ~1.5x 10" cm™ (corresponding to a pump fluence of ~1.5
mJcm™?) is required to shift the plasmonic resonance by 32 nm (Fig. 2). Recall that a pump
fluence of 2 mJecm ™ is measured (corresponding to N, ~2 x 10" cm_S), which, to within the
errors in the measurement, is in good agreement with the calculated value. We note that the
carrier density required for switching in our scheme is comparable to that required by recent
silicon-based optical switches [21].

To characterize the dynamics for the plasmonic coupler we fit an exponential curve to
both the transient differential coupling efficiency and to the resonance shift. The extracted
characteristic recovery times are 60 + 8 ps for the differential coupling efficiency and 103 + 5
ps for the SPP resonance shift; the differential coupling efficiency recovers faster than the
SPP shift as it is a function of both the real and imaginary changes to the dielectric function
and the spectral shape of the resonance. To determine the actual carrier recombination time
pump-probe reflectivity experiments were carried out on an unstructured part of the sample,
from which we extract a recombination time of 70 + 8 ps on the planar surface. Suprisingly,
this value is smaller than the decay constant of the shift. We attribute this difference to the
fact that the free-carrier decay measurements are performed on an unstructured part of the
sample, in contrast with the plasmonic measurements, and as we discuss below, surface
effects dominate the decay dynamics of our system. The fast decay constant contrasts with
millisecond recombination times in very pure bulk silicon [22], but is not unexpected in thin
films where surface recombination plays a strong role; in this system, both the gold-silicon
and sapphire-silicon interfaces have a high surface recombination velocity [23]. Note that the
recombination time could be further reduced by adding defects to the silicon, e.g., through ion
implantation.

4.2 Fluence dependence

We further characterize the active SPP coupler by measuring the reflectivity spectrum with
the initial resonance at 1400 nm and varying the pump fluence between 1 and 2.2 mJem ™.
Figure 5 summarizes both the shift of the center of the plasmonic resonance normalized to its
FWHM (~38 nm), as well as the peak modulation of the coupling efficiency at the center of
the resonance (1400 nm), as functions of the pump fluence. We observe a maximum spectral
shift of —1.2 times the FWHM of the resonance for the modest pump fluence of 2.2 mJem .

The dependence of the peak modulation of the coupling efficiency at 1400 nm (Fig. 5,
right-axis) on the pump fluence shows three distinct regions. First, for fluences below ~1.4
mJcm ™ the modulation increases rapidly with increasing fluence due to both large shifts and
the presence of free carrier absorption. For fluences between 1.4 mJem ™ and 2.0 mJem ™ the
modulation slowly increases from ~0.9, as the resonance shift is sufficiently large that the
original center, at 1400 nm, is located on the tail of the shifted resonance. Finally, for even
larger pump fluences, the resonance shift is so large that there is no coupling and the
modulation increases to, and plateaus at a value near unity; we see this clearly for a pump
fluence of 2.2 mJem ™.
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Fig. 5. The pump fluence dependency of the plasmonic shifts and modulations. The normalized
resonance shift (left axis, red curve), the maximum spectral shifts divided by the FWHM of the
resonance, and the peak modulation of the coupling efficiency (right axis, blue curve) at 1400
nm are shown as a function of the pump fluence. The symbols represent the measured values
and the curves are guides to the eye.

5. Conclusions

We have presented an active silicon-based plasmonic coupler and shown that for wavelength
near 1400 nm the center of the plasmonic resonance can be optically shifted by more than its
FWHM, resulting in high-contrast switching. We have observed similar behavior for coupling
resonances near 1550 nm, found by changing the angle of incidence, as shown in Fig. 3. This
tunability is expected as the nature of free carrier effects is broad-band. For modulation of
longer wavelengths than given here the pump requirements will drop along with the required
free carrier density, although free carrier absorption effects will become more important. With
a careful choice of the grating and incident geometry, the plasmonic coupling at a given
wavelength can be switched off, as was demonstrated here at 1400 nm, or it can be switched
on, as we saw at 1360 nm.

Switching times on the order of picoseconds have been obtained making multi-GHz
applications feasible. The modest pump fluence required to achieve switching is an order of
magnitude lower than that used for previous ultrafast modulation schemes [13,14], and even
for those techniques where slower switching times ranging from nanoseconds to picoseconds
were obtained [4-8]. The energy demands of this technique compare favorably with current
optical technology, and are much smaller than those required to digitally encode information
on a compact disc. Lastly, the modulator’s materials — silicon and gold — are compatible with
current chip manufacturing, making an implementation of a nanophotonic device based on the
observed process easy.

The performance of this modulator has not been optimized. In particular, the required
fluence and the switching times can be reduced in a number of ways. First, the grating can be
optimized to make the resonance narrower and increase the coupling at the center. Hence the
resonance would not need to shift as much as given here, reducing the required fluence.
Second, the silicon film thickness can be reduced since the SPP only penetrates into the
silicon by ~100 nm [18]. Third, amorphous silicon can be used instead of crystalline silicon to
increase the absorption coefficient and thus further decrease the required fluence. Due to the
larger number of defects in amorphous silicon, carrier recombination and switching times
would also be smaller. Another option to decrease the fluence requirements is to pump Si at
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shorter wavelengths, closer to the direct band gap (~350 nm), further decreasing the
absorption depth.

Overall, this modulator concept can serve as a practical active plasmonic element in an
integrated next-generation information processing application, across a broad band of
wavelengths, including the important telecom wavelengths.
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