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Abstract: An amorphous film of the third-order nonlinear optical material 
DDMEBT was spun onto silicon chips for the first time, filling 80 nm 
lithographic features. A 710 μm2 device was designed, fabricated, and 
tested that acts both as a nonlinear resonator switch and as an input/output 
grating coupler to a perfectly vertical single mode fiber. Autocorrelation 
and spectral measurements indicate the device has <1 ps response time, 4 
nm of switching bandwidth, and 4 dB of on/off contrast. With sufficient 
power, this all-optical device can potentially modulate a single optical 
carrier frequency in excess of 1 THz. 
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1. Introduction 

Even as the continuation of Moore's law comes in question, the increasing trend of network 
connections and bandwidth consumed is progressing exponentially with no foreseeable sign 
of halting [1]. As the need for higher bandwidth permeates core networks, data centers, 
board-to-board communications, and on-chip interconnects, switching heavy channels with 
electronic devices must be abandoned if speeds greater than 100 Gb/s are to be feasibly 
obtained. In order to accommodate the increased demand for bandwidth and data speed, high 
speed, all-optical switching of data must be increasingly adopted in the future. To further 
facilitate this transition, the relevant optical devices also need to be miniaturized as much as 
possible to minimize footprint and maximize bandwidth density, which are as important as 
overall switching speed. 

To this end, silicon photonics is the most promising platform for future all-optical 
switching. The high index of refraction of silicon shrinks the effective wavelength within a 
device. The fabrication maturity of the silicon electronics industry can also be leveraged to 
rapidly and cheaply create a large number of optical devices with incredible economies of 
scale. The synergy of fabrication technologies may allow for silicon-based, all-optical devices 
to be integrable onto the back end of existing electronic chips, provided that optical designs 
accommodate this process flow. 

Although 100 GHz all-optical switching has been demonstrated in a ring resonator on a 
silicon platform with silicon nanocrystals as the nonlinear medium, exotic deposition and 
high temperature annealing were required during fabrication. The device footprint was in 
excess of 1,600 μm2, which may be too large for future device requirements [2]. Although 
silicon nanocrystals possess a large nonlinear Kerr coefficient, they also exhibit substantial 
two-photon absorption, which degrades and distorts the material's switching capacity. Thus, it 
is desirable to demonstrate the upper limit of all-optical switching in a silicon platform where 
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switching speed is maximized, a standard silicon platform is utilized, fabrication is as simple 
as possible, and footprint is kept to a minimum. 

In this work, high speed all-optical switching is demonstrated on a standard silicon-on-
insulator (SOI) platform. A third-order nonlinear optical material, DDMEBT (2-[4-
dimethylamino)phenyl]-3-{[4-(dimethylamino)phenyl]ethynyl}buta-1,3-diene-1,1,4,4-
tetracarbonitrile), was spun onto an SOI chip for the first time, which coated an optical 
resonator that also acted as the input/output coupler to a perfectly vertical single mode fiber. 
The device's total footprint was 710 μm2. Spectral measurements and autocorrelation with a 
single photon-counting silicon avalanche photodiode confirmed all-optical switching of 
pulses shorter than 1 ps with 4 dB of switching contrast, thus demonstrating an all-optical 
switch with the potential for THz switching speeds on a standard silicon platform with an 
organic cladding. 

2. DDMEBT – nonlinear optical amorphous film cladding 

The most important part of any all-optical device is the active optical material. Because the 
aim was to create devices with the highest switching speed possible, the Kerr nonlinearity 
was selected as the switching mechanism for this work. The Kerr effect is a quantum 
mechanical phenomenon where the virtual transition of electrons from multiple incident 
photons changes the polarizability of certain materials, with the change being proportional to 
the intensity. This effect was first discovered over 100 years ago in magnetic materials [3]. 
Due to the virtual nature of the mechanism, the timescale of its operation must be extremely 
short when sufficiently far from absorption resonances and has been resolved to occur on 
femtosecond timescales even when the effect is quite strong [4]. The imaginary component of 
this polarizability is photon absorption via virtual transitions, which excites electrons to 
higher energy states. The dominant form of this nonlinear absorption is “two-photon 
absorption.” Because a crystalline material's dispersion is significantly altered if sufficient 
electrons are excited (the effective band-gap expands), the material's index of refraction is 
inversely proportional to the optical intensity. Conversely, the Kerr effect's index change is 
directly proportional to the optical intensity when far from resonance, making these two sister 
effects in direct opposition to one another. Because two-photon absorption is also responsible 
for optical loss in a system that is intensity dependent, it is unsurprising that the accepted 
figure of merit (FOM) for nonlinear optical materials is dependent on the efficiency of two-
photon absorption: 

 2n
FOM =

βλ
 (1) 

where n2 is the material's nonlinear Kerr coefficient (cm2/W), β is the material's coefficient of 
two-photon absorption (cm/W), and λ is the wavelength of light of interest measured in 
vacuum [5]. If the original assumptions of Eq. (1) are examined and one determines that the 
optical device's length will scale proportionally to the operating wavelength, then the vacuum 
wavelength may be removed from consideration in Eq. (1), as is done in this work by setting 
the operating wavelength to the optical C-band centered at 1550 nm. 

Although materials with impressively large Kerr coefficients have been recently 
developed with silicon nanocrystalline materials (2.5x10−11 cm2/W), the highest FOM 
obtained for silicon nanocrystals is currently 8 [4]. In order to obtain a much higher fidelity 
switch, a material with a negligible two-photon absorption is desirable. Organic polymers 
such as poly(2,4-hexadiyne-1,6-diol di-p-toluenesulfonate) (PTS) have historically held this 
promise, for its non-resonant nonlinear index of refraction can be as high as 2x10−12 cm2/W 
under 1600 nm light [6]. While the two-photon absorption of PTS can also be as low as 0.1 
cm/GW, it suffers from extreme fabrication challenges, as the magnitude (and even the sign) 
of its nonlinearity is highly dependent upon local crystallinity, and the polymerization process 
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contracts the unit cell by 5%, creating a substantial number of film-borne defects [7]. 
Futhermore, PTS is highly anisotropic, for it only manifests a third-order nonlinearity with 
TE polarized devices on silicon substrates, which is incompatible with the TM polarized 
devices developed in this report [8]. More recently, substituted polyacetylene polymers have 
been developed which hold a similar non-resonant nonlinear index of refraction of 1x10−12 
cm2/W, but its bulk propagation loss is ~30 dB/cm due to impurities and high roughness, and 
its two-photon absorption is extremely high at 67 cm/GW [9]. 

In another recent body of work, an isotropic, purely amorphous, supramolecular organic 
compound, DDMEBT, was formulated with a non-resonant nonlinear index of refraction of 
1.7x10−13 cm2/W and negligible two-photon absorption at telecommunications wavelengths 
since it is transparent above 700 nm. Because of the purely amorphous nature of DDMEBT, 
repeatably high optical-quality films can be routinely made with no appreciable surface 
roughness, as its bulk propagation loss is lower than 1 dB/cm [10, 11]. DDMEBT's 
amorphous molecular nature ensures that it is optically isotropic, allowing for any 
polarization to be utilized with equal effectiveness. It is also important to note that per Eq. 
(1), the combination of a high n2 and neglible β makes this material's FOM extremely high. 
Because of these important material advantages, DDMEBT is utilized as the third-order 
nonlinear material in this report. 

In all previous work involving DDMEBT, the amorphous film was deposited onto a 
silicon substrate by sublimation at 120 to 130 °C under vacuum [10–12]. While sublimated 
deposition ensures isotropic filling of nanoscopic holes and trenches as well as a smooth 
optical surface, one of the greatest strengths of depositing thin films on silicon remains 
untapped: namely, spin-coating. This manner of film deposition is extremely simple and 
straightforward while still ensuring very precise thickness control of the resulting amorphous 
film by tuning the rotational speed of the silicon wafer. 

In this work, 0.5 grams of solid DDMEBT were dissolved in 6.5 mL of dichloromethane, 
resulting in a very dark purple solution. SOI chips were treated with piranha, HF etched, and 
subjected to vacuum baking at 200 °C and 1mTorr for 2 minutes to remove adsorbed water 
and ensure a perfectly hydrophobic surface prior to spinning. Two drops of the DDMEBT 
solution were then dropped onto an SOI chip and immediately spun at 4,000 rpm, as the 
solvent evaporates in less than one second. Because of the high spin speed, the resulting 
amorphous film is perfectly uniform and appears perfectly black and mirror-smooth to the 
eye. Precise ellipsometry of the film was performed with 200 nm to 1800 nm light over 45 to 
75 degrees of angular incidence. Owing to DDMEBT's amorphous character, the 
ellipsometric data was best fit with a Tauc-Lorentz model and was supplemented with six 
Gaussian oscillators to more accurately model specific absorption peaks. The parameters of 
the final ellipsometric model are given in Table 1. The chemical structure of DDMEBT is 
shown in Fig. 1, and the measured n (real index) and k (imaginary index) values for spun-on 
DDMEBT are in Fig. 2. 

Table 1. Material Parameters of Spun-on DDMEBT Ellipsometer Model in WVASE 
Software 

Oscillator Type Amp En C Eg 
Tauc-Lorentz 19.017 2.0821 0.48545 1.5763 

 Oscillator Type Amp En Br  
 Gaussian 0.40526 4.1083 0.61403  
 Gaussian 1.2634 6.2292 0.83819  
 Gaussian 0.48708 4.8486 1.1995  
 Gaussian 1.0924 2.4856 0.96558  
 Gaussian 7.8195 9.0803 1.0246  
 Gaussian -0.10298 1.1377 0.000121  
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Fig. 1. Chemical structure of the DDMEBT molecule, the nonlinear optical material used in 
this work. 

 

Fig. 2. n (index) and k (absorption) values obtained via ellipsometry for DDMEBT spun onto 
silicon chips. The red curve is absorption, and the green curve is index of refraction. 

With an accurate ellipsometric model of the spun DDMEBT film in hand, the final film 
thickness was measured to be 270 nm when spun at 4,000 rpm. Other spin speeds resulted in 
film thicknesses which also lay exactly along a well-known logarithmic spin curve for 
polymer solutions with various dilution ratios [13]. Spin speeds below 500 rpm did not yield 
uniform films across the chip surface, and films of thicknesses above 350 nm suffered from 
significant bubble formation. 

One consequence of spinning a highly volatile solution onto a chip is that the film's 
viscosity increases as the upper layer of solution evaporates, trapping a substantial amount of 
solvent in the lower portion of the film. By reducing the film thickness to 270 nm, only 
nanoscopic and microscopic bubbles of solvent remain after spinning onto an SOI chip, which 
is shown in Fig. 3(a). Because this third-order nonlinear optical film will contain very high 
optical intensities by design, even nanoscopic defects will very efficiently scatter the 
propagating light. Indeed, preliminary devices containing these bubbles emitted no detectable 
output light due to their extreme propagation loss. 

To eliminate bubble formation, the DDMEBT film was first exposed to vacuum (20 
mTorr) at room temperature. The trapped solvent burst out of the film, leaving macroscopic 
damage to the film, and approximately 50% of the solvent bubbles still remained. To allow 
for solvent migration through the film, the film's viscosity must decrease. This is typically 
accomplished in second-order electro-optic polymers by heating the polymer to its glass 
transition temperature, which has the added benefit of allowing the amorphous film to reflow 
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and completely fill in nanoscopic holes or trenches in the underlying silicon layer, as well as 
heal any damage caused by evaporated solvent [14]. The glass transition temperature was 
coarsely determined by first creating cracks in a DDMEBT film covering a silicon chip by 
rapidly heating it to 70 °C on a hot plate and then immediately placing it on a metal block at 
room temperature. Next, the chip was heated incrementally for ten minutes on a hot plate in 
five degree steps, starting at 30 °C. At each temperature step, the chip was removed from the 
plate and allowed to cool in close proximity to the hot plate surface to prevent reformation or 
creation of cracks due to rapid temperature changes. After cooling, the DDMEBT film was 
observed under an optical microscope. Under these conditions, crack healing was first 
visually apparent at the 80 °C heating step. The cracks did not disappear entirely until the 
chip was heated at 90 °C for 10 minutes. Thus, it was concluded that the DDMEBT viscosity 
was sufficiently lowered to heal microscopic defects at temperatures above 90 °C. Next, 
DDMEBT spun chips were then vacuum baked at 95 °C at 1 Torr for two hours. Ellipsometry 
confirmed a 5 nm reduction in film thickness from this process due to sublimation and bubble 
loss. Although this baking process was successful in driving out the trapped nanoscopic 
bubbles, the bubbles most likely underwent a consolidation in the low viscosity environment, 
as the subsequent explosion of the coalesced macrobubbles left behind striated craters several 
millimeters in diameter, which were too severe to be healed even in a glassy film. To rectify 
this excessive damage, a two step baking process was developed. 

First, the DDMEBT-clad chips were baked at 95 °C and 2 Torr for two hours. Because of 
the increased pressure, only ~2 nm of material sublimated, which may also be due in part to 
solvent removal. Second, the chamber pressure was slowly increased to ~650 Torr while 
holding the temperature constant. The chip was then held in this near-atmospheric state for 2 
hours. Afterwards, inspection of the chip under an optical microscope revealed no visible 
defects of any kind on the chip. In fact, the post-baked surface became so smooth it became 
extremely challenging to see any lithographic features that lay underneath the film. The visual 
result is shown in Fig. 3(b). 

 

Fig. 3. Visible dark field microscopy showing (a) DDMEBT as spun onto an SOI chip with 
pre-etched test patterns and microscopic bubbles in the film and (b) the same chip after a 2-
step post bake. 

3. Vertical fiber-to-grating coupler 

With a 270 nm thick top cladding of DDMEBT film blanketing an SOI chip, the 
corresponding silicon layer thickness must be determined next. As propagation loss is 
detrimental to an intensity-dependent all-optical device, TM polarized waveguides were 
chosen so that the light mode would concentrate along the horizontal interfaces between the 
silicon dioxide, silicon, and DDMEBT, as the horizontal interfaces (TM) are atomically 
smooth, while the vertical interfaces (TE) defined through etching processes are substantially 
rougher and would suffer from larger propagation losses. The thickness of the underlying 
silicon layer was varied in RSoft FemSIM in order to maximize the TM fundamental mode's 
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field intensity in the DDMEBT layer. Ultimately, the field intensity continued to increase 
monotonically to a 120 nm silicon layer, where the TM mode was no longer guided. As a 
precaution from encountering the mode cut-off, a silicon thickness of 145 nm was selected. 
Although 350 nm wide single-mode waveguides were originally designed for this platform, 
resonator challenges addressed in the next chapter led to the final waveguide being 12 μm 
wide, which is extremely close to the chip's slab mode. 

Next, a fiber to grating coupler was designed for this new silicon photonic platform via 
genetic algorithms using the CAMFR simulation tool, the procedure of which was previously 
reported [15]. During the simulations, it became clear that the DDMEBT layer was largely 
responsible for any grating emission, as it contained 70% of the mode field. Since the 
DDMEBT layer blanketed the entire grating and only the silicon layer was etched, this 
significantly limited the potential fiber-to-grating coupling efficiency to 12% or lower. More 
importantly, the genetic algorithm’s semi-random approach to grating design typically 
yielded non-periodic structures, which in turn yielded complex film flow dynamics over the 
gratings, as can be seen in Fig. 4. Numerous attempts were made to empirically determine the 
film flow and incorporate an empirical model into the genetic algorithm so that its evolved 
grating designs would more accurately reflect the DDMEBT layer in the fabricated grating. 
While these attempts were not successful in general, the genetic algorithm did manage to 
usefully incorporate this information, as it eventually evolved a perfectly periodic structure, 
which had never previously occurred in over one million generations of using the genetic 
algorithm across many other silicon platforms. Interestingly, the evolved structure exactly 
matched the fabricated grating, as the film flow became perfectly periodic like the underlying 
silicon grating, allowing the film itself to act as a grating for the first time. The simulated 
fiber-to-grating coupling efficiency was 12%, while the actual coupling efficiency in a 
fabricated test chip was 7% in an experimental setup. It was discovered that this discrepancy 
arose from the post-spin bake recipe mentioned in the previous chapter. The effects of the 
reflow from baking were not incorporated into the genetic algorithm, and the baking process 
reduced the peak-to-trough height of the DDMEBT film's ripples from 28 nm to 8 nm, which 
consequently lowered the grating's emission efficiency to 7.5%. Incorporating this additional 
effect into the genetic algorithm did not improve nor change the final grating design, as a 
strong design optimum had clearly been obtained. 
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Fig. 4. Cross-section SEM images of (a) complex film flow over a non-uniform silicon grating 
coupler. DDMEBT thickness variations depend highly upon the underlying silicon grating 
topography, (b) a short period grating, where the DDMEBT layer is also perfectly periodic, 
and (c) a post-baked DDMEBT layer successfully infiltrating an 80 nm slot waveguide. 

4. Grating coupler/resonator hybrid 

One nontrivial requirement of the grating coupler design is that perfectly surface normal fiber 
coupling is required due to the pre-existing optical setup with a fiber array, as outlined 
previously [15]. In order to emit light vertically, a periodic grating coupler must exactly 
cancel the k-vector of the waveguide's propagation mode. As a consequence, the second 
diffraction order of the grating must therefore emit the negative of the incoming k-vector back 
into the coupling waveguide. In other words, the reflection from such a grating is very strong 
(35% in this case). Such a strong reflection from two grating couplers is highly undesirable, 
as the response of any high-speed resonator acting as an all-optical switch will be highly 
smeared/degraded from the convolution with two highly reflecting surfaces that sandwich the 
resonator. 

Originally, the genetic algorithm was re-employed to design a solution which emitted 
vertically with predictable film flow dynamics while also keeping waveguide-bound 
reflections low. Surprisingly, the genetic algorithm managed to arrive at a solution which 
involved two chirped gratings sandwiched together. Unfortunately, the FWHM bandwidth of 
the grating's non-reflection was 2 nm over a 30 nm range, and the grating's performance was 
extremely sensitive to fabrication tolerances above +/− 2 nm. Once fabrication tolerances of 
+/− 10 nm were incorporated into the genetic algorithm, no anti-reflection grating design was 
found. 

It was then decided to turn the reflection problem into a solution. Because resonator 
switches traditionally require strong reflections to build up sufficient light intensity within the 
cavity, the grating coupler was redesigned to act as both a fiber-to-grating coupler as well as 
one of the two reflection facets for the resonator switch. After tens of generations, the genetic 
algorithm slightly altered the 18 period grating to have tooth and trench widths of 562 nm and 
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402 nm, respectively. This brought the grating's reflection to 50%, while the coupling 
efficiency slightly lowered to 11%. Once the post-spin bake effects were included, the 
coupling efficiency still remained at 7%. In addition, a reflector grating was designed by 
sweeping all possible tooth and trench widths, resulting in a 65% reflective grating with tooth 
and trench widths of 240 nm and 252 nm, respectively. Despite being 20 periods long, the 
reflector grating suffers from low reflectivity due to the low index contrast between the 
blanketed DDMEBT film and the guided propagation mode, where most of the light guides 
within the DDMEBT layer. 

While these relatively low grating reflectivities lower the resonator's quality factor, a 
lower quality factor also improves the cavity's bandwidth by lowering its photon lifetime, 
which assists in creating the fastest resonator switch possible. Reducing the quality factor to 
1000 or less to obtain ultrafast switching speeds is a universal necessity of all resonators and 
is also encountered in the fastest all-optical ring resonator and photonic crystal cavity 
switches [2, 16]. Moreover, because of the necessarily low reflectivities and high coupling 
coefficients necessary for >500 GHz resonators, the particular choice of resonator structure 
(ring resonator, photonic crystal, grating reflector, etc) makes diminishing impact on its all-
optical switching performance [17]. In order to further reduce the cavity photon lifetime and 
thereby increase the resonator's switching speed, the waveguide between the two gratings was 
varied between 30 and 60 μm in length. Due to the extremely small footprint of the device, no 
waveguide width taper from the grating coupler was included, which restricted the waveguide 
to being 12 μm wide, resulting in a minimum device footprint of 710 μm2. Although utilizing 
a more common resonator structure may allow for an even smaller resonator footprint, it will 
necessarily have a larger total chip footprint since even the smallest possible ring resonators 
(~100 μm2) and photonic crystal cavities (~3 μm2) do not possess direct fiber-to-cavity 
coupling capabilities with high efficiency, and a single grating coupler footprint typically 
consumes more than 4000 μm2 when including the waveguide taper region [18]. The layout of 
the devices are shown in Fig. 5. 

 

Fig. 5. Visible dark field microscope image of (a) 30 and (b) 60 micron long resonators with 
grating couplers and reflecting gratings. The striations surrounding the grating couplers are 
alignment marks to aid optical alignment with a vertically oriented single mode fiber. 

5. Results 

Temporal coupled mode theory analysis of the resonator predicted a resonator response on the 
order of 1 picosecond, which is well beyond the measuring capability of any electronic 
devices. In order to optically measure the switching response, a femtosecond erbium doped 
fiber laser was used to pump the resonator into a high power state. Autocorrelation traces of 
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the output pulse would then give an accurate temporal picture of the switch's impulse 
response, while spectral analysis of the output from an optical spectrum analyzer (OSA) 
determines the fidelity of the actual switching process. 

Mounting the chip with the device-under-test and the fiber array to optical stages was 
previously reported [15]. Because a single grating coupler acts as both the input and the 
output for the setup, a single fiber in the array was then connected to a 1x2 fiber splitter, 
where the laser input and the output fiber (which connected to either the OSA or the 
autocorrelator) were connected to the other ends of the splitter. The entire optical setup is 
shown in Fig. 6(a). 

 

Fig. 6. (a) Diagram of optical setup, where the aligned chip is connected to either a 
femtosecond pulsed laser and autocorrelator or to a C-band broadband source and optical 
spectrum analyzer. (b) Schematic of autocorrelator. 

Because the DDMEBT top cladding absorbs almost all visible light, alignment marks, as 
seen in Fig. 5, were lithographically patterned around each grating coupler. Red light from a 
laser diode was then coupled into the input fiber, allowing the strong scattering from the 
alignment marks to be clearly visible even to the naked eye (A 20X jeweler's loupe was 
occasionally used as well). The fiber array was then brought very close to the chip surface 
while maintaining transverse alignment before switching the laser input to a 1550 nm ASE 
source and the output fiber to a power detector. Because a single fiber was used for input and 
output and because the chip is perfectly normal to the fiber, a strong signal of −12 dB system 
loss was detected whenever the fiber was misaligned away from the on-chip alignment mark. 
Because the alignment mark and grating coupler both act as efficient anti-reflective surfaces, 
the signal dropped to −16 dB of system loss when over the alignment mark and −28 dB of 
total system loss once the fiber was directly 2 μm above the grating coupler. This was 1 dB 
higher than the coupling losses of the grating coupler and the 1x2 fiber splitter, indicating that 
chip reflections contributed 20% of the received power. Both the standard 1550 nm laser and 
femtosecond fiber laser sources were vertically polarized, and both vertically and horizontally 
oriented grating couplers were fabricated on the same chip. The vertically oriented devices 
yielded −28 dB system loss, while the horizontally oriented devices yielded −35 dB system 
loss, indicating that grating coupling into the resonator occurred in the vertically oriented 
devices and the horizontal ones only outputted a surface normal reflection. This is expected 
due to the grating coupler only functioning for TM polarizations, as the vertical coupling 
efficiency for TE polarized light was simulated to be 0.08%. The switching measurements 
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discussed below also demonstrate the same polarization sensitivity, further corroborating 
actual coupling as opposed to measuring spurious reflections. 

Once alignment was achieved, it was noted that the total system loss increased very 
rapidly over a matter of hours to the point where no signal was obtainable 24 hours after 
mounting the chip. Because DDMEBT has been rigorously tested for its durability, other 
culprits were investigated [12]. Far-field imaging of reflected red light on the chip's surface 
revealed real-time dust accumulation. Because the device was TM polarized, large field 
concentrations at the DDMEBT's surface make the chip's performance extremely sensitive to 
dust-accumulation in a non-clean environment, as surface defects will very efficiently scatter 
any propagating light. By surrounding the optical stages with plastic tents, HEPA grade air 
filters, and wearing cleanroom suits during optical alignment, a marked improvement was 
noticed, where only 5 dB of additional system loss was encountered after leaving the chip 
mounted for 24 hours. Given the optical lab's relative humidity of 70%, it was strongly 
suspected that excessive humidity could also be absorbed by the DDMEBT layer. 
Furthermore, after being exposed to solvent, DDMEBT becomes sensitive to visible light. 
Thus, all subsequent chips were encased in clear, dark red plastic holders that were then 
immersed in silica gel. All subsequent chips experienced no measurable degradation when 
stored in this environment next to the optical stages, and although these precautions could not 
be tested while the chip was optically mounted, the results strongly hint at the potential 
vulnerabilities of spun-on DDMEBT. 

The femtosecond laser had an average power of 17 mW and a repetition rate of 20 MHz. 
The output pulses were expected to be ~1 ps in duration. Taking into account the −29 dB 
system loss for the output pulse, the average power to be detected was 21μW and the 
outgoing peak power is 1 W, which requires a PavgPpeak sensitivity of at least 2x10−5 W2 to be 
detected. Such a low signal is below the sensitivity of routine autocorrelators that use BBO 
nonlinear crystal to perform an autocorrelation via second-harmonic generation. A simpler, 
more sensitive method of performing autocorrelation on weak telecommunications pulses was 
developed in 2002 by performing the autocorrelation function with two-photon absorption in 
a single photon counting silicon avalanche photodiode, where the sensitivity was measured at 
1.5x10−9 W2 and could potentially be even lower based on the reported noise floor [19]. A 
similar intensity-based Michelson-interferometer autocorrelator was constructed using a fiber-
to-free-space collimator, a 1550 nm pellicle beamsplitter, two flat silver mirrors for each 
beam arm, where one is mounted on a longitudinally oriented micrometer to vary one of the 
beams' path lengths, a best form BK7 lens, and a single photon counting silicon avalanche 
photodiode with an electron quenching circuit and heat sink. A schematic of the 
autocorrelator setup is shown in Fig. 6(b). 

First, the femtosecond laser was directly connected to the autocorrelator's fiber collimator 
via a one meter polarization-maintaining single mode fiber. Because the fiber's distance was 
slightly longer than twice the length of the polarization maintaining fiber array used to couple 
to the chip, it was presumed that the pulse dispersion would be nearly identical in both cases 
and would act as an acceptable proxy for measuring the input pulse length to the device-
under-test. One of the autocorrelator mirror distances was manually tuned, and 1,000 power 
measurements were recorded from the single photon counter at each mirror location. The 
entire measured pulse from the femtosecond laser appeared above and then disappeared 
below the linear signal floor after two 1/10th knob turns. This corresponded to a path length 
change of 127 μm, which equates to a pulse width of 423 femtoseconds. The quadratic nature 
of intensity based autocorrelation underestimates pulse-widths, but since the measured pulse 
width spanned beyond its FWHM, the measured result was accepted as the general pulse 
width that would enter the device-under-test. 

Next, the femtosecond pulse laser was reconnected to the 1x2 fiber splitter as an input to 
the chip, and autocorrelation traces were performed as stated above on the output pulses from 
the optical resonator devices. The results are shown below in Fig. 7. Because reflections were 
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measured from the chip surface, it is expected that the reflected pulse shall create a peak in 
the trace that is sharper and narrower than the rest of the pulse since it does not encounter the 
resonator. Such a phenomenon is visible on both traces. 

 

Fig. 7. Autocorrelation traces (black) and coupled mode theory simulations (blue) of (a) the 30 
μm long optical resonator, and (b) the 60 μm long optical resonator. The largest average power 
values obtained over all trace sweeps are given at each data point in order to best show the 
autocorrelation envelope. Each data point contains 1,000 power samples. 

To evaluate the validity of the pulse traces, coupled mode theory simulations were 
performed for the resonators, which included the grating coupler efficiency as the out-
coupling mechanism. The procedure of accurately modeling strongly out-coupled resonator 
systems in coupled mode theory has been adequately addressed in the work of others [20, 21]. 
Because autocorrelation underestimates a measured pulse width, it is expected that the trace 
should be approximately 30% narrower in time than the actual pulse width for a Gaussian 
pulse. By comparing the autocorrelation pulse shape with the pulses obtained from coupled 
mode theory for each resonator, it can be seen that both resonators have the expected impulse 
response. The FWHM impulse response of the 60 μm long optical resonator from coupled 
mode theory is 1.4 ps, while the 30 μm long optical resonator's FWHM is 600 fs, indicating a 
response time sufficient to generate ~1 THz data signals. As mentioned in section 2, the 
transparent (off-resonant) Kerr effect of a material has a response time on the order of 
femtoseconds. Because the resonator's measured temporal response is slower by two orders of 
magnitude, the device's switching speed is limited by the grating resonator and not the 
material itself. This limitation in speed allows for a dramatically reduced interaction length in 
order to enable densely integrated all-optical devices. 
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Light from the femtosecond fiber laser was then coupled to the DDMEBT-clad silicon 
grating/resonator device, and the output spectra for varying peak powers were measured, as 
seen in Fig. 8(a). The resonance peaks blueshift by nearly 4 nm when the laser fluence is 
reduced by a mere 8%, which corresponds to a nonlinear coefficient of approximately 
−1.3x10−11 cm2/W. Two-photon absorption in the silicon layer was originally suspected, as 
the generated free carrier dispersion reduces the silicon's index of refraction, potentially 
blueshifting a resonance. A new chip was then fabricated where the silicon guiding layer was 
etched away, leaving only a planar DDMEBT resonator surrounded by two silicon gratings. 
The silicon thickness in the gratings was also increased to 220 nm to increase the grating 
index contrast, which allowed over 90% of the incident power to be reflected/emitted in only 
six periods for both gratings, thereby minimizing the amount of silicon (and two-photon 
absorption) exposure. The spectral result of the identical measurement is shown in Fig. 8(b). 

 

Fig. 8. Spectral output of DDMEBT resonators (a) with an underlying silicon waveguide and 
(b) without underlying silicon exposed to a 20 MHz repetition rate femtosecond pulse laser at 
various input powers. A very strong blueshift is observed in both devices as input fluence 
increases. All spectral curves are normalized to the femtosecond fiber laser output at maximum 
input current. 

Since the amount of blueshift was virtually identical to the previous chip, another negative 
index nonlinear mechanism must be at work. Indeed, most thin molecular films exhibit fairly 
strong negative thermo-optic coefficients on the order of 10 −11 cm2/W, which would likely 
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manifest itself when probed with a 20 MHz repetition rate pulsed laser, as the thermal 
recovery time of a thin polymer is on the order of microseconds [22]. To eliminate thermal 
accumulation effects, the DDMEBT planar resonator chip was instead coupled to a 5 kHz 
repetition rate femtosecond laser. The incident power was then tuned from the noise floor to 
the highest sustainable peak power within the single mode fiber before soliton and super-
continuum generation became evident in the fiber output. The resulting spectra is shown in 
Fig. 9. First, the disappearance of the strong blueshift when using a low repetition rate laser 
confirms the previously measured switching effects were thermo-optic in nature. Second, the 
corresponding redshift of 4 nm in the resonance spectra when experiencing 1 kW peak power 
indicates a positive nonlinear coefficient of no less than 10−13 cm2/W, which matches the 
previously measured Kerr coefficient of DDMEBT [11]. At these powers, the on/off ratio of 
the ultrafast Kerr-switching mechanism reaches a 4 dB contrast. 

The amount of mitigating blueshift experienced due to the silicon gratings is calculated 
with a two-photon absorption rate of 0.79 cm/GW in crystalline silicon under 1550 nm pulsed 
light [23]. Because any incoming and/or propagating light encounters less than 2 μm of 
silicon material in each grating before experiencing out-coupling, all of the remaining silicon 
within the final device only absorbs 0.25% of the light through two-photon absorption. By 
calculating the free-carrier plasma dispersion effect from the number of carriers generated by 
two-photon absorption as outlined in [24], a negative index change with a resulting resonance 
blueshift of 0.6 nm from the silicon gratings is obtained. This result indicates that the true 
Kerr coefficient of the DDMEBT resonator is approximately 12% higher than is directly 
calculated from the spectral redshift of 4 nm seen in Fig. 9. 

 

Fig. 9. Spectra at various coupled peak powers from a 5 kHz femtosecond laser into a 43 μm 
long DDMEBT slab resonator/coupler hybrid with underlying silicon removed in the resonator 
region. 

6. Conclusion 

DDMEBT, a third-order nonlinear optical molecular compound with a very high figure of 
merit, was successfully spun onto silicon chips for the first time from a dichloromethane 
solution. A two-step post-spin bake removed all bubbles from the film and allowed for 
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reflow, completely filling features as small as 80 nm wide trenches. A novel, compact (< 720 
μm2) nonlinear resonator was designed, fabricated, and tested, where one of the two silicon-
based reflector gratings also acted as an input/output coupler to a surface normal single mode 
fiber. Using a femtosecond fiber laser and an extremely sensitive single photon counting 
silicon avalanche photodiode-based autocorrelator, the measured impulse responses of the 
resonators ranged from 0.6 ps to 1.4 ps for 30 μm and 60 μm long resonators, respectively. By 
varying the input power coupled from a 20 MHz repetition rate femtosecond laser into the 
nonlinear resonator, strong thermo-optic switching on the order of −1.3x10−11 cm2/W was 
obtained from spectral measurements. Coupling pulses from a 5 kHz femtosecond laser into 
the resonator yielded ultrafast Kerr-based nonlinear resonance redshifts as large as 4 nm of 
bandwidth with 4 dB of switching contrast. Due to both the nonlinear material and resonators' 
ultrafast temporal response, the device is potentially capable of switching at ~1 THz on a 
single carrier frequency, provided that the input powers are the highest that a single mode 
fiber can reliably deliver. 
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