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Vapor Deposition of Organic Molecules for 
Ultrafast All-Optical Switching on Silicon
M.L. Scimeca, I. Biaggio, B. Breiten, F. Diederich, T. Vallaitis, 
W. Freude and J. Leuthold

O rganic molecules with extended 
electron conjugation off er a third-

order off -resonant nonlinear optical re-
sponse that is practically instantaneous, 
and they could allow for the mediation 
of light-light interaction at femtosecond 
speeds. � e main challenge for ap-
plications is the necessity to develop a 
solid-state organic material that not only 
refl ects the high optical nonlinearities 
of its molecular components, but that 
also has a high optical quality and can 
be easily and effi  ciently combined with 
current integrated optics technology. 

One of the most commercially in-
teresting and cost-eff ective technologies 
available is the silicon-on-insulator plat-
form, which can deliver integrated optics 
structures with nanometer precision in 
modern high-volume complementary 
metal-oxide–semiconductor (CMOS) 
lines. We have demonstrated a reliable 
and effi  cient new way of combining the 
best features of organic nonlinear opti-
cal materials with the silicon photonics 
platform and thus obtaining ultra-fast 
all-optical switching capabilities.

� is work built on recent research on 
a new family of small organic molecules 
that can maintain an exceptionally high 
third-order nonlinearity with shrinking 
size and create a dense supramolecular 
assembly with a low refractive index, a 
high third-order susceptibility, and a high 
optical quality.1,2

We used the organic nonlinear optical 
molecule DDMEBT (2-[4-(dimethylami-
no)phenyl]-3-{[4-(dimethylamino)phenyl]
ethynyl}buta-1,3-diene-1,1,4,4-tetracar-
bonitrile)) and molecular beam deposition 
to cover a silicon slot waveguide.2,3 � e 
molecules fi lled the nanometer scale slot 
completely and homogeneously, realizing 
an ideal structure that uses the passive 
silicon waveguide to control a narrow 
optical mode (diameter ~100 nm) inside 
the organic nonlinear optical material. In 

this geometry, most of the optical power 
travels outside the silicon, with a high 
optical intensity in the organic cladding 
that can be maintained over macro-
scopic propagation lengths, leading 
to enhanced nonlinear optical eff ects 
while at the same time minimizing the 
intensity in the silicon and the related 
two-photon absorption.

� e resulting silicon-organic-hybrid 
(SOH) nonlinear optical waveguide 
combines the best of two worlds: the fl ex-
ibility of organic chemistry for functional 
nonlinear optical properties and the 
ability of silicon nanophotonics to create 
very high-quality optical waveguiding 
circuitry. � e third-order optical nonlin-
earity in the organic then provides what 
silicon cannot: all-optical switching at 
very high data rates without two-photon 
absorption and free carrier generation. 
� e SOH system provides higher intensi-
ties in the organic than could be obtained 
by creating an organic waveguide by other 
means and is potentially the best way to 

(Left) Illustration of the optical mode guided by a silicon-on-oxide slot waveguide (optical 
polarization is horizontal) and of the nonlinear optical organic molecule used for the organic 
cladding.2 (Right) Scanning electron microscope image of the cross-section of the fabricat-
ed SOH waveguide and eye diagram of the 42.7 Gbit/s signal demultiplexed out of a 170.8 
Gbit/s signal.3,4

mediate light-light interaction and en-
able all-optical switching applications in 
integrated optics.

We measured a record nonlinear-
ity coeffi  cient of  γ ≈ 100 W–1m–1 in a 
4-mm-long SOH waveguide that was 
used for all-optical demultiplexing of 
170.8 Gbit/s to 42.7 Gbit/s in the 1.55 
µm telecommunication window.3,4 � is 
is a key step forward toward the develop-
ment of more complex and fl exible pho-
tonic integrated circuits that incorporate 
active functionality. 
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Ultrafast Measurements Using a Silicon-
Chip-Based Temporal Lens
Mark A. Foster, Reza Salem, David F. Geraghty, Amy C. Turner-Foster, 
Michal Lipson and Alexander L. Gaeta

S imple measurements of single iso-
lated events on the sub-picosecond 

time scale are of great interest for a 
wide range of applications, including 
next-generation high-speed optical 
communications, the observation of 
extreme physical interactions and probes 
of chemical and biological processes. 
Current electronic oscilloscopes and 
photodetectors are capable of single-shot 
measurements of waveforms with 30-ps 
resolution. Several nonlinear optical 
techniques have also been developed to 
measure optical waveforms with few-
femtosecond accuracy. However, they 
have been restricted to single-shot record 
lengths of tens of picoseconds and have 
limited update rates.

To span this gap in measurement 
capabilities, scientists have developed 
techniques based on the space-time 
duality of electromagnetic waves.1 � is 
duality is rooted in the parallels between 
free-space diff ractive propagation and 
the temporal dispersive propagation of 
light. It implies that spatial optical com-
ponents such as lenses or prisms have 
temporal counterparts known as a time-
lens or time-prism, which can be imple-
mented by imparting a suitable temporal 
phase shift on the fi eld. More important, 
these components allow for temporal 
processing in a manner analogous to 
that of their spatial counterparts such as 
temporal-imaging of the waveform.  

Two methods are employed using 
space-time duality to measure ultrafast 
optical waveforms. � e fi rst, known as 
temporal magnifi cation,2 uses a temporal 
lens to lengthen an ultrafast waveform 
in time—which allows for measurement 
using a lower bandwidth photodetector 
and oscilloscope. � e second incorpo-
rates the Fourier property of a lens such 
that an object at the front focal plane 
will produce a Fourier transform of the 
object at the back focal plane. 

Since the Fourier transform of a tem-
poral waveform is its optical spectrum, 
extending the spatial Fourier processor 
to the temporal domain yields a device 
that converts the temporal (spectral) 
profi le of the input to the spectral 
(temporal) profi le of the output. � us, 
a measurement of the spectrum at the 
Fourier plane directly yields the tempo-
ral amplitude of the incident waveform, 
and this process is termed the time-to-
frequency conversion.3

Using the time-to-frequency con-
version via the nonlinear process of 
four-wave mixing on a silicon chip, 
we demonstrate waveform measure-
ment technology for a silicon-photonic 
platform capable of microelectronic 
integration.4 We measured optical 
waveforms with 220-fs resolution over 
record lengths greater than 100 ps; this 
represents the largest record-length-to-
resolution ratio (> 450) of any single-
shot-capable picosecond waveform 
measurement technique. Our implemen-
tation is entirely guided wave, requires 
no reconstruction algorithm, and solely 

(a) Temporal Fourier processor implemented using a silicon-chip-based temporal lens.  An 
incident temporal waveform is processed such that the temporal information resides in the 
spectral domain of the device output. A spectral measurement of this output directly yields 
the ultrafast temporal waveform and allows for characterization of highly complex wave-
forms (b) and isolated single events.
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uses conventional optical and electronic 
materials of single-mode optical fi ber and 
CMOS-compatible silicon chips. � is 
combination allows for simple and robust 
single-shot waveform measurement with 
rapid update rates.5 Furthermore, the 
components can potentially be integrated 
on chip. When combined with silicon-
based electronics, this capability off ers 
great promise for creating bench-top and 
chip-scale devices that would facilitate 
studies in many branches of science. 
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Short Pulse Generation by Adiabatic 
Tuning of Light
Takasumi Tanabe, Masaya Notomi, Hideaki Taniyama and Eiichi Kuramochi

W e can change the pitch of an 
acoustic resonator such as a guitar 

even after plucking the string by varying 
the tension of the string before it stops 
vibrating. When we translate this phe-
nomenon to the world of photons, we 
should be able to change the wavelength 
of the light trapped in a high-Q cavity 
by modulating its resonance in a time 
much shorter than the photon lifetime.1 
We call this adiabatic wavelength shift-
ing (AWS). Ultrahigh-Q cavities have 
now been fabricated on-chip,2 which 
enables us to demonstrate AWS.3-5

� e photonic crystal nanocavity 
that we used in our experiment is a 
width-modulated line defect cavity that 
is inline connected to input/output 
waveguides. Because line defects with 
diff erent widths have various cut-off  
wavelengths, light can be satisfactorily 
confi ned in the cavity region if we create 
a mode-gap by shifting the air holes 
slightly towards the outside of a narrow 
(barrier) line defect. Wider line defects 
are used as I/O waveguides.

First, we charge the cavity with con-
tinuous laser light at a wavelength that 
is in resonance with the cavity. � en we 
turn the input laser off  at −100 ps and 
record the output spectrogram. Since the 
input has been turned off , the output af-
ter −100 ps is the light that was trapped 
in the cavity. � e output exhibits a 
smooth exponential decay, which gives a 
photon lifetime of 0.32 ns (Q=3.7  105). 
Naturally the wavelength of the output 
light is identical to the input.

Next, we inject a short pump pulse 
from the top of the slab to generate car-
riers at a timing of 0 ps. As a result of 
the carrier-plasma dispersion eff ect, the 
cavity resonance shifts toward a shorter 
wavelength in a time much shorter than 
the photon’s lifetime. � en we observe 
a modulated output spectrogram, where 
a short wavelength component appears 

immediately after the modulation, even 
though we have not entered light at this 
wavelength. � is is direct evidence of 
AWS. Unlike wavelength conversion 
based on optical nonlinearity, AWS is a 
completely classical process, which en-
ables us to convert the light wavelength of 
a single photon. � erefore, we believe this 
may off er the possibility of developing 
quantum information processing on chip.

Another aspect of AWS is that it al-
lows us to achieve dynamic control of the 
Q of the cavity, which is required to dem-
onstrate photonic memory. A 0.06-ns 
wide pulse, whose width is much shorter 
than the original photon lifetime, is ex-
tracted from the high-Q cavity. When we 

(a)
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(a) Scanning electron microscope image of a fabricated width-modulated line-defect silicon 
photonic crystal (PhC) nanocavity. The air holes are shifted slightly outside the line defect. 
The 3-D plots in (b) and (c) are spectrograms of the output light at the waveguide after they 
have been trapped in a PhC nanocavity that have a mode volume of 0.13 (µ)m3. The graphs 
behind the plots are spectrally convoluted temporal waveforms. (b) Output without modu-
lation. (c) Output when the cavity is modulated at 0 ps. AWS shifts the wavelength of the 
trapped light toward a shorter wavelength, and the light is immediately output into the wave-
guides and generates a short pulse.

change the resonance of the cavity and 
activate the AWS process, the wavelength 
of the trapped light shifts close to the 
mode-gap ends of the barrier line defects. 
� is strengthens the coupling between 
the cavity and I/O waveguides, resulting 
in a low-Q mode. 
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Measurement of the Spatiotemporal Electric 
Field of Ultrashort Superluminal Bessel-X Pulses
Pamela Bowlan, Heli Valtna-Lukner, Madis Lõhmus, Peeter Piksarv, 
Peeter Saari and Rick Trebino 

B essel-X pulses are of great interest 
because they propagate unchanged 

in vacuum or linear media over large 
distances.1 In other words, they act like 
optical bullets—without exhibiting any 
diff raction or dispersion—and do not 
spread in space or time. Bessel pulses 
have many applications, such as plasma 
generation, light fi lamentation, imag-
ing, particle micromanipulation and 
cell transfection. An x-z or x-t slice of a 
Bessel-X pulses’s spatiotemporal inten-
sity profi le I(x,y,z) or I(x,y,t) resembles 
the letter “X.” Interestingly, theory 
predicts that the electric fi eld of a Bessel- 
X pulse propagates with equal phase and 
group velocities, both greater than c in 
a vacuum. � is has been experimentally 
demonstrated several times since the 
original pioneering publication;1 never-
theless, the pulses’ superluminal group 
velocity is still occasionally questioned.

� is makes it important to directly 
measure these pulses. � e catch is that 
Bessel-X pulses have a complex spa-
tiotemporal shape, requiring a mea-
surement technique with simultaneous 
femtosecond temporal resolution and 
micrometer spatial resolution. 

We recently accomplished this 
task.2,3 To measure the electric fi eld 
of a Bessel-X pulse, we used the new 
ultrashort-laser-pulse measurement 
technique, SEA TADPOLE.4 It involves 
sampling a small spatial region of the 
pulse with a single-mode optical fi ber 
and then interfering this with a known 
reference pulse from another identical fi -
ber in a spectrometer, yielding the pulse 
intensity and phase E(λ)—and hence 
also E(t)— at each point in space. 

To generate the Bessel-X pulse, we 
propagated roughly 30 fs pulses from a 
Ti:sapphire oscillator through a fused-
silica axicon with an apex angle of 176°. 
While SEA TADPOLE measured the 
spatiotemporal intensity and phase, most 

of the interesting features were in the 
intensity, which is shown in the fi gure. 
Numerical simulations of the optical 
wave-packet are in good agreement.

Note that the central part (the apex 
of the double-conical shape) contain-
ing the bright spot remains essentially 
unchanged over a propagation distance 
of 8 cm. In contrast, a Gaussian beam 
of the same waist would have expanded 
by 26 times over this distance. We also 
measured the Bessel-X pulse’s superlu-
minal speed. SEA TADPOLE conve-
niently measured the Bessel-X pulse’s 
arrival time relative to the reference 
pulse, which traveled at the speed of 
light c. So, if the Bessel-X pulse were 
traveling at the speed of light, then, 
for each value of z, its spatio-temporal 
intensity would be centered at t = 0. 
However, it is easy to see that this was 
not the case. We measured our pulse’s 
speed along the z axis to be 1.00012c—
within 0.001 percent of the predicted 
value. (A superluminal Bessel-X pulse’s 
velocity should not, of course, be con-
fused with the signal velocity.)

(Left) Measured � eld amplitude vs. transverse position (x) and time (t) at three different dis-
tances (z) after the axicon. (Right) Corresponding simulations. Color indicates the modulus 
of electric � eld, normalized to have a maximum of 1. The white bar emphasizes the location 
of t = 0. 
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In a related study, we added a convex 
(or concave) lens in front of the axicon,3 
which resulted in an accelerating (or de-
celerating) modifi cation of the Bessel-X 
pulse, which had been theoretically 
studied in a recent paper.5 � e Bessel 
pulse’s group velocity accelerated from 
1.0002c to 1.0009c during 4 cm of 
propagation, and the decelerating Bes-
sel pulse slowed down from 1.00007c to 
1.00003c over a 12-cm distance. 
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Generation of Complex Optical Pulse 
Sequences by Multiple Comb Shaping
Dmitry Pestov, Vadim V. Lozovoy and Marcos Dantus

Optical pulse sequences, with con-
trollable time delays and shapes, 

are an important class of waveforms 
used for autocorrelation and cross-
correlation measurements, pump-probe 
and coherent control experiments, 
multidimensional nonlinear spectros-
copy, etc. Arbitrary waveform genera-
tion requires the modulation of phase, 
amplitude and even polarization of the 
fi eld. � ere has been a growing interest 
in simplifying pulse-train synthesis us-
ing limited degrees of freedom to con-
trol the spectral phase and amplitude of 
the fi eld by shapers with a single-mask 
spatial light modulator (SLM).1-3

Here, we introduce an intuitive and 
versatile technique, called multiple inde-
pendent comb shaping (MICS), which 
enables generation of complex optical 
pulse sequences via phase-only shaping 
of the input laser spectrum.4 Rather 
than trying to reconstruct the Fourier 
spectrum, which requires both phase 
and amplitude modulation, we interlace 
the spectral phase functions for each of 
the sub-pulses. 

For example, the technique allows 
us to obtain intensity and interfero-
metric autocorrelation traces without 
splitting and overlapping beams. It also 
enables straightforward and indepen-
dent manipulation of the spectral phase 
for every sub-pulse in the programmed 
waveform. A pulse train consisting of 
three diff erently shaped pulses is easily 
obtained using phase-only MICS. � e 
interferometric cross-correlation of such 
a pulse train is obtained by generating 
an additional (fourth) transform-limited 
pulse, which is scanned in time while 
the second harmonic generation signal 
is recorded. � e time delay tuning is 
accomplished through pulse shaping by 
changing the slope of the linear phase 
function for the fourth pulse.

To summarize, MICS allows the 
straightforward design of pulse trains 
for which the time delay, spectral 
phase function and relative phase are 
determined, even using a shaper with a 
single-mask, one-dimensional SLM. � is 
last point is especially valuable for ampli-
fi ed laser systems, when the pulse shaper 
is placed before a regenerative amplifi er 
and therefore amplitude modulation of 
the seeded spectrum is undesirable. 

(a) Multiple independent comb shaping (MICS) concept applied to the generation of a pair of 
delayed optical pulses. The two pulses, one at zero delay and the other at delay τ, are cre-
ated by encoding a piecewise phase mask across the spectrum. This phase is an alternating 
superposition of continuous phase functions applied to two independent combs that sample 
the spectrum. (b) Intensity and interferometric autocorrelation spectrograms. (c) Spectrally 
integrated intensity and interferometric autocorrelations. (d) Complex waveform generation: a 
3+1 pulse sequence, with the � rst pulse having third-order dispersion of -5000 fs3, the second 
with second-order dispersion of +200 fs2, and the third transform limited (TL). The fourth TL 
pulse is scanned to produce a cross-correlation trace. The data shown in (b-d) were acquired 
using a Ti:sapphire femtosecond oscillator, producing 15-fs pulses (central wavelength, 810 
nm), and a 4f-shaper with a one-dimensional single-mask 640-pixel liquid-crystal SLM. Phase 
distortions in the original pulse were eliminated using MIIPS.5  

Comb 1 Comb 2 Comb 1 + Comb 2
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