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ABSTRACT: Nonstoichiometric SiNx with enhancing optical
nonlinearity is enabled to facilitate the waveguide microring
resonator for cross-wavelength all-optical data processing
applications. The Si/N composition ratio of the non-
stoichiometric SiNx can be detuned from stoichiometric to
Si-rich by adjusting the SiH4/NH3 fluence ratios. Under
pumping with incoming pulsed data, the comb-like trans-
mittance of the nonstoichiometric SiNx microring resonator
can spectrally red-shift by 100 pm as its effective refractive
index changed by more than 1 order of magnitude due to the
enhanced nonlinear Kerr effect. The enlarged refractive index
of Δn = 1.6 × 10−4 with increasing nonlinear refractive index
to n2 = 1.6 × 10−13 cm2/W at 1550 nm is observed at a Si
concentration of 66.2% in the Si-rich SiNx film. In application, a cross-wavelength all-optical data conversion/inversion processor
based on the nonstoichiometric SiNx microring resonator is presented. The dense nanoscale Si content formed by a higher Si/N
composition ratio of the SiNx contributes to an enhanced Kerr effect based optical nonlinear switching, which enables the
optimized 12 Gbit/s all-optical conversion of the pulsed return-to-zero on−off-keying (RZ-OOK) data with converted or
inverted format. The photon lifetime of ∼19 ps in the Si-rich SiNx microring resonator cavity can support the Si-rich SiNx all-
optical Kerr switch with a maximal bandwidth of up to 50 GHz.

KEYWORDS: data conversion, format inversion, Si-rich SiNx, Si/N composition ratio microring resonator, all-optical modulation,
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Silicon photonics has been considered to realize the optical
interconnect circuits for decades, and the pure Si-based

waveguide devices have played important roles in acting as
different functionalities in this field. With the free-carrier-
induced plasma dispersion effect,1,2 a pure Si-based electro-
optical modulator and all-optical modulators were demon-
strated.3−7 The all-optical modulation bandwidth extended
from hundreds of MHz to several GHz but was limited by the
carrier diffusion dominated lifetime of the bulk Si.8,9 Recently,
the free-carrier absorption (FCA) cross-section in the silicon
quantum dots (Si-QDs) has been proved to be 1 order of
magnitude larger than that in the bulk Si.10−12 Even though
shrinking the Si-QD size can further shorten the carrier
relaxation lifetime due to the quantum confinement effect,13,14

the effective free-carrier lifetime in Si-QDs is still much longer
than that of the bulk Si so as to limit the modulation bandwidth
of the Si-QD-based FCA modulator at around 1 MHz.15−17 To
develop an ultrafast all-optical modulator that is fully
compatible with Si-based CMOS integrated circuits, the most
appropriate solution among versatile approaches is to use the
enhanced optical nonlinearity of the Si-QDs. Recently, the
optical nonlinearity of the Si-QDs doped in SiOx has been
analyzed by using the femtosecond Z-scan method.18−21 The

nonlinear Kerr coefficient of the Si-QDs is experimentally
proved to be 2 orders of magnitude higher than that of the bulk
Si due to the strong quantum confinement effect.18−22 The
excitons generated in the highly confined Si-QDs result in the
enhanced oscillating strength to increase its third-order
susceptibility.18,23 Such an enhanced nonlinear property has
been utilized to demonstrate four-wave-mixing (FWM) and
nonlinear Kerr switching by using the SiOx:Si-QD-based slot
waveguide.24−26 However, the refractive index of SiOx:Si-QD is
typically between 1.6 and 1.8, which makes the refractive index
difference between the SiOx core and SiO2 cladding very small,
thus inducing the difficulty to design a channel waveguide
structure with high optical confinement. This explains the
reason that most of the SiOx:Si-QD devices used for
demonstrating the FWM or Kerr switching functionality are
made with a slot waveguide structure. Although the slot
waveguide structure achieves high optical confinement of the
optical field in the ultrasmall SiOx:Si-QD core, the large
coupling losses between the slot waveguide and lensed fiber
causes another drawback; however, there are well-established
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methods to overcome this problem. Alternatively, a host matrix
with high refractive index should be carefully selected to
fabricate a highly confined Si-QD incorporated dielectric
channel waveguide. In view of the potential candidates, silicon
nitride (Si3N4) is one of the alternatives that exhibit sufficiently
high refractive index and large optical nonlinearity, which is free
of two-photon absorption and can lead to ultralow propagation
loss after forming the SiO2/Si3N4/SiO2 channel waveguide
geometry. By using the stoichiometric Si3N4 channel wave-
guide,27−29 the FWM, self-phase modulation, and nonlinear
Kerr switching were successively realized but with insufficient
throughput. Apparently, enhancement of the nonlinear
refractive index of Si3N4 (∼10−15 cm2/W) is necessary to
improve the performances of the aforementioned nonlinear
devices. If the amorphous Si-QD can be doped into the Si-rich
SiNx matrix, it is believed that the optical nonlinearity of the Si-
rich SiNx film can be enhanced significantly according to the
prediction by the quantum confinement effect.
In this work, the effect of the Si/N composition ratio on the

nonlinear Kerr switching efficiency of a Si-rich SiNx microring
waveguide resonator is investigated. The Si-rich SiNx film with
enhanced optical nonlinearity by raising its Si/N ratio is
employed to optimize the all-optical data conversion and

format inversion. With the intense incoming pump data, the
transiently shifted transmittance spectrum induced by the
nonlinear Kerr effect in the Si-rich SiNx film based microring
resonator leads to a significant cross-wavelength switching of
the continuous-wave probe. Even if the refractive index change
is very small, the difference on transmittance in the microring
resonator at a specific probe wavelength can be maximized by
precisely adjusting either the pump power or the probe
wavelength. In that case, all-optical data conversion and format
inversion can be demonstrated after passing through the Si-rich
SiNx microring resonator. By precisely matching the probe
wavelength with the original or the shifted notch of the
resonant transmittance, the continuous-wave probe signal can
be directly cross-wavelength modulated with its format either
converted or inverted with respect to the pump data stream. As
a result, the all-optical data conversion/inversion with the
pulsed return-to-zero on−off-keying (RZ-OOK) data format at
up to 12 Gbit/s can be achieved based on the ultrafast
nonlinear Kerr switching induced all-optical data encoding in
the Si-rich SiNx microring resonator.

Figure 1. XPS spectra of the Si-rich SiNx films grown with different SiH4/NH3 fluence ratios.

Figure 2. (a) TEM images and (b) Raman scattering spectra of the Si-rich SiNx films grown with different SiH4/NH3 fluence ratios.
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■ RESULTS AND DISCUSSION

X-ray Photoelectron Spectroscopy, Transmission
Electron Microscopy, and Raman Spectra of the Si-
Rich SiNx. The Si-rich SiNx films were deposited by using
plasma-enhanced chemical vapor deposition (PECVD) with
reaction gases mixed with SiH4 and NH3. During the synthesis,
the RF plasma power is set as 100 W and the substrate
temperature remains constant at 350 °C. By changing the
fluence ratio R (defined as R = [SiH4]/[NH3]) from 0.5 to 0.9
under the same chamber pressure of 134 Pa, the Si/N atomic
composition ratio in the Si-rich SiNx films can be controlled.
The thickness of the Si-rich SiNx films for different fluence
ratios was kept the same at ∼600 nm for comparison. The
atomic compositions of the Si-rich SiNx films with different
SiH4/NH3 fluence ratios characterized by X-ray photoelectron
spectroscopy are shown in Figure 1a. The Si concentration is
increased from 59.1% to 66.2% when increasing the SiH4/NH3
fluence ratio from R = 0.5 to R = 0.9.
The transmission electron microscopy (TEM) images of the

Si-rich SiNx films grown with different SiH4/NH3 fluence ratios
are demonstrated in Figure 2a. The TEM images confirm the
formations of amorphous Si-QDs in Si-rich SiNx films. When
the Si concentration is increased from 59.1% to 66.2% by
increasing the SiH4/NH3 fluence ratio from R = 0.5 to R = 0.9,
only the volume density of Si-QD increases from 8 × 1018 to 5
× 1019 #/cm3, and the average size of the Si-QD remains at 0.9
nm. To confirm the existence of Si-QDs, the Raman scattering
spectra of the Si-rich SiNx with R = 0.5, R = 0.7, and R = 0.9 are
shown in Figure 2b, which are decomposed by multi-Gaussian
functions to distinguish the contributions from different
bonding components and structures. The common peak at a
wavenumber of 520 cm−1 with a full-width at half maximum
(fwhm) of 10 cm−1 is originated from the Si substrate.30 For
the Si-rich SiNx films grown with R = 0.7 and 0.9, there are two
broadened spectral peaks. The first peak, located at 495 cm−1

with an fwhm of 21 cm−1, is attributed to the amorphous Si
clusters self-assembled in the Si-rich SiNx film.31 The second
peak, at 480 cm−1 with an fwhm of 31 cm−1, comes from the Si
grains in the Si-rich SiNx films.32 Due to the dilute Si-QDs, the
related spectral components are too weak to be observed from
the Si-rich SiNx film with R = 0.5. When increasing the SiH4/
NH3 fluence ratio from R = 0.5 to R = 0.9, the enhanced Raman
scattering intensities of the amorphous Si nanoclusters and Si
micrograins indicate that their densities are concurrently
enriched in the Si-rich SiNx films with increasing Si/N
composition ratio.
For device fabrication, the Si-rich SiNx films with different

Si/N composition ratios are utilized to serve as the core layer of
the channel waveguide in the bus coupler and the microring
resonator. First of all, a Si-rich SiNx film with a thickness of 400
nm is deposited on a 3 μm thick thermal oxide covered Si
wafer. Then, e-beam lithography is utilized to define the bus
line and microring resonator patterns on the Si-rich SiNx film
coated with photoresist (ZEP, 520A). The width of the
waveguide is 600 nm, and the radius of the microring resonator
is 150 μm. The gaps between the bus and microring waveguides
for Si-rich SiNx films with R = 0.5, R = 0.7, and R = 0.9 are set
as 900, 800, and 300 nm, respectively, due to the differences of
their refractive indices. In particular, the inverse tapered
structures are employed at the both end facets of the bus line
waveguides to enhance the power coupling efficiency between
the waveguides and lensed fibers. The width of the inverse

taper is increased from 200 nm to 600 nm within a length of
200 μm. Afterward, the Cr layer with a thickness of 80 nm is
evaporated on the photoresist patterned wafer to serve as a
hard mask by using e-gun evaporation. Subsequently, a
patterned Si-rich SiNx waveguide is formed by using a reactive
ion etching (RIE) system under a flowing CHF3 + O2 gaseous
mixture. After cleaning the Cr by chemical etchant, a 2 μm
thick SiO2 film is deposited on the Si-rich SiNx bus and
microring waveguides to serve as the cladding layer. Finally,
both ends of the waveguide are cleaved and polished, and the
top-view scanning electron microscope (SEM) image of the Si-
rich SiNx bus and microring waveguide geometry is shown in
Figure 3.

Mode Property and Kerr Switching Effect in the Si-
Rich SiNx Microring Resonator. The refractive index spectra
of the Si-rich SiNx films grown with different SiH4/NH3 fluence
ratios are measured by using an ellipsometer as shown in Figure
4a. In Figure 4b, by setting the identical width and height of the
Si-rich SiNx based channel waveguide as 600 and 400 nm,
respectively, and detuning the gap between the ring and bus
waveguide as 900 nm for Si-rich SiNx with R = 0.5, 800 nm for
Si-rich SiNx with R = 0.7, and 300 nm for Si-rich SiNx with R =
0.9, the simulated fundamental TE modes at 1550 nm are
shown in Figure 4c.
The measured and simulated transmission spectra of the

microring resonators made by three different Si-rich SiNx
samples are shown in Figure 5. Note that the group indices
of the Si-rich SiNx are increased from 2.01 to 2.49 by increasing
the fluence ratio R from 0.5 to 0.9. The propagation losses in
the microring cavity for the three cases are almost identical
(∼1.3 dB/mm), indicating that the bending loss for the
microring resonator with a diameter of 300 μm is similar in
each case. The propagation loss of the Si-rich SiNx waveguide
was measured by using the cut-back method. Three Si-rich SiNx
waveguides with lengths of 3, 5, and 9 mm were involved in the
measurements of the cut-back method. The propagation loss in
the Si-rich SiNx channel waveguide determined as ∼1 dB/cm is
smaller than that in the microring resonator. In the experiment,
the scattering loss is the major contribution to the propagation
loss of the Si-rich SiNx waveguide, which is induced by the
imperfect sidewall of the waveguide caused during lift-off or the
RIE process. According to the absorption spectroscopy, the

Figure 3. Top-view SEM image of the Si-rich SiNx microring
resonator.
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absorption loss of the Si-rich SiNx film is extremely small at a
wavelength of 1550 nm (see Figure 6), thus providing less
contribution to the propagation loss of the Si-rich SiNx

waveguide when comparing with the scattering effect. The
quality factors for the three cases are all around ∼25 000. By
using eq 5 (refer to the Methods section) to estimate the
optical intensity enhancement of the pump beam in the
microring resonator, the intensity magnification factor of the Si-
rich SiNx microring resonator can be determined by employing
the fitting parameters for the Si-rich SiNx microring resonator
shown in Table 1.

The operating principle of a microring resonator based
nonlinear Kerr switch is illustrated in Figure 7. The pump beam
is an optical pulse with high peak power, and the pump
wavelength is set to coincide with the transmission dip caused
by the microring resonator. Therefore, the peak power of the
pump pulse will be coupled into and built up in the microring
resonator, and the refractive index in the microring waveguide
will be effectively modified by the pump pulse induced Kerr
nonlinearity. When the pulse is temporally turned on, the
positive nonlinear refractive index change in the microring
waveguide will be transiently induced to red-shift the notched

Figure 4. (a) Refractive index spectra of the Si-rich SiNx films. (b) Geometry of the Si-rich SiNx channel waveguide. (c) Simulated fundamental TE
modes at 1550 nm for different SiNx samples.

Figure 5. Transmission spectra of the Si-rich SiNx microring resonators and the corresponding fitting curve.
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dip in the transmission spectrum of the microring resonator.
On the other hand, the refractive index in the microring
resonator will resume back to the initial condition when the
pulse is temporally turned off. With digitally modifying the
refractive index of the microring resonator by the intense pump
data stream, the all-optical data conversion and format
inversion of the incoming data stream can be demonstrated
at the coupled output of the microring resonator. For the data
conversion shown in Figure 7a, the wavelength of the
continuous-wave probe beam is set at another transmission
dip of the microring resonator. In this case, the transmittance of
the probe is extremely low when turning off the pump data,
whereas the probe transmittance is maximized when turning on
the pump to red-shift the notched dip away from the probe
wavelength. For the data inversion shown in Figure 7b, the
wavelength of the probe beam is slightly deviated from the
transmission dip. This results in the largest transmittance at
probe wavelength when turning off the pump data. If the pump
data are switched on, the increased refractive index of the
microring resonator causes the transmission dip to red-shift to
the probe wavelength, and the probe transmittance is suddenly
minimized so as to consequently obtain the inversed data
stream.
Estimation of Nonlinear Refractive Index and Dem-

onstration of All-Optical Modulation in the Transiently
Pumped Si-Rich SiNx Microring Resonator. Figure 8a
shows the variation on the single-pulse-modulated probe traces
obtained at the output port of the Si-rich SiNx based microring
resonator (R = 0.9) by tuning the probe wavelength from
1560.48 nm to 1560.60 nm. The pump wavelength of 1555.44
nm is located at the adjacent transmission dip of the microring

resonator. By slightly detuning the probe wavelength from
1560.48 nm to 1560.52 nm, the intensity of the modulated
probe is gradually decreased to zero. When further scanning the
probe wavelength to 1560.54 nm, the modulated probe signal
trace becomes inverted. The maximal inverted probe trace
appears when shifting the probe wavelength to 1560.58 nm. As
a result, the modulated probe power versus the probe
wavelength is plotted in Figure 8b. The power deviation
between the probe wavelength responsible for the maximized
positive and negative peak power is ∼0.1 nm, indicating that
the transmission dip of the Si-rich SiNx microring resonator is
transiently red-shifted to 0.1 nm when the pump pulse is built
up and magnified in the microring resonator. The transmission
spectra with and without the pump are shown in Figure 8c. The
0.1 nm red-shift on the transmission spectrum can be correlated
with the nonlinear refractive index change of 1.6 × 10−4. With
the total insertion loss contributed by the 3 dB coupler and
lensed fiber of 6 dB, the peak pump power injected into the
waveguide is about 0.75 W and the effective mode area of the
waveguide is ∼0.19 μm2. For the microring resonator made by
Si-rich SiNx grown with a SiH4/NH3 fluence ratio of R = 0.9,
the intensity magnification factor is up to 2.47 and the
nonlinear refractive index is determined as 1.6 × 10−13 cm2/W
by using the equation n2 ≈ Δn/(M × I).
The nonlinear refractive index of 1.6 × 10−13 cm2/W for Si-

rich SiNx (R = 0.9) at 1550 nm has been confirmed to be
higher than that for bulk Si in nonresonance wavelength
condition,33 indicating that the excessive Si and the Si-QDs
embedded in the SiNx matrix can dominate the enhancement of
optical nonlinearity. The incorporation of excess Si creates
several kinds of defects in the host matrix, which is easily
deformed under illumination of intense optical pulses, which
induce structural changes and hyperpolarizability of the host
matrix.34 The nonlinear optical effect may also originate from
the light-induced structural changes on interatomic distance,
molecular orientation, and phase transition of excessive Si-
related defects.35

In addition, the enhanced optical nonlinearity is also
attributed to the purely bound-electronic effect of the
hyperpolarizable delocalized electrons in the Si-QDs,4,35,36

which arises from the polarization of the electronic cloud
around the on-site atom with a response time of femtoseconds
so as to promote the high-speed modulation.36 The
aforementioned effects are different from those caused by the
optical nonlinearity in bulk Si. When increasing the excess Si
content, such that the nanoscale Si transfers to the micro-
crystalline poly-Si structure, these effect could be suppressed or
diminished to inversely reduce the optical nonlinearity. Besides,
if the excess Si concentration further increases in the SiNx, not
only is the nonlinear refractive index enhanced, but also the
linear and two-photon absorptions are increased to cause the
absorption edge to red-shift to a longer wavelength. If the two-
photon absorption (TPA)-induced free-carrier modulation
appears in the microring resonator, the modulation speed will
be degraded by the long relaxation lifetime of the free carriers.
As evidence, Martinez and co-workers have already demon-
strated that the combined Kerr and FCA effects reveal a fast
Kerr response (∼ps) and slow FCA-related tail (∼ns) to
degrade the modulation speed with distorted modulation
traces.26

At the current conditions, the peak intensity of the pump
beam coupled into the waveguide is ∼0.4 GW/cm2. Our
observations indicate that the Si-rich SiNx-based ring resonator

Figure 6. Linear absorption spectra of Si-rich SiNx with different SiH4/
NH3 fluence ratios.

Table 1. Optical Properties and Simulated Parameters of the
Si-Rich SiNx Ring Resonator

R = 0.5 R = 0.7 R = 0.9

gap (μm) 0.9 0.8 0.3
radius of ring waveguide (μm) 150 150 150
N, group index 2.01 2.26 2.49
K, coupling ratio 0.2221 0.233 33 0.324 04
αring (dB/mm) 1.38 1.2 1.3
δλ, fwhm (nm) 0.073 0.06 0.064
Δλ, FSR (nm) 1.21 1.14 1.03
quality factor, Q 24 388 26 790 24 019
intensity magnification, M 1.78 1.91 2.47
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exhibits a pure Kerr response without distorting by TPA-
induced FCA modulation. This ensures that Si-rich SiNx is a
potential candidate to fabricate an ultrafast all-optical data
encoding and format switcher.
To confirm that there is no TPA effect existing in the Si-rich

SiNx waveguide, the waveguide is measured by analyzing its Pout
versus Pin curve under intense pumping conditions. Figure 9a
demonstrates the experimental setup for measuring the TPA
effect in the Si-rich SiNx channel waveguide. In the measure-
ment, the pump pulse is generated by externally modulating a
continuous-wave tunable laser at 1550 nm with a Mach−
Zehnder modulator. Subsequently, the generated optical pulse
is power amplified by using a first-stage erbium-doped fiber
amplifier, and an optical bandpass filter (OBPF) is utilized to
suppress the induced amplified spontaneous emission (ASE)
noise. Another high-gain erbium-doped fiber amplifier (EDFA)
serves as the second-stage boost optical amplifier to further
increase the peak power of the pump pulse, and another OBPF
is also utilized to suppress the ASE noise induced by the
second-stage EDFA. Finally, the dual-stage amplified pump
pulse with a pulse width of 83 ps and a peak power of up to 3
W is delivered for the test. The establishment of the pump
pulse is described in detail as given in the Methods. The optical
pump pulse is incident to the Si-rich SiNx waveguide. By
increasing the pulsed peak power up to 3 W, the plot of output
versus input power still reveals a linear trend (see Figure 9b),
indicating that the TPA in the Si-rich SiNx channel waveguide is
entirely eliminated under such high input power.

Based on a similar analysis, the variation on the single-pulse-
modulated probe signal traces output from the Si-rich SiNx
microring resonator with R = 0.7 by scanning the probe
wavelength is shown in Figure 10a. At the beginning, the
wavelengths of the pump and probe are first set as 1555.77 and
1559.19 nm, respectively. The null probe point is obtained by
detuning the wavelength from 1559.19 nm to 1559.21 nm, and
the inverted probe trace reaches a maximal modulation when
scanning the probe wavelength to 1559.23 nm. Note that the
amplitude of the inverted probe signal decreases again by
further red-shifting the probe wavelength, as shown in Figure
10b, and the probe wavelength change between the maximal
positive and negative modulation is ∼0.04 nm, which is smaller
than that obtained in the Si-rich SiNx microring resonator with
R = 0.9, as confirmed by comparing the transmission spectra
with and without pumping shown in Figure 10c. Such a 0.04
nm red-shifted transmission spectrum corresponds to a
refractive index change of 6 × 10−5 induced by the nonlinear
Kerr effect. The Si-rich SiNx microring resonator grown with a
SiH4/NH3 fluence ratio of R = 0.7 indicates that the intensity
magnification factor is only 1.91, and the nonlinear refractive
index of the Si-rich SiNx is estimated as only 8 × 10−14 cm2/W.
A weakened cross-wavelength modulation is observed for the

Si-rich SiNx microring resonator with the lowest Si/N
composition ratio grown at a SiH4/NH3 fluence ratio of R =
0.5. By setting the wavelength of the pump as 1555.49 nm and
scanning the probe wavelength from 1559.32 to 1559.35 nm,
the single-pulse-modulated probe signal traces at different

Figure 7. Schematic diagram of the SiNx microring resonator based nonlinear Kerr switch. (a) Data-converted modulation. (b) Data-inverted
modulation. (PI: input power level, PO: output power level. For data-converted modulation at λprobe1, the transmitted power is increased with the
pumping pulse due to the nonlinear Kerr effect. For data-inverted modulation at λprobe2, the transmitted power is decreased with the pumping pulse
due to the nonlinear Kerr effect.)
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Figure 8. (a) Variation of the single-pulse-modulated probe trace output from the Si-rich SiNx microring resonator with R = 0.9. (b) Modulated
probe power versus the probe wavelength. (c) Transmission spectra of the Si-rich SiNx microring resonator with and without pumping.

Figure 9. (a) Experimental setup for measuring the TPA effect in the Si-rich SiNx channel waveguide. (b) Output power versus input power in the
Si-rich SiNx channel waveguide.
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probe wavelengths are shown in Figure 11a. A similar sign
inversion phenomenon is observed by changing the probe
wavelength from 1559.32 nm to 1559.34 nm, as shown in
Figure 11b. However, the modulated probe amplitude is the
lowest one among all of the samples, as the nonlinear refractive
index change in the Si-rich SiNx with R = 0.5 is too small to
compare with other samples. This causes the degraded
transmittance variation and shrinks the probe wavelength to
∼0.02 nm, and the corresponding red-shift of the transmission

spectra of the Si-rich SiNx based microring resonator grown at a
SiH4/NH3 fluence ratio of R = 0.5 with and without pumping
are shown in Figure 11c. The intensity magnification factor in
the Si-rich SiNx microring resonator with R = 0.5 is as small as
1.78, providing a refractive index change of only ∼2 × 10−5

under the nonlinear refractive index of 1.4 × 10−14 cm2/W.
Nevertheless, such a nonlinear refractive index of the SiN0.655 is
still higher than that of the stoichiometric Si3N4. These
observations confirm the effect of the self-assembled

Figure 10. (a) Variation on the single-pulse-modulated probe traces output from the Si-rich SiNx microring resonator with R = 0.7. (b) Modulated
probe power versus the probe wavelength. (c) Transmission spectra of the Si-rich SiNx microring resonator with and without pumping.

Figure 11. (a) Variation on the single-pulse-modulated probe traces output from the Si-rich SiNx microring resonator with R = 0.5. (b) Modulated
probe power versus the probe wavelength. (c) Transmission spectra of the Si-rich SiNx microring resonator with and without pumping.

ACS Photonics Article

DOI: 10.1021/acsphotonics.5b00192
ACS Photonics 2015, 2, 1141−1154

1148

http://dx.doi.org/10.1021/acsphotonics.5b00192


amorphous Si cluster on the enhanced optical nonlinearity in
the Si-rich SiNx microring resonator.
In brief, the optical nonlinearity of the Si-rich SiNx films has

already increased to be several orders of magnitude higher than
that of the stoichiometric Si3N4, which can be attributed to the
stronger quantum confinement effect present in the dense Si-
QDs with an average size of smaller than 2 nm.18,19 In previous
works, the enhanced third-order nonlinear susceptibility (χ(3))
of one-dimensional Si nanowires at resonant wavelength has
been theoretically estimated,37 indicating that the χ(3) can be
significantly enhanced by the quantum-confined excitons
occurring in the Si nanowire. The χ(3) is directly proportional
to the fourth-order of the center-of-mass of the quantum-
confined exciton ϕ1s(r),

37 as given by

χ ϕ
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where a0 is the effective Bohr radius of the quantum-confined
excitons. Obviously, the correlation between the χ(3) and
effective Bohr radius can be simply described as χ(3) ∝ (a0)

−6.
For a highly confined exciton in a nanostructure, its effective
Bohr radius is significantly reduced due to the increased
effective hole and electron masses in the Si nanostructure.
On the other hand, the enhanced optical nonlinearity of

versatile quantum dots (such as CdS, CuBr, and InP/ZnS) in
the nonresonant wavelength region has also been characterized
with the photon energy confined by Eg > hν > Eg/2,

38−40 where
Eg is the optical band gap of materials and hν is the incident
photon energy. Among these examples, the localized excitons in
these quantum dots are excited by a two-photon absorption
process, which leads to the enhanced optical nonlinearity with a
high nonlinear refractive index induced by a large nonlinear
absorption coefficient (TPA) in the nonresonant region.
The Z-scan analysis is also performed to demonstrate that Si-

rich SiNx exhibits high optical nonlinearity. In the experiment, a
Ti-sapphire laser with a central wavelength of 800 nm, a pulse

width of 80 fs, and a repetition rate of 82 MHz was utilized as
an excitation source. Figure 12a shows the linear absorption
spectrum of Si-rich SiNx (R = 0.9) with extremely low linear
absorption coefficient to confirm the nonresonance at 800 nm.
The open- and closed-aperture measurements of Si-rich SiNx
(R = 0.9) are shown in Figure 12b. After simulation, the
nonlinear refractive index of 9.2 × 10−12 cm2/W and TPA
coefficient of 1.9 m/GW are determined for the Si-rich SiNx (R
= 0.9) at a wavelength of 800 nm, indicating that the enhanced
optical nonlinearity of Si-rich SiNx at photon energies below
band gap may originate from the TPA-induced localized
exciton in Si-QDs. Similar results of a high nonlinear refractive
index accompanied by a large TPA coefficient in the Si-QDs
embedded in a SiOx or SiNx matrix have been reported.18,19,41

Nevertheless, when operating the Si-rich SiNx at 1550 nm,
the photon energy is far away from the absorption edge. In this
case, the TPA effect at 1550 nm is much weaker than that at
800 nm. As expected, the TPA-induced FCA modulation is
absent, and only the nonlinear Kerr modulation can be
obtained in the Si-rich SiNx-based microring resonator. The
nonlinear refractive index of 1.6 × 10−13 cm2/W for Si-rich SiNx

(R = 0.9) at 1550 nm is higher than that of bulk-Si in the
nonresonance condition.33 It indicates that the Si nanostructure
embedded in the SiNx dominates the enhancement of optical
nonlinearity. Based on the aforementioned discussion, the
enhanced optical nonlinearity of Si-rich SiNx at 1550 nm is not
attributed to the TPA-related localized excitons in the Si-QDs,
but originates from the purely bound electronic effect of the
hyperpolarizable delocalized electrons in the Si-rich SiNx.

20,35,36

Owing to the three-dimensional confined Si-QD nanostructure,
its density-of-state function and interatomic distance are
significantly changed to modify the bound electronic structure.
Hence the highly distorted delocalized electron cloud induced
by the hyperpolarizable delocalized electrons in the Si-QDs
would enhance the optical nonlinearity of the Si-rich SiNx at
below-band-gap wavelengths. The transient polarization change
of the electronic cloud around the excessive Si atoms exhibits a

Figure 12. (a) Linear absorption spectrum of Si-rich SiNx (R = 0.9). (b) Z-scan open- and closed-aperture results of Si-rich SiNx (R = 0.9).
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response time of femtoseconds.35 Therefore, the high-speed
modulation beyond 10 GHz at 1550 nm is not attributed to the
exciton-induced nonlinear optical effect.
As discussed, the hyperpolarizable delocalized electrons in

the Si-QDs significantly enhance the optical nonlinearity at
below-band-gap wavelengths. By comparing with the Si-rich
SiNx films grown with increasing the SiH4/NH3 fluence ratio,
the nonlinear refractive index is increased by 1 order of
magnitude as the Si/N composition as well as the excessive Si
concentration is increased concurrently. Note that the average
sizes of the amorphous Si cluster in three SiNx samples are kept
unchanged as the amorphous Si cluster is in situ formed during
deposition without postannealing. In this case, the only
difference among these samples is the increasing density of
the amorphous Si clusters in the Si-rich SiNx films grown with
different SiH4/NH3 fluence ratios. As confirmed by the Raman
scattering analyses, the amorphous Si cluster related Raman
scattering intensity in the Si-rich SiNx films is increased with
enlarging the SiH4/NH3 fluence ratio during synthesis, which
corroborates the increasing density of the amorphous Si
clusters that is coincident with the increased excess Si
concentration of the Si-rich SiNx films grown by increasing
the SiH4/NH3 fluence ratio. This elucidates why the nonlinear
refractive index of the Si-rich SiNx films is enhanced with
increasing the SiH4/NH3 fluence ratio during PECVD
deposition.
12 Gbit/s All-Optical Data Conversion/Inversion with

Pulsed RZ-OOK Data Format in the Si-Rich SiNx
Microring Resonator. Lastly, the all-optical data conversion
and format inversion of the pulsed RZ-OOK data stream is
demonstrated by using the Si-rich SiNx microring resonators.

The pump traces with a pulsed RZ-OOK data format at 12
Gbit/s are shown in the first row of Figure 13. The pump
wavelengths for the Si-rich SiNx microring resonators with R =
0.5, R = 0.7, and R = 0.9 are set as 1555.49, 1555.77, and
1555.44 nm, corresponding to one of the resonance dips in
each case. By injecting the continuous-wave probe signal into
the Si-rich SiNx microring resonator exactly at an adjacent
resonance dip in each case, the pulsed RZ-OOK data stream
can be wavelength converted from pump to probe carrier with
its format preserved as well (refer to the second row of Figure
13). In that case, the probe wavelengths for the Si-rich SiNx
with R = 0.5, R = 0.7, and R = 0.9 are set as 1559.32, 1559.19,
and 1560.48 nm, respectively. Furthermore, the probe carrier
can also be cross-wavelength modulated by the pump data
stream with its data format inverted by slightly shifting the
probe wavelengths away from the on-resonant notched dip of
the microring resonator, and the corresponding wavelength
increment for the microring resonators made by Si-rich SiNx
with R = 0.5, R = 0.7, and R = 0.9 are 0.02, 0.04, and 0.1 nm,
respectively. By precisely setting the probe wavelength at the
transiently red-shifted resonance dip of the transmission
spectra, the largest inverted modulation depth can be obtained.
That is, the transmittance of the probe is completely suppressed
when the pump with incoming data is injected into the Si-rich
SiNx microring resonator. For the inverse data-format
conversion, the probe wavelengths are set as 1559.34,
1559.23, and 1560.58 nm for the Si-rich SiNx with R = 0.5, R
= 0.7, and R = 0.9, respectively (refer to the third row of Figure
13). Among these cases, the nonlinear Kerr effect induced all-
optical modulation in the Si-rich SiNx with R = 0.5 is extremely
weak due to its smallest nonlinear refractive index. The

Figure 13. Upper row: Pump traces with 12 Gbit/s pulsed RZ-OOK data injected into three Si-rich SiNx microring resonators. Middle row: Data-
format preserved probe traces. Lower row: Data-format inverted probe traces.
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converted probe data amplitude is increased from 10 mV to 75
mV by reducing the Si/N composition from 1.53 to 2.06,
corresponding to the enhancement of conversion efficiency
from 13.3 mV/W to 100 mV/W when increasing the Si
concentration from 59.1% to 66.2% in the Si-rich SiNx
microring resonator.
Figure 14 shows the 12 Gbit/s pulsed RZ-OOK eye diagrams

of the data-format inverted probe data stream for all of the Si-
rich SiNx microring resonators based all-optical cross-wave-
length data converters, which are obtained by artificially piling
the inverted 12 Gbit/s pulsed RZ-OOK data stream captured
from the digital sampling oscilloscope (Agilent 86100A
+83485A). The format-inverted probe data stream in the Si-
rich SiNx microring resonator grown with the lowest SiH4/NH3
fluence ratio (R = 0.5) shows an almost blurred eye diagram, in
which the signal-to-noise ratio (SNR) of the format-inverted
data stream obtained from the Si-rich SiNx microring resonator
is too difficult to be measured. In contrast, the eye diagram of
the format-inverted probe data stream becomes clear by using
the Si-rich SiNx microring resonators with R = 0.7 and R = 0.9,
and the measured SNRs are increased to 4.7 and 7.5 dB,
respectively. In more detail, the timing jitter of ∼24 ps for the
format-inverted probe data stream is not deviated much from
that of the pump data stream. Such an enhancement on the
SNR of the Si-rich SiNx microring resonator converted data
stream can be correlated with the greatly enhanced nonlinear
refractive index of the Si-rich SiNx (from 1.4 × 10−14 to 1.6 ×
10−13 cm2/W). When increasing the excess Si concentration in
Si-rich SiNx films by detuning R from 0.5 to 0.9, the transient
wavelength shift induced by the nonlinear Kerr effect is also
increased from 0.02 nm to 0.07 nm. Accordingly, the induced
maximal transmittance change significantly enlarges from 9% to
72%, which makes the modulation depth and the amplitude of
the cross-wavelength-modulated probe data stream from the Si-
rich SiNx microring resonator with R = 0.9 larger than other
cases. Moreover, the rising/falling time of 29 ps obtained from
the format-inverted probe data stream obtained from the Si-rich
SiNx with R = 0.9 is similar to that extracted from the pump
data stream. It indicates that the Si-rich SiNx microring
resonator can perfectly cross-wavelength modulate the probe
carrier to implement the format-preserved or -inverted data
conversion without distortion. In reality, the maximal
modulation bandwidth of the Si-rich SiNx-based all-optical
Kerr switching is mainly determined by the quality factor of the
microring resonator; however, a trade-off between the

modulation response and the quality factor is set due to their
nonlinear dependency. The photon lifetime of the Si-rich SiNx
microring resonator is 19 ps, as given by τp ≈ Qλ0/2πc with Q
≈ 24 019 and λ0 = 1550 nm, which decides the maximal
modulation bandwidth of the Si-rich SiNx-based all-optical Kerr
switch as high as 50 GHz. Such a broadened bandwidth
guarantees the high-speed all-optical data conversion and
format inversion of the data stream in the Si-rich SiNx
microring resonator. The demonstration in this work has
enabled the Si-rich SiNx microring resonator as a new class of
all-optical nonlinear Kerr switch that is capable of serving as the
wavelength converter and data-format inverter for future all-
optical interconnected communication integrated circuits.

Conclusion. By using the Si-rich SiNx microring resonator
with its optical nonlinear Kerr effect enhanced by tuning the Si/
N ratio, the cross-wavelength all-optical data conversion and
format inversion at 12 Gbit/s have been successfully
demonstrated. The microring resonators are made by three
PECVD-grown Si-rich SiNx samples with R = 0.5, R = 0.7, and
R = 0.9, providing the transmission spectra periodically turned
off by notched dip responses with a quality factor of >2.4 × 104.
By scanning the probe wavelength around the notched spectral
response of the Si-rich SiNx microring resonator, the transient
spectral shift induced by the ultrafast nonlinear Kerr effect
under intense pumping is utilized to demonstrate the cross-
wavelength all-optical data conversion with either the sign
preserved or the inverted data format. The nonlinear Kerr
switching induced wavelength shifts of the transmission dips are
temporally red-shifted by 0.02 and 0.1 nm under intense laser
pulse excitation for the Si-rich SiNx microring resonators with R
= 0.5 and R = 0.9. On the basis of the wavelength shift, the
refractive index change induced by the nonlinear Kerr effect is
estimated to increase from 2 × 10−5 to 1.6 × 10−4 for the Si-
rich SiNx with a fluence ratio increase from R = 0.5 to R = 0.9,
indicating that the nonlinear refractive index at ∼1550 nm is
enhanced from 1.4 × 10−14 to 1.6 × 10−13 cm2/W by increasing
the excess Si concentration in the SiNx film from 59.1% to
66.2%. As a result, the cross-wavelength all-optical pulsed RZ-
OOK data conversion with sign preserved or inversed format
can be achieved by enhancing the nonlinear Kerr effect in the
Si-rich SiNx microring resonator. With reducing the Si/N
composition ratio from 1.53 to 2.06, the all-optical converted
data amplitude on the modulated probe is significantly
increased from 10 mV to 75 mV, similarly leading to the
enhancement of the all-optical conversion efficiency from 13.3

Figure 14. Repeatedly stacked trace of the inverted 12 Gbit/s pulsed RZ-OOK data stream obtained at the probe output from the Si-rich SiNx
microring resonator.
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mV/W to 100 mV/W in the Si-rich SiNx microring resonator.
The converted probe data reveal a similar rising/falling time of
29 ps with the incoming pump data, indicating that the data can
be cross-wavelength converted without distortion at a bit rate as
high as 12 Gbit/s. The upper limitation on the modulation
bandwidth of 50 GHz is estimated by the photon lifetime of 19
ps in the Si-rich SiNx microring resonator.

■ METHODS
Experimental Setup for the Data Conversion. The

experimental setup of the nonlinear Kerr switch based all-
optical data converter/inverter is described below. The pump
pulse is generated by externally modulating a continuous-wave
tunable laser (TL1, HP, 8168F) at 1550 nm with a Mach−
Zehnder modulator (MZM, JDSU, 10024180, biased point
offset at Vdc = 6.4 V). A user-defined electrical 12 Gbit/s
pseudo random binary sequence RZ-OOK data stream with a
pattern length of 27-1 is generated from an arbitrary waveform
generator (Tektronix, AWG 7122) with a sampling rate of 12
Gbit/s and an analog bandwidth of 6 GHz. Concurrently, the
electrical pump pulse is boost amplified by an RF amplifier (EA,
JDSU, H301) to drive the MZM for pulsating the continuous-
wave tunable laser output. The pulse width and repetition rate
of the electrical pulse are set as 83 ps and 12 MHz, respectively.
Subsequently, the generated optical pulse is power amplified by
using a first-stage erbium-doped fiber amplifier (EDFA1, JDSU,
OAB1552 + 20FA6), and an optical bandpass filter (OBPF1,
SANTEC, OTF-910) with a 3 dB line width of 0.4 nm is
utilized to suppress the induced amplified spontaneous
emission noise during first-stage amplification. Another high-
gain EDFA (EDFA2, SDO, EFAH1B111NC02) serves as the
second-stage boost optical amplifier to further increase the peak
power of the pump pulse, and an OBPF (OBPF2, JDS,
TB1500B) with a 3 dB line width of 5 nm is also utilized to
suppress the ASE noise induced by the second-stage EDFA.
Finally, the dual-stage amplified pump pulse with a pulse width
of 83 ps and a peak power of up to 3 W is delivered for the test.
To perform the cross-wavelength data conversion and format

inversion, a continuous-wave probe signal generated from a
tunable laser (TL2, Agilent, 8164A) is amplified by an EDFA
(EDFA3, SDO, SEL). Two polarization controllers are used to
adjust the polarization of the pump and probe signals
individually. By coupling the pump and probe signals into the
Si-rich SiNx microring resonator through a lensed fiber with a
mode-field diameter of 2 μm and adjusting the wavelength of
the pump data stream to coincide with the resonance peak of
the microring resonator, the maximal intensity magnification of
the coupled pump beam is achieved to induce the largest
nonlinear Kerr effect. Afterward, the cross-wavelength-modu-
lated probe signal is coupled out and collected by a lensed fiber
at the output facet of the Si-rich SiNx bus waveguide. In order
to distinguish the probe from the pump at the receiving port, an
OBPF (OBPF3, JDS, TB1500B) was used to filter out the
pump data stream and the cross-wavelength-modulated probe
data stream. The separated probe data stream is sent into a
photodetector (Notel, pp-10G). Consequently, the traces and
eye diagrams of the cross-wavelength-modulated probe data
stream are resolved by a digital sampling oscilloscope (Agilent,
86100A+83485A).
Design Principle. The all-pass microring resonator is

constructed by a directional bus coupler and a microring cavity.
Assuming that the insertion loss is negligible in the directional
coupler and the bus/ring waveguides exhibit identical geo-

metries at input and output ports, the transfer matrix function
between the input (Ain, Bin) and output (Aout, Bout) optical fields
is described by42
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where κ is the coupling coefficient of the directional coupler
and l is the coupling length between the directional coupler and
the microring resonator. The output optical field from the
microring waveguide is given by
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where αring is the loss coefficient of the microring resonator, β =
2πngL/λ is the propagation constant, ng is the group index of
the waveguide, λ is the central wavelength, and L is the cavity
length. By correlating eqs 2 and 3, the transmittance of the all-
pass microring resonator is given by
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With the 3 dB line width (δf) of the microring resonator
determined by solving eq 4, the corresponding analytic solution
for the quality factor (Q) of the microring resonator is derived
as
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Particularly, the optical intensity can be enhanced when the
propagation wavelength is exactly located at the resonant
wavelength of the microring resonator. The traveling wave in
the microring waveguide interferes constructively with the
input optical field, and the optical intensity magnification is
built up in the microring resonator when the optical field travels
with a phase-shift of an integral multiple of 2π in one round
trip. By defining K as the coupling ratio between the bus and
microring waveguides, the intensity magnification factor (M) of
the microring resonator is defined as
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