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Photonics is a promising candidate technology for information
processing, communication and data storage1–3. Essential
building blocks, such as logic elements and modulators, have
been demonstrated4–6. However, because of weak nonlinear
light–matter interactions, these components typically require
high power densities and large interaction volumes, limiting
their application in dense chip-based integration. A solution
may be found in surface plasmon polaritons (SPPs), guided
electromagnetic waves that propagate with high field
confinement along a metal–dielectric interface. We
demonstrate an all-optical modulator in which efficient
interaction between two light beams at different wavelengths is
achieved by converting them into co-propagating SPPs
interacting by means of a thin layer of CdSe quantum dots
(QDs). The high SPP field confinement and high QD-
absorption cross-section enable optical modulation at low
power densities (�102 W cm22) in micrometre-scale
planar devices.

Optical transmission through subwavelength apertures in metal
films can be strongly influenced by the presence of nearby surface
features, such as grooves or holes7–9. Recent studies performed at
a specific wavelength (852 nm) have shown that light
transmission through a slit milled in an uncoated Ag film can be
passively enhanced or suppressed as a result of constructive and
destructive interference with an SPP launched by a nearby
groove10,11. Here we explore the possibility of launching SPPs at
various wavelengths (in the range 400–1,500 nm), and
demonstrate active control of light transmitted through the slit
by optically modulating the amplitude of the SPP. Amplitude
modulation of the SPP is enabled by excited-state carrier
absorption in CdSe QDs pumped by another SPP at a
different wavelength.

A schematic depicting the approach is shown in Fig. 1. We
coated with CdSe QDs (ref. 12) a surface-wave interferometer
featuring a subwavelength-width slit in a thin metallic film on a
transparent substrate, flanked by a single parallel groove etched
partially through the metal, with a slit–groove distance D. Two
incident beams at different wavelengths (‘signal’ and ‘control’
beams, respectively) uniformly illuminate the structure.
Diffractive scattering by the groove converts the incident beams
into co-propagating SPPs that interact with an active layer of
QDs. The total transmitted intensity of the signal beam through
the slit is the result of the interference between the incident field
(E0) and the propagating SPP (ESPP) at the slit position; the

resulting total transmitted intensity IT normalized to that of an
isolated slit I0 is given by

IT
I0

¼ 1þ h2e�aðPÞD þ 2h e�aðPÞD=2 cos½kDðsin uþ nsÞ þ wg� ð1Þ

where a(P) is the absorption coefficient, which we intend to modify
with an external control beam of power density P, k ¼ 2p/l, where
l is the free-space wavelength, ns is the real part of the effective
refractive index of the surface wave, wg is an intrinsic phase shift
introduced by the groove, u is the incident angle and h is the
overall scattering efficiency of the surface features (see Methods).
According to equation (1), a small change in the absorption
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Figure 1 Two-colour all-optical plasmonic modulator. Schematic of a surface

wave interferometer consisting of a subwavelength aperture flanked at a

distance D by a subwavelength groove milled in Ag, coated with CdSe QDs.

A signal and a control beam at different wavelengths uniformly illuminate the

device. Diffractive scattering by the groove converts the incident beams into

co-propagating SPPs that interact with an active layer of CdSe QDs. The signal

beam is transmitted through the slit with an amplitude ET, which results from

the interference between the incident field (E0) and the propagating SPP (ESPP)

at the slit position.
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coefficient a(P) induced by the control SPP will lead to modulation
of IT via attenuation of the signal SPP amplitude.

First we explore the optical properties of an uncoated
interferometer. Figure 2a reports measurements of the light
intensity transmitted through a set of interferometers milled in
an uncoated Ag film (which serve as a reference), at three
different laser wavelengths (l ¼ 514.5 nm, 687.9 nm and
1,426 nm) as a function of the slit–groove distance D. Data were
normalized by the transmitted intensity through an isolated slit
milled on the same sample. Several important features are
apparent: (1) at a given wavelength l, the normalized
interferometer transmission exhibits an oscillatory behaviour
(that is enhanced and suppressed transmission) with increasing
slit–groove distance as a result of the constructive and
destructive interference between the SPP and the incident beam;
(2) the oscillation spatial period increases with increasing l;
(3) the envelope of the oscillation amplitude remains
approximately constant as a function of slit–groove distance,
suggesting that SPPs can propagate for several micrometres with
negligible attenuation. Using equation (1) with k, D and u as
known parameters, fits were performed to the data of Fig. 2a
(solid lines), yielding values for h, wg, a and ns at each free-space
wavelength l.

In Fig. 2c, the derived values of ns are shown as a function of
free-space wavelength (filled symbols) and compared (continuous
line) with the refractive index for SPPs at a Ag/air interface,
nSPP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1112=ð11 þ 12Þ
p

(ref. 13) where 11 is the real part of
the dielectric constant of Ag, experimentally determined by
ellipsometry, and 12 ¼ 1 is the dielectric constant of air. The
excellent agreement clearly confirms in a broad spectral range
that the surface wave launched by the groove is indeed an SPP, as
theoretically predicted14.

Next, we explore the effects of a thin layer of densely
packed CdSe QDs on the propagation properties of SPPs. In
Fig. 2b we show light transmission through surface-wave
interferometers coated with CdSe QDs. The addition of the CdSe
QD layer causes an increase in the SPP-mode refractive index, as
shown by the open symbols in Fig. 2c. For a 9.7-mm-long
interferometer (indicated by dashed vertical lines in Fig. 2a
and b, l ¼ 687.9 nm), a 3% change in refractive index is enough
to turn a transmission maximum into a minimum.

The transmission data in Fig. 2b, l ¼ 514.5 nm, further
reveal that, in the presence of CdSe QDs, the envelope of the
intensity oscillations strongly decreases to 1 with slit–groove
distance, approaching the value of an isolated slit. This
suggests that the thin CdSe QD film strongly attenuates
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Figure 2 Plasmonic interferometry. a, Measurements of the light intensity transmitted through the slit of uncoated interferometers, at various wavelengths.

b, Transmission for interferometers coated with CdSe QDs. c, Surface-wave refractive index for uncoated and QD-coated interferometers. d, Absorption s (blue curve) and

photoluminescence (PL) (red curve) spectra for CdSe QDs (indicated by arrows). Inset: energy levels of a QD (refs 15–17). Error bars in a and b are determined by device-to-

device variation in the transmitted intensity and by signal-to-noise ratio; error bars in c arise from the fitting procedure of data reported in a and b.
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the SPP launched by the groove, so that at sufficiently long
slit–groove distances the SPP is completely absorbed and
cannot reach the slit, thus being no longer able to interfere
with the incident beam at the slit. Indeed, the absorption
coefficient a at l ¼ 514.5 nm, as determined from a fit of the
data using equation (1), increases from 400 cm21 to
8,200 cm21 upon introduction of the CdSe QD layer. This
20-fold increase in absorption of a propagating SPP results
from the high SPP-mode overlap with the CdSe QDs, whose
absorption and emission properties are respectively shown as
blue and red lines in Fig. 2d, together with a schematic of
the energy levels15–17. The absorption cross-section of CdSe
QDs has been determined by optical measurements of the
extinction coefficient of the QDs, as reported in ref. 16. The
measured absorption cross-section for CdSe QDs at 514.5 nm
is s � 3.5 � 10215 cm2. Given a nanocrystal density r �
1019 cm23, and a calculated SPP-mode overlap G of �25%, we
estimate an absorption coefficient in the film of a ¼ Gsr �
8,750 cm21, in good agreement with the measured value.
Surface plasmon polaritons with energy above the CdSe QD
bandgap can be efficiently absorbed in exciton generation in
the CdSe quantum dots, and SPPs having an energy smaller

than the QD bandgap (such as at l ¼ 1,426 nm, Fig. 2c)
propagate without absorption.

Finally we investigated the transmission of the QD-coated devices
under simultaneous illumination with two laser beams at different
wavelengths. The possibility of exciting multiple SPPs has been
previously explored, for example, by Lereu, Passian and co-
workers18–20. Experiments were performed in the Kretschmann
configuration21, which makes use of a prism to evanescently couple
incident light into SPPs on an uncoated thin film of gold. The
authors observe low-frequency modulation of a visible SPP
induced by thermal effects on the gold film caused by an infrared SPP.

Here, we instead demonstrate optical carrier excitation as a
route to non-thermal modulation of an infrared SPP by means of
a visible SPP, launched by a subwavelength object and
propagating in a compact waveguide geometry. We performed a
two-SPP transmission measurement using a modulated control
(pump) SPP (l ¼ 514.5 nm) and a continuous signal (probe)
SPP (l ¼ 1,426 nm), as shown in Fig. 1. Interestingly, the
transmitted infrared probe intensity for an interferometer with a
slit–groove distance D ¼ 3.6 mm (which yields a relative
maximum in transmission at 1,426 nm) decreases as a function
of increasing pump power (Fig. 3a), reaching a minimum at a
power density of �600 W cm22. A decreased transmission with
increasing pump power is consistent with attenuation of the
probe SPP due to a pump-activated absorption process. In this
process, the pump SPP at l ¼ 514.5 nm generates quantum
confined electron–hole pairs, at most one per QD. The excited
electrons are then able to absorb the probe SPP at l ¼ 1,426 nm,
by undergoing an intraband transition (schematic on the
left inset of Fig. 3a). The dynamics of this mechanism have
been extensively studied in thick CdSe QD films by
femtosecond transient absorption spectroscopy in the visible and
near-infrared ranges22,23.

The experiment is repeated by uniformly illuminating the
device with a transverse-electric (TE)-polarized pump beam, for
which no long-range SPP can be launched by the groove. The
results show no detectable modulation of transverse-magnetic
(TM)-polarized probe beam transmission as a function of
incident pump power (Fig. 3a, filled symbols). This proves that
transmission modulation for TM-polarized pump beams results
from pump SPP-induced generation of excitons in CdSe QDs
rather than either the direct excitation of the QDs by the
incident pump photons or thermal effects due to the incident
pump radiation.

Figure 3b illustrates the temporal response of the probe
signal to the pump excitation, for a 3.6-mm-long interferometer.
At t ¼ 0 ms the pump beam, modulated at a frequency of 250 Hz,
is turned on at a power density of 500 W cm22, and the probe
transmission intensity shows an abrupt decrease. The switching
time of the device is below the temporal resolution of our
experimental set up (�40 ns).

In order to better establish the timescale for the modulation
effect, the frequency response of the probe signal to pump
modulation (inset, Fig. 3b) was measured from 1 to 1,000 Hz
using a mechanical chopper, a Ge detector and a lock-in
amplifier (triangles), and from 250 Hz to 50 MHz using an
acousto–optic modulator, a photomultiplier-tube (PMT)
detector extended in the near infrared and a multichannel scaler
(circles). The change in probe signal as a function of pump
modulation frequency is constant up to 25 MHz, which
establishes a timescale of ,40 ns for the modulation effect (the
roll-off at the end of the explored frequency range corresponding
to the response time of our measurement system).

The inferred response time of the device at ,40 ns is consistent
with our suggested mechanism for device operation, consisting of
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Figure 3 All-optical modulation. a, Open symbols: probe beam transmitted

intensity versus pump power density for two QD-coated interferometers. Filled

symbols: probe transmission versus power density of a TE-polarized pump

beam. Inset schematics: left, attenuation of the probe SPP by an excited QD;

right, photobleaching of a QD. Error bars arise from transmitted intensity signal-

to-noise ratio. b, Variation of the probe intensity transmitted through the slit of a

3.6-mm-long interferometer as a function of time. Inset: variation of the probe

signal as a function of pump beam modulation frequency, at a power level of

500 W cm22.
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probe SPP absorption by a fast intraband transition in the
CdSe quantum dots excited by the pump SPP. The data reported
in Fig. 3b clearly demonstrate the possibility of achieving
modulation frequencies that are orders of magnitude faster than
typical frequency responses of modulators relying on thermal
effects, which can be as low as 40 Hz (ref. 18).

Furthermore, we explored the effects of pump and probe
SPPs on an interferometer, which shows a transmission
minimum at l ¼ 1,426 nm in the absence of the pump beam,
due to destructive interference. In this case (Fig. 3a, bottom
panel), absorption of the probe SPP in the QDs yields a reduced
destructive interference with the incident probe beam, and the

transmitted intensity is seen to increase, approaching that of an
isolated slit.

At power densities .600 W cm22, both interferometers
of Fig. 3a experience a recovery of their original (that is,
zero-pump) transmission values, owing to a reduction in
absorption of the probe SPP from excited QDs. In Fig. 4a, the
transmission intensity at l ¼ 514.5 nm for an interferometer
with a 2.6-mm slit–groove distance in the presence of CdSe QDs
is shown to increase as a nonlinear function of pump power
(open symbols). The transmission is at first equal to that of an
isolated slit, due to QD-absorption of the SPP. At high pump
powers, the transmission reaches values typical for an uncoated
device (Fig. 4b, open symbols), in which no absorption from
the QD occurs. The decrease in probe-SPP attenuation at high
pump excitation rates is due to a two-photon process in which
a pump SPP is absorbed by a previously excited QD, producing
an electronic photo-ionization event that leads to charge
trapping at nearby surface states. The QD is thereafter
transparent to either incoming pump or probe SPPs (schematic
inset of Fig. 4a). On the other hand, Fig. 4b indicates that
pump transmission through an uncoated interferometer is
instead linear at all powers, further confirming that the
modulation effect observed in the QD-coated sample is not due
to thermal effects in the metal film, but to plasmon-induced
absorption in the QDs.

We note that a pump power density of approximately
100 W cm22 impinges on a groove area of 2 � 1028 cm2, so the
total power incident on the groove is 2 mW. The coupling
efficiency into an SPP is �10%, so the pump SPP power is
�200 nW, or �20 nW mm21 of groove length. Thus, a 1-mm-
long groove would enable modulator power operation at 20 nW.
All-optical modulation using similarly low incident pump powers
has been demonstrated by Soares et al.24 in a different system, in
which modulation of a probe optical signal is achieved by a
phase transformation in a Ga nanoparticulate, thermally induced
by a pump beam. However, owing to the typical dimensions of
the nanoparticulate, the power densities needed to operate the
device are orders of magnitude higher than in our design. In our
scheme, based on intraband electronic transitions in QDs, the
modulation switching time is ultimately limited by the QD-
exciton recombination lifetime (,40 ns in our system), yielding
an estimated minimum switching energy per operation of
approximately 800 aJ. These results suggest the potential of our
approach for chip-based all-optical modulator arrays whose
switching energies may rival those of fully scaled Si-based CMOS
electronic inverters1.

METHODS

THEORETICAL FRAMEWORK

When a TM-polarized plane wave with free space wavelength l (and free space
wavevector k ¼ 2p/l) impinges on the interferometer at an angle u with respect
to the normal, the subwavelength groove couples a fraction b of the incident field
amplitude E0 into an SPP wave of amplitude ESPP (whose propagation direction
is represented with a dashed arrow in Fig. 1). The SPP then propagates along the
surface and interferes with the incident light at the slit. The SPP reaches the slit
with an overall phase shift:

w ¼ kD sin uþ ksDþ wg þ i
a

2
D; ð2Þ

where the first term is the phase shift due to the free-space optical path length
difference between the incident wavefronts reaching the aperture and the groove,
the second term is the phase shift accrued by the SPP travelling with surface
wavevector ks ¼ nsk ¼ ns2p/l (where ns is the real part of the SPP effective
refractive index), and the third term is the phase shift introduced by scattering at
the groove. The fourth imaginary term in equation (2) accounts for absorption
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or scattering of the SPP (where a ¼ 4pk/l is the overall absorption coefficient,
and k is the imaginary part of the SPP effective refractive index).

At the slit entrance, both the directly incident light of amplitude E0 and
the propagating SPP arriving from the groove are partially coupled into guided
slit modes through diffractive scattering, with respective amplitude fractions
g and d. The wave amplitudes contributed by the groove (ET,g) and by the
slit (ET,s) emerging from the slit are respectively given by ET,g ¼ Tdbeiw E0 and
ET,s ¼ Tg E0, where T is the transmission coefficient of the slit, and eiw accounts
for the phase difference between the surface wave and the incident wave at the
slit position. The two contributions can interfere if spatial and temporal
coherence is maintained between them. The total transmitted amplitude through
the aperture is then given by the sum ET ¼ Tg E0 þ Tdbeiw E0. Experimentally
we have access to the transmitted intensity:

IT ¼ jETj
2 ¼ I0j1þ heiwj2 ð3Þ

where I0 ¼ jTgE0j
2 is equivalent to the intensity transmitted through an isolated

slit (that is, not flanked by a groove), and h ¼ db/g regroups the scattering
efficiencies of the surface features. Equation (1) in the main text directly follows
from equations (3) and (2).

FABRICATION

Surface-wave interferometers consisting of slit–groove pairs with varying
slit–groove separation distance D were fabricated by FIB milling (FEI Nova-600
Dual-Beam system, Gaþ ions, 30 keV) of samples consisting of a 400-nm-thick
layer of Ag evaporated onto flat fused silica microscope slides, spin-coated with a
24-nm-thick film of densely packed CdSe QDs. The thickness and uniformity of
the QD layer was determined by cross-sectional SEM, AFM and ellipsometer
measurements. The CdSe QDs were chemically synthesized in solution
(following the method of ref. 12). Multiple spin-coatings of the toluene solution
containing CdSe QDs were performed at 1,000 r.p.m. for 1 min, followed by a
thermal treatment at 150 8C for 5 min. The groove and the slit were respectively
200 nm and 100 nm wide, 10 mm long, 100 nm and 400 nm deep. The slit–
groove distance was systematically varied in the range 500–10,400 nm, in steps of
50 nm, with a positioning accuracy of 1%.

MEASUREMENT SET UP

For the transmission measurements, the laser beam was aligned to the optical
axis of a Zeiss Axiovert 135 inverted microscope by using a quartz cube
beamsplitter, and focused at normal incidence onto the sample surface (air side)
through the microscope condenser. The light intensity transmitted through the
aperture of each device was then gathered by a �50 microscope objective with a
numerical aperture of 0.45, sent to a single grating monochromator (Oriel
Instrument, Mod. MS257) and detected with a liquid-nitrogen-cooled CCD
array detector (100 � 1,340 pixels, Princeton Instruments SPEC-10 System,
400–900 nm wavelength range), with a liquid-nitrogen-cooled ultrasensitive
germanium detector (Edinburgh Instruments, Mod. EI-L, 800–1,700 nm
wavelength range), or with a photomultiplier tube with an extended near-
infrared spectral response (Hamamatsu R5509, range 300–1,700 nm). Probe
light at 1,426 nm was delivered to the sample surface using an optical fibre
mounted on a three-axis precision translation stage and forming an angle of 328
with respect to the sample normal. The pump laser beam was modulated using a
mechanical chopper (1–1,000 Hz) or an acousto–optic modulator (NEOSMod.
23080-1). The pump-induced intensity change of the probe signal was measured

either with a Stanford SR830 lock-in amplifier having the pump modulation
frequency as a reference, or with a multichannel scaler (Stanford Research
Systems SR430) having the pump modulation frequency as the trigger.

Received 18 September 2006; accepted 11 May 2007; published 2 July 2007.
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