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Abstract Nonlinear photonic circuits with the ability to 
generate and process signals all-optically have emerged in the past 
decade with superior performance to electronic chips. In 
particular, crystalline silicon has become a leading platform for 
integrated nonlinear optics. More recently, hydrogenated 
amorphous silicon emerged as a promising alternative to
crystalline silicon due to its large nonlinearity. In this paper, we 
review recent research on nonlinear optical interactions in and 
applications of hydrogenated amorphous silicon nanophotonic 
devices. This new material platform enables the capability of 
multilayer CMOS-compatible photonic integrated circuits with 
low power requirements for high-speed optical signal processing. 

Index Terms Integrated optics, nonlinear optics, nonlinear 
optical devices, optical materials. 

I. INTRODUCTION

LL-optical signal processing is a key technology for future 
communication networks and promises to facilitate high 

speed and low power communication systems. By processing 
signals all-optically, the communication rate can be increased 
beyond 1 Tb/s [1][2]. During the past few decades, photonic-
chip-based all-optical processing devices have enabled a wide 
range of capabilities, such as all-optical wavelength conversion 
[3] [7], net on-chip parametric gain [8], signal regeneration 
[9][10], pulse characterization [11], logic functions [12][13],
switching [14] [16] and demultiplexing [17][18] at speeds far 
beyond the capabilities of electronic devices. To this end, a 
promising way to realize all-optical processing is through the 
use of ultrafast parametric nonlinear effects.  

Producing nonlinear optical devices on an integrated 
platform can provide benefits in terms of footprint, cost, 
performance and power consumption [19] [21]. Among all the 
platforms for integrated photonics, crystalline silicon (c-Si),
typically in the form of silicon-on-insulator (SOI), has drawn 
considerable interest, mainly due to the combination of high 
refractive index, high third-order nonlinear (Kerr) coefficient 

, the ability to be mass-produced by the mature 
complementary metal-oxide-semiconductor (CMOS) 
technology, and the corresponding ability to combine photonics 
and electronics on the same chip. Integrated silicon photonic 
devices have demonstrated a vast array of functionality 
including wavelength conversion [22], signal regeneration [23],
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optical logic [13][24], switching [14], transceiver systems 
[25][26], and optical links [27], indicating their versatility in 
information handling applications. 

While c-Si exhibits many attractive optical properties, one 
main drawback for realizing nonlinear functionalities at the 
telecommunications band (around a wavelength of 1550 nm) is 
the low nonlinear figure of merit (FOM), defined as

, where  is the two-photon absorption (TPA) 
coefficient and  is the wavelength. Not only is TPA directly 
responsible for optical loss through the absorption of two 
photons, but it also generates free carriers, resulting in 
undesired free-carrier absorption (FCA) and free-carrier 
dispersion (FCD). In order to alleviate the deleterious effect of 
TPA and achieve higher nonlinear FOM and hence higher 
efficiency of nonlinear interactions, materials with higher Kerr 
coefficient  and lower TPA coefficient  are desired, as 
indicated by the established nonlinear FOM. Another 
disadvantage of c-Si is the high temperature growth process, 
thereby making it impractical to fabricate multilayer devices at 
the backend of existing CMOS electronics. 

Hydrogenated amorphous silicon (a-Si:H) has been studied 
for many years for its application in solar cells, yet recently has 
emerged as a suitable material for nonlinear optical applications 
due to its high Kerr coefficient [3][4][28][29] and relatively low 
TPA coefficient, thereby yielding a high nonlinear FOM.
Though these parameters can change depending on the growth 
conditions, its Kerr coefficient can be one order of magnitude 
larger than that of c-Si. In addition, a-Si:H films can be 
deposited at a low temperature (typically 200 - 400 °C) and 
patterned by the same technology as c-Si, making them 
compatible with back-end-of-the-line (BEOL) CMOS 
technology and therefore an attractive material for multilayer 
integration. 

In this paper, we will first review many of the demonstrations 
of a-Si:H waveguiding devices for all-optical processing 
applications as well as their corresponding optical properties. 
Then, we will introduce new demonstrations in a-Si:H devices 
by our group. The paper is organized as follows: in section II 
the deposition and optical properties of a-Si:H devices are 
described; section III reviews seminal reports of a-Si:H 
nanophotonics devices for nonlinear applications; section IV 
shows our recent realization of high-speed logic gates using an 
a-Si:H waveguide; section V highlights our recent nonlinear 
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four-wave mixing (FWM) results in an a-Si:H microring 
resonator; in section VI, the challenges and opportunities of a-
Si:H for future nanophotonic applications are discussed; and 
finally the paper concludes in section VII.

II. A-SI:H PROPERTIES

Unlike the high-temperature epitaxial growth process of c-Si, 
a-Si:H can be readily deposited by plasma-enhanced chemical 
vapor deposition (PECVD). During the deposition process, the 
chamber is maintained at a low pressure of several hundred 
millitorr, silane (SiH4) is diluted in inert gas (usually helium or 
argon) and serves as the source of silicon and hydrogen atoms, 
the substrate is kept at low temperature (typically 200-400 oC), 
and RF power is used to generate the plasma and catalyze the 
growth process. A simplified structure of a-Si:H is illustrated in 
Fig. 1. As is shown, the silicon atoms are not arranged in an 
ordered structure, meaning this material does not have a crystal 
lattice. This disorder results in an unsatisfied valance on some 
silicon atoms, typically called dangling bonds. Dangling bonds 
can cause absorption loss and defect states in the bandgap, and 
hence impair the performance of a-Si:H devices. Fortunately, 
the hydrogen atoms in SiH4 help to passivate some dangling
bonds by forming Si-H bonds, as depicted in Fig.1. Due to its 
similar chemical composition to c-Si, once deposited, devices 
can be created in a-Si:H films using the same processing steps 
as c-Si. 

Fig. 1 Simplified structure of a-Si:H. 

One important parameter to characterize the efficiency of 
third-order nonlinear effects in waveguides is the effective 
nonlinearity, , defined as , where  is the 
frequency of the photon,  is the speed of light, and  is the 
waveguide effective area. From this relationship, it is clear that 
a higher  and smaller  are desired to increase the 
efficiency of the nonlinear optical process. 

As a non-crystalline solid, the exact structure, elemental 
concentrations and optical properties of a-Si:H vary depending 
on the specific deposition conditions. However, previous 
reports generally show a high refractive index of 3.4-3.6 
[4][15][28][30], comparable to that of c-Si. The high index 
contrast between a-Si:H and silicon dioxide makes it possible 
to strongly confine light in a small waveguide geometry (on the 
order of 100  of nm in both dimensions) and hence obtain 
small waveguide effective area  and high light intensity in 

the waveguide, which are critical for nonlinear optical 
interactions. Similar to c-Si waveguides, the linear loss of a-
Si:H waveguides can be near 
[3][4][15][28][31][32][33], originating from the material 
absorption as well as the device fabrication process. 

The third-order nonlinearity of a-Si:H is generally reported 
to be much higher than that of c-Si. The Kerr coefficient  of 
c-Si ranges from  to  as 
reported, and the  value is typically around 
to  [34][35]. In comparison,  of a-Si:H is often 
reported to be greater than 
[4][15][28][31][32][33][36][37] with values as high as 

 [3][40], and the TPA coefficient 
varying from negligible values to , as summarized in 
Table 1. This large variation of nonlinear properties results 
from difference in the structure and elemental concentrations of 
a-Si:H films, and is closely related to the band gap energy of 
the material. According to Dinu s model [36][38], the values of 

 and  depend on the ratio between the photon energy 
 and the band gap energy . Therefore, tuning the 

band gap of a-Si:H film using techniques described in [39] can 
have a great effect on the nonlinear properties. The theoretical 
results in [38] show that when , drops at a 
much faster rate than  with decreasing . This implies 
that one can optimize the nonlinear performance of a-Si:H 
devices by changing the material deposition processing 
conditions and hence the band gap energy: for applications that 
require low power consumption, high Kerr coefficient can be 
achieved by narrowing the band gap (though the TPA 
coefficient might be high); while for applications requiring high 
nonlinear FOM, the performance can be improved by 
increasing the band gap of the material. As reported in 
[29][31][32], the nonlinear FOM of a-Si:H devices can be 
increased from 0.66 to 5, with  decreasing from 

 to  and  dropping 
from  to . 

TABLE 1 NONLINEAR CHARACTERISTICS REPORTED FOR A-SI:H WAVEGUIDES

Ref. FOM
[3][40] 7.43 N/A 3000 N/A

[4] 5 7 2000 0.46
[15] 1.0 0.14 N/A 4.7

[18][41] 0.3 0.2 N/A 0.97
[28][33] 1.3 0.39 770 2.1

[29] 1.75 0.23 332 4.9
[30] 0.05 0.08 35 0.4
[31] 2.1 0.25 1200 5
[32] 4.2 4.1 2003 0.66
[36] 2.2 Negligible N/A N/A
[37] 2.8 N/A 790 3.06
[42] N/A Negligible N/A N/A

III. DEMONSTRATIONS

The outstanding nonlinear optical properties of a-Si:H have
resulted in a significant amount of research over the last several 
years exploring the potential of utilizing a-Si:H devices for all-
optical applications.   



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

A. Self-Phase Modulation 

When a high-intensity optical pulse propagates within a 
third-order parametric nonlinear optical medium, a nonlinear 
phase shift with the same temporal shape as the optical pulse 
intensity is experienced by the pulse. This effect is typically 
described in terms of an intensity dependent change in the 
refractive index , where  is the optical intensity and 
is known as self-phase modulation (SPM). As a consequence of 
the nonlinear phase shift, SPM usually leads to spectral 
broadening. SPM is also an efficient way to characterize the 
Kerr coefficient ; at the same peak power higher  leads to 
larger nonlinear phase shift and thus greater spectral broadening.
Several SPM demonstrations [31][32] have been made using a-
Si:H devices, here we show the results in [32] as an example. A 
nonlinear phase shift of  is obtained at 4.1 W coupled input 
peak power in a 7-mm long a-Si:H waveguide; the 
corresponding spectrum is shown in Fig. 2 where the 
normalized transmission above -10 dB spreads to 
approximately 200 nm in the spectrum. In comparison, SPM 
experiments in a c-Si waveguide show that a peak power of 110 
W is required to achieve a nonlinear phase shift of , and the 
normalized transmission above -10 dB spreads only about 10 
nm [43]. The larger  value in the a-Si:H device provides a 
larger nonlinear phase shift with significantly less peak powers 
than a comparable c-Si device, thereby reducing the power 
requirements for the interaction.  

Fig. 2 Spectral broadening in a-Si:H waveguides at different coupled peak 
powers due to self-phase modulation. Figure reprinted with permission from 
[32], © 2010 OSA. 

B. Supercontinuum Generation 

Self-phase modulation, together with other Kerr effects such 
as modulation instability, soliton shift, and soliton fission, are 
employed to achieve wide spectral broadening and therefore 
generate a supercontinuum source. Reports on supercontinuum 
generation in a-Si:H waveguides have shown up to 790-nm 
wide coherent spectral broadening in the mid-IR regime [44] 
and 550-nm spectral broadening at telecommunication 
wavelengths [45], as shown in Fig. 3. Such broadband 
supercontinuum generation is critical to applications such as 

optical frequency metrology, optical coherence tomography, 
and wavelength-division multiplexing. The large  and 
resulting  for a-Si:H can significantly reduce the power 
requirements for such demonstrations, thereby making chip-
based SCG implementations more efficient. 

Fig. 3 a) Measured output spectrum in a 6-mm long a-Si:H waveguide for 
increasing peak powers with pulse duration of 160 fs, figure reproduced with 
permission from [44], © 2015 OSA; b) Measured output spectrum in a 1-cm 
long a-Si-H waveguide as function of on chip peak pump power with pulse 
duration of 1 ps, figure reproduced with permission from [45], © 2014 OSA.

C. All-Optical Wavelength Conversion 

Optical wavelength conversion is a fundamental building 
block of many advanced optical processing systems. One 
implementation of wavelength conversion is an electro-optic 
converter, which consists of a detector followed by a laser that 
retransmits the incoming signal on the new wavelength. 
However, electro-optic converters are often undesirable as they 
are complex, bandwidth-limited, and lossy due to the optical-
electrical-optical (OEO) conversion. Thus in many cases 
translating the information on the incoming wavelength to a 
new wavelength all-optically without entering the electrical 
domain is simpler and more efficient. All-optical wavelength 
converters are considered to be key processing components in 
the future high bandwidth networks, especially due to their 
potential use in wavelength division multiplexing (WDM) 
systems.  
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Four-wave mixing (FWM) is an important method to realize 
all-optical wavelength conversion, during which a new wave 
called the idler wave is generated with pump and signal waves 
input to the nonlinear medium. Much research has been focused 
on investigating FWM in a-Si:H waveguides[3][29][41][46].
Due to the high Kerr coefficient of a-Si:H, a maximum 

rates (10 GHz) using only 15 mW pump peak power and a 
conversion bandwidth as wide as 150 nm has been realized in 
an 8-mm long a-Si:H waveguide [3], as depicted in Fig. 4. 
Although the maximum FWM conversion efficiency in a-Si:H 
waveguides is comparable to similarly designed c-Si FWM 
demonstrations, the required pump power is 10 times less than 
c-Si [22] due to the large nonlinearity of a-Si:H, suggesting the 
capability of utilizing these devices for nonlinear optical 
applications with extremely low power requirements.  

Fig. 4 Pulsed FWM experiment using a 10 GHz repetition-rate source; main: 
conversion efficiency as a function of pump peak power; inset: a sample FWM
spectrum from a 8 mm a-Si:H waveguide when pump peak power is 8 mW. 
Figure reproduced with permission from [3], © 2012 OSA. 

D.  Optical Parametric Amplification and Oscillation 

To compensate for the loss and restore the power of a signal 
in optical systems, optical amplification is critical. Ultrafast 
optical parametric processes, in which all energy is maintained
in the form of photons (rather than lost through means such as 
electronic transitions, heat, or crystal vibrations), can provide 
an approach for signal amplification where amplification 
bandwidths can be very broad-band and defined through 
dispersion engineering. Additionally, the phase-dependent 
nature of the interaction can be exploited for phase-sensitive 
amplification with reduced noise figures over phase-insensitive 
approaches. The high FWM efficiency achieved in a-Si:H 
waveguides enables the possibility of using these devices for 
optical parametric amplification (OPA). Specifically, 
broadband on/off gain as high as 26.5 dB using 10 MHz laser 
source is reported in a 1.1 cm long a-Si:H waveguide [33] (Fig. 
5a, 5b), and on-chip gain up to 10 dB at GHz-repetition rates is 
demonstrated in a 6 mm long a-Si:H waveguide as depicted in 
Fig. 5c [47]; in addition, the effect of source repetition rate is 

studied in [8]. In comparison, the high TPA and FCA limit the 
parametric gain in a c-Si waveguide to 5.2 dB at a 75 MHz 
repetition rate [48]. 

Fig. 5 a) and b) Experimental setup and output spectra for OPA test in an a-
Si:H waveguide with 10 MHz pulses; black curve shows the case when pump 
and signal are not synchronized in time, blue curve is the case when pump and 
signal are synchronized, and a signal amplification of more than 20 dB is 
observed; figure reproduced with permission from [33], © 2011 OSA; c) On-
chip gain / idler conversion at 1 GHz pump repetition rate as a function of signal 
wavelength in an a-Si:H waveguide, figure reproduced with permission from 
[47], © 2014 OSA.

Integrated tunable light sources are critical for on-chip 
optical systems; however, the indirect bandgap of silicon 
hampers the development of a light source in a conventional,
electrically pumped manner. By placing the waveguide in a 
resonant-cavity, the broadband parametric gain described above 
can subsequently be employed to amplify vacuum fluctuations 
to achieve optical parametric oscillation (OPO), thereby 
providing a broadband tunable light source. The wavelength of 
the oscillating mode can be tuned by changing the cavity 
parameters (for example, by slightly changing the physical 
length of the dispersive cavity). As shown in Fig. 6, using a
fixed 90 MHz pump wave, active wavelength tuning over 42 
THz is achieved via optical parametric oscillation in a cavity 
with a 8 mm long a-Si:H waveguide as the nonlinear element 
[49]. The oscillation threshold of the pump energy is measured 
to be as low as 1.53 pJ. This represents the first silicon 
telecommunications-wavelength optical parametric oscillator. 
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Fig. 6 a) Experimental setup for OPO using an a-Si:H waveguide; b) A sample 
optical spectrum of OPO; c) Tuning spectra of the oscillation mode at short 
wavelength side (1370 nm ~1515 nm) and long wavelength side (1600 nm 
~1810 nm) for a 1558-nm pump laser. Figure reproduced with permission from 
[49], © 2015 OSA.

E.  Optical Time-Division Demultiplexing 

Optical time division multiplexing (OTDM) is a technique 
that enables high transmission capacity of a fiber using a single 
optical carrier [50]. Much work in nonlinear integrated 
photonics has focused on demultiplexing high-speed OTDM 
signals [18][40][51][52]. To this end, the FWM process has the 
ability to efficiently transfer the information from a temporal 
section of the signal wave to the idler wave and thus inherently 
can be applied to realize OTDM demultiplexing. As depicted in 
Fig. 7, Ref. [40] reports error-free ( ) 160-to-10
Gb/s OTDM demultiplexing in a 6-mm long a-Si:H waveguide 
using switching peak powers as low as 50 mW. Notably, this 
power requirement is one order of magnitude lower than 
demonstrations in other integrated photonic platforms such as 
chalcogenides [53][54] and c-Si [52][55].

Fig. 7 Experimental setup for 160-to-10 Gb/s all-optical demutiplexing using 
an a-Si:H waveguide . Figure reprinted with permission from [40], © 2012 
OSA. 

F.  All-Optical Switching 

Another essential function required in future high bandwidth 
networks is all-optical switching. Although effects such as TPA 
and FCD can be employed to achieve all-optical switching, the 
required power is generally high and the operation speed is 

limited by the carrier lifetime [56]. The ultrafast response time 
of the Kerr effect makes it attractive for high data rate all-
optical switching applications [14]. Cross-phase modulation 
(XPM) can be utilized to achieve high-speed all-optical 
switching in interferometric devices such as Mach-Zehnder 
interferometers [14] or optical resonators [57]. To this end, a-
Si:H is a promising material to lower the power requirement for 
ultrafast all-optical switching. An initial demonstration was 
obtained in a-Si:H micro-cylindrical resonators [57], in which 
researchers realized all-optical switching with power thresholds 
as low as  (  of switching energy) and response time 
on the order of . To further reduce the device size, a-Si:H 
integrated microring resonators have been utilized [15] to
observe optical switching with response time of  and 
switching energy of only  in an a-Si:H microring 
resonator with diameter of . In comparison, the 
switching time of c-Si microring resonators is around ,
as can be seen in Fig. 8. The speed of c-Si devices is restricted 
by the free carrier effect, while on the contrary, the free carrier 
effect can be negligible in a-Si:H microring resonators when 
operating with a high nonlinear FOM resulting in switching 
purely from XPM.  

Fig. 8 Measured probe transmission as a function of time and probe wavelength 
in a) an a-Si:H microring resonator, b) a c-Si microring resonator. Red denotes 
high transmission and blue means low transmission. Figure reproduced with 
permission from [15], © 2014 OSA. 
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G.  Photon Pair Generation 

Quantum optics is a field studying how individual photons 
interact with atoms and molecules. Photons have been used to 
test many of the often counter-intuitive predictions of quantum 
mechanics, such as entanglement and teleportation, and are also 
an extremely useful resource for quantum information 
processing, especially for highly secure communications. 
Efficient photon pair generation is a critical building block for 
quantum optical systems, and researchers have made great 
efforts to achieve efficient photon pair generation in integrated 
quantum optical devices [58][59][60][61][62][63]. The large 
nonlinearity of a-Si:H makes it a promising material to realize 
high-quality photon pair generation via spontaneous four wave 
mixing (SFWM). The results in [64] show highly efficient 
photon-pair generation with a coincidence-to-accidental ratio 
(CAR) as high as 400 using an 8-mm long a-Si:H waveguide in 
far-detuned multiple wavelength channels, as depicted in Fig. 
9. Notably, this CAR exceeds those achieved in both liquid 
nitrogen cooled dispersion shifted fiber (~30) [58] and c-Si (25-
200) [59][60]. 

Fig. 9 Dark-count subtracted CAR versus the pump photon number per pulse. 
The highest CAR for the 15 nm (20 nm) detuning is 399 (168). Figure 
reproduced with permission from [64], © 2014 OSA.

H.  Quantum Frequency Conversion 

Another important building block in quantum optics is 
quantum frequency conversion, as in many optical systems the 
required photon frequencies differ from the frequencies at 
which the transmitters emit photons or the receivers detect them 
efficiently. Since the field of quantum optics studies the 
quantum states of photons, it is critical that the process utilized 
to realize frequency conversion is inherently noiseless; 
otherwise the excess noise can hinder the quantum process.  

Two primary techniques are used to realize noiseless 
frequency conversion: one is frequency-down conversion via 
difference frequency generation (DFG) [65][66], and another is 
named four-wave mixing Bragg scattering (FWM-BS) 
[67][68][69][70]. DFG is a second-order nonlinear effect, in 
which a pump photon is down converted to a signal photon and 
an idler photon. In DFG, the energy of pump photon is nearly 

twice that of signal photon and this means the pump and signal 
are far separated in wavelength. In contrast, FWM-BS is a third-
order nonlinear effect and thus can be achieved in any material 
system and the wavelengths of the interacted waves can be 
closely spaced in wavelength. As depicted in Fig. 10, FWM-BS 
is a variant of the conventional FWM process. In conventional 
FWM, pump photons are annihilated in pairs and 
simultaneously sideband (signal and idler) photons are 
produced in pairs. However, the conventional process also 
enables the vacuum fluctuations associated with the signal and 
idler to be amplified so that excess noise is added to the signal 
and idler. In contrast, in FWM-BS, each generated idler photon 
results from an annihilated signal photon; thus, power is 
transferred directly from the signal to the idler, mirrored by the 
same power transfer between the two pumps. Because the total 
sideband power is constant, the vacuum fluctuations are not 
amplified, and hence no excess noise is produced. Notably, in 
FWM-BS the wavelengths of the generated idlers can be 
changed by tuning the wavelengths of the pumps and the signal 
without sacrificing the conversion efficiency, as long as the 
pumps and the signal are equally separated from the zero group 
velocity dispersion wavelength (phase matching condition, see 
Fig. 10b). This feature of FWM-BS allows flexible frequency 
conversion. 

Low-noise frequency conversion via FWM-BS has been 
demonstrated in highly nonlinear fiber [67][68] and integrated 
platforms including c-Si waveguides [70] and silicon nitride 
waveguides [69]. However, the results are restricted in 
bandwidth (limited by fiber) or low internal conversion 
efficiency 
(limited by the low Kerr coefficient and/or low nonlinear 
FOM). For example, a 5% internal conversion efficiency with 
1 W and 55 mW pump peak powers was observed in a c-Si 
waveguide [70] and a 5% internal conversion efficiency with 
6.8 W pump peak power was expected from simulation in a 
silicon nitride waveguide [69]. In contrast, a 67% internal 
conversion efficiency is achieved with only 81 mW (for pump1) 
and 285 mW (for pump2) peak powers in an a-Si:H waveguide 
[4]. Comparing these results, we can see that a-Si:H waveguides 
both require less pump power and yield higher efficiency than 
other silicon-based platforms, showing its great potential in 
quantum optical applications. 
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Fig. 10 a) In conventional non-degenerate FWM, a pump1 photon and a pump2 
photon are annihilated, generating a signal photon and an idler photon; the 
zGVD wavelength is generally placed in the center of the four waves to achieve 
phase matching; b) In FWM-BS, a signal photon and a pump photon can be 
converted into another pump photon and an idler photon. Two idlers (b_idler 
and r_idler) are generated at different wavelengths; phase matching requires the 
zGVD wavelength to be in between the pumps and the signal; c) FWM-BS
spectrum in a 8 mm a-Si:H waveguide with pump peak powers of 81 mW and 
285 mW; inset: internal efficiency of FWM-BS as a function of pump1 peak 
power. Figure reproduced with permission from [4], © 2017 OSA.

IV. ALL-OPTICAL LOGIC GATES

All-optical logic functions are key elements to constructing 
efficient all-optical communication networks, since they serve 
as basic building blocks of optical devices for digital signal 
processing, storage, and encryption.  

Integrated all-optical logic gates, including AND, NAND, 
XOR, and XNOR have been demonstrated using either thermo-
optic or carrier effects in microring resonators [24][71], and the 
Raman effect in waveguides [72], however, the operating
speeds of these devices are restricted to less than 1 Gb/s due to 
the bandwidth of the resonators and response time of the 
nonlinear effects. To this end, parametric nonlinear processes 
such as FWM in integrated waveguide devices are especially 
promising to realize all-optical logic gates due to their ultrafast 
operation, low power requirement and potential for cascading 
to functional logic circuits. Specifically, up to 40-Gb/s all-
optical XOR, XNOR, AND, and NOR gates utilizing FWM 
have been realized in c-Si waveguides [13][73]. 

The high nonlinearity and nonlinear FOM of a-Si:H allows 
for a highly efficient nonlinear interaction, and can be utilized 
to achieve more power-efficient high-speed all-optical logic 

gates. For example, based on the highly efficient FWM-BS 
process demonstrated in a-Si:H waveguides as described above, 
the energy of an input signal is transferred to idler waves with 
the help of the two incident pumps, leading to a depletion on 
the signal wave up to 7 dB [4][74]. This decrease of signal 
amplitude can be employed to yield a NAND logic operation, 
in which the logic inputs are encoded to the input pump waves 
via on-off keying (OOK), as depicted in Fig. 11a). Additionally,
we can concurrently realize the AND logic functions through 
the generation of idlers in FWM-BS process, see Fig. 11a).

Fig. 11 a) NAND/AND logic gates design based on FWM-BS via OOK; b) the 
corresponding truth table. 

The a-Si:H waveguide used in this logic gate experiment is 
6-mm long with a cross-section of 420-nm (width) x 200-nm 
(height), and is designed to have a zero group velocity 
dispersion wavelength (zGVD) around 1550 nm for the 
transverse electric (TE)-like mode. The Kerr coefficient  is 
determined to be around  by FWM; the 
scanning electron microscope image of the waveguide is shown 
in Fig. 12b). We perform a preliminary FWM-BS test using a
90 MHz laser source, and the spectrum in Fig. 12 c) shows 7.4 
dB amplitude depletion of the signal. Fig. 12 a) shows the 
experimental setup for time domain logic operation 
measurements. The source used in the experiment is a 5-GHz 
mode-locked laser followed by a pre-amplifier, and the 
spectrum is further broadened after propagating through the 
highly nonlinear fiber (HNLF); then a programmable optical 
filter (Finisar Waveshaper) is used to select the pumps (at 1550 
nm and 1559 nm) and signal (at 1537 nm) waves each with a 
linewidth of 0.5 nm. An intensity modulator is used to reduce 
the rate of the pumps to 1.25 Gb/s, as well as to encode pseudo 
random binary sequences onto the pumps to serve as the logic 
inputs. After amplification, removing excess noise, and path 
matching, the three lightwaves are combined together and sent 
into the a-Si:H waveguide using a lensed fiber. Two lenses are 
then used to collect and couple the waveguide output into a 
single-mode fiber. Finally, a tunable filter is used to select each 
of the pumps, signal and idlers, and a photodiode followed by a 
sampling scope is used to obtain the time domain traces. 

The experimental 1.25-Gb/s time domain logic results are 
shown in Fig. 12d). As can be seen, when both pumps are at 
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high levels (logic 1), the signal is depleted due to the FWM-BS 
process and hence exhibits a low level (logic 0); while with the 
absence of FWM-BS in all the other cases, the signal remains 
at high level (logic 1), thereby validating the all-optical NAND 
logic operation at the signal wavelength. The idlers behave in 
the inverse manner, and hence yield all-optical AND logic 
functions at the idler wavelengths (here we only show the red 
idler, as the blue idler behaves exactly the same as the red one). 
We can see from the time domain trace of the signal that the 
logic 0 level is more than 3 dB lower than logic 1 level for the 
NAND logic gate. Remarkably, the pump peak powers in the 
waveguide are around 85 mW, which is an order of magnitude 
less than our previous logic demonstration in HNLF [75]. In the 
a-Si:H waveguide, the extinction ratio of the signal (the 
difference between logic 1 and logic 0) and the operation speed 
are limited by the nonlinear loss due to TPA and carrier 
absorption, and we believe it can be increased by optimizing the 
a-Si:H deposition process. 

Fig. 12 a) Experimental setup for time domain logic measurements; MLL: 
mode-locked laser; EDFA: erbium doped fiber amplifier; WDM: wavelength 
division multiplexer; PC: polarization controller; TODL: tunable optical delay 
line; IM: intensity modulator; PD: photodiode; b) SEM image of the a-Si:H 
waveguide c) FWM-BS spectrum using a 90 MHz mode-locked laser as the 
source; d) Time domain logic operation measurement results. 

Notably, the NAND gate is a universal logic gate and 
therefore can serve as a basic building block for all other logic 
gates. Despite the difference in the wavelengths of the logic 
output and input, cascaded logic operations can be easily 
achieved using our NAND gate design. Since the phase 
matching condition of the FWM-BS process allows the 
involved strong and weak waves to interchange between the 
pre-defined wavelengths without sacrificing the efficiency, 
simply filtering and amplifying the output waves will allow 
them to serve as inputs to subsequent gates. By design, each 
waveguide in a cascaded logic circuit can be identical, as the 
required phase matching condition is exactly the same in any 
configuration of the waves. As an example, Fig. 13 illustrates 

an all-optical OR gate design using three NAND logic gates, for 
simplicity, only one idler is considered. 

Fig. 13 Design of an all-optical OR gate using NAND logic gates based on 
FWM-BS. WDM: wavelength division multiplexer/demultiplexer. The top and 
bottom NAND gates have strong wave inputs conveying the same digital data 
patterns, respectively (S1-S2 for the top, S1-S3 for the bottom one).

V. A-SI:H MICRORING RESONATORS

As discussed above, FWM has been studied extensively for 
a wide range of applications. However, efficient FWM
generally requires significant optical power and cm-long 
waveguide structures. To reduce power requirements and the 
device footprint, resonant enhancement in devices such as 
microring resonators can be employed. The resonant 
enhancement scales with the cavity finesse, which is inversely
proportional to the linewidth of the employed resonance,
resulting in a trade-off between the power requirement and the 
operational bandwidth (limited by the linewidth of the 
resonances). Therefore, a small cavity size is generally required 
to realize efficient high-speed operation. Additionally, a 
material with high nonlinearity is desired to reduce the required 
level of resonant enhancement and hence alleviate the trade-off 
between power and bandwidth. To this end, a-Si:H is a 
promising material to realize large bandwidth FWM in 
microring resonators due to its high refractive index and large 
nonlinearity. 

The structure of our a-Si:H microring resonator device is 
illustrated in Fig. 14a). The 10- m-radius ring is has a 200 nm 
gap from the bus waveguide, which has a total length of 3.8 mm; 
both the bus waveguide and the ring has a cross section of 250 
nm (thickness) x 360 nm (width), which is designed to have a 
zGVD wavelength around 1550 nm for the TE-like mode [92]. 

The measured transmission spectrum of the a-Si:H microring 
is shown in the black line in Fig. 14b). Quasi-CW laser sources 
modulated at 10 GHz with a duty cycle of 1 to 6 are used in the 
FWM experiments. The pump is tuned into the resonance at 
1548 nm, which has an extinction ratio of 11.3 dB and a 3-dB 
linewidth of 0.15 nm (18.7 GHz), corresponding to a Q factor 
of 10,300. The spectra at the bottom of Fig. 14b) show the 
FWM cases when both the pump and the signal are in the ring 
resonances (red curve) and when both are out of resonance (blue 
curve); in the out of resonance case, the FWM takes place in the 
3.8-mm long bus waveguide. In this experiment, the input pump 
peak power in the waveguide is kept at 1.58 mW, and the input 
signal peak power is 37 W. The FWM conversion efficiency 
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in the ring is defined as the ratio of the output idler power 

to the input signal power  (see Fig. 14a). According 
to the spectra, we obtain -34.6 dB FWM efficiency in the a-Si:H 
ring; compared to -57.4 dB in the bus waveguide, providing a  
22.8 dB improvement in efficiency due to the ring resonant 
enhancement. 

Fig. 14 a) SEM image of the microring resonator; inset: simulated electric field 
distribution of the waveguide TE-like mode; b) transmission spectrum and 
FWM spectra in the ring and waveguide; black line: normalized transmission 
spectrum of the microring; red line: spectrum of FWM in the ring resonator; 
blue line: spectrum of FWM in the waveguide.

The FWM conversion efficiency is measured with varying 
input pump peak powers while fixing the signal power at 37 

15a). As depicted with 
the red dots, at low pump powers, the FWM conversion 
efficiency can be improved by increasing the pump power, 
however, saturation begins at a pump power around 2 mW. An
efficiency of -29.5 dB with only 4.3 mW pump power. We 
believe the conversion efficiency in the rings is limited mainly 
by the absorption of light due to the presence of carriers that are 
generated in the structures. However, this efficiency is higher 
than that achieved in c-Si microrings with similar size [76],
suggesting that the nonlinear FOM of our a-Si:H film is higher 
than c-Si. Following the analysis described in [76], we simulate 
the FWM process in our a-Si:H microring resonator; as shown 
in Fig. 15a), the simulation is in good agreement with the 
experimental results, and we attribute the discrepancy at higher 
powers to the inaccurate estimation of the nonlinear loss. 
Finally, we compare the FWM efficiency when keep the pump 
in the same resonance and tune the signal to other resonant 
wavelengths, and the measured spectra are shown in Fig. 15b). 
As is shown, when the signal is in adjacent resonances at 1539 
nm and 1564 nm, the efficiencies are comparable to the case in 
Fig. 14b), as expected from the low GVD design. 

Fig. 15 a) FWM conversion efficiency in the microring resonator as a function 
of input pump power; red dots: experimental data; black line: simulation result; 
b) spectra of FWM with signal in different resonances; top: signal ~ 1539 nm; 
bottom: signal ~ 1564 nm.

Compared to previous FWM demonstration in c-Si 
microrings with similar size [76], our device can achieve higher 
efficiency with lower Q factor and hence broader resonant 
linewidth, allowing for higher operational speed.  

VI. CHALLENGES AND OPPORTUNITIES

It is logical to expect that TPA should vanish when the 
photon energy is less than half the band gap energy .
As the band gap energy of a-Si:H can be tuned from  to 

 [39], it means that if the bandgap  of a-Si:H is higher 
than , the photons at wavelength 1550 nm ( )
should not be absorbed. However, due to the amorphous nature 
of the a-Si:H material, there are exponential band tails 
extending the absorption edge to photons with energy smaller 
than  [77][78], resulting in TPA at a wavelength of 1550 
nm even though the effective bandgap energy of a-Si:H is 

 [32].
Besides TPA, other non-instantaneous nonlinear absorption 

effects are found in some a-Si:H films. A popular mode used to 
explain the non-instantaneous absorption is the two-state 
absorption (TSA) model [79]. This model assumes that 
dangling bonds in a-Si:H induce mid-gap localized defect states,
and sequential one-photon absorption events are facilitated by 
the existence of these mid-gap defect states. Although this 
model does provide a reasonable explanation, it is not 
commensurate with the experimental results reported in [42],
and therefore some other phenomenological effects are likely in 
play. However, to the first order, the TSA model can help to 
approximate the interaction. Whatever the origin, the non-
instantaneous nonlinear absorption can constrain the use of a-
Si:H in nonlinear optical devices employing continuous wave 
light or long pulses with high repetition rates [79][80].
Fortunately, research has shown that lower deposition rates can 
help decrease the dangling bond defects and hence improve the 
material quality [15], likely as a result of the formation of Si-H
bonds that a slower growth rate facilitates [36][77]. It is also 
found that the deposition temperature is a critical parameter in 
determining the film quality. As a consequence of the balance 
between the surface diffusion of the precursor SiH4 and the 
desorption of hydrogen, the lowest defect density is usually 
achieved at a process temperature of around 250°C [81][82]. 

Another potential challenge of using a-Si:H for optical 
interconnects is light-induced degradation (often attributed to 
the Staebler-Wronski effect). In some a-Si:H devices, the 
waveguide properties and nonlinearity degrade over time at 
high optical intensities, likely due to the increase of defects in 
the material. The exact nature and cause of the Staebler
Wronski effect in a-Si:H is still not well understood, but the 
main material properties that could play a role in the effect are 
disorder in the Si network, hydrogen concentration and its 
complex bonding structure, as well as the concentration of 
impurities. A favorable mode to explain the effect is the 
hydrogen bond switching model. The mode proposes that the 
energy released by the recombination of photo-excited 
electrons and holes at weak Si-Si bond locations is sufficient to 
break the bond, and that a neighboring hydrogen atom then 
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forms a new bond with one of the Si atoms, preventing 
restoration of the broken bond and resulting in a dangling bond 
[83][84]. This effect is presumably associated with dangling 
bond defects. However, it has been shown that some types of 
degradation can be reversed through annealing [28].

Despite these challenges, a-Si:H creates great possibilities to 
realize low-power and large bandwidth CMOS-compatible all-
optical signal processing devices as evidenced in the work 
highlighted in this manuscript. Due to the high Kerr coefficient 
and nonlinear FOM, a-Si:H devices can be utilized to achieve 
nonlinear interactions with power efficiencies and speeds that 
are impossible with other integrated platforms. For example, 
the parametric gain is limited to 5.2 dB at 75 MHz repetition 
rate in a c-Si waveguide due to the high TPA and FCA [48], 
while on-chip parametric gain as high as 17 dB has been 
demonstrated in an a-Si:H waveguide at a similar repetition rate 
of 90 MHz [49]. This superior performance enabled the only 
telecom-wavelength silicon optical parametric oscillator 
through the realization of net optical cavity gain [49]. The 
higher nonlinear FOM provided by a-Si:H also indicates that 
nonlinear phase shifts required for various parametric nonlinear 
optical processes can be achieved with lower input powers, 
resulting in more power-efficient processes. Additionally, due 
to the reduced impact of free carriers, a-Si:H microring 
resonators can enable ultrafast all-optical switching that is 
faster than c-Si resonators by more than an order of magnitude, 
as shown in Section III subsection F [15].  

The beneficial nonlinear optical properties in a-Si:H also 
have significant implications in quantum information 
processing. The high FWM efficiency in an a-Si:H waveguide 
has enabled the generation of photon pairs with much higher 
CAR than other platforms, as discussed in Section III 
subsection G [64]. Additionally, as discussed in section III 
subsection H, the internal efficiency of FWM-BS in an a-Si:H 
waveguide can be as high as 67% at moderate power levels [4]; 
this high efficiency can be employed, for example, to 
demonstrate chip-based Hong-Ou-Mandel interference of two 
photons of different wavelengths (which requires at least 50% 
conversion efficiency) [85], which can be subsequently used to 
realize quantum copying without an ancilla [86].  

Lastly, the simple growth process of a-Si:H film at low 
temperature allows for 3D integration, which can further reduce 
the size of integrated photonic devices and subsystems. 
Researchers have demonstrated direct fabrication of an a-Si:H 
photonic layer at the back-end of a CMOS wafer [87] and multi-
plane integration of a-Si:H photonic layers [88]. Furthermore,
a-Si:H can facilitate heterogeneous integration with other 
material platforms [89][90]. For example, the material loss of 
silicon nitride photonic devices can be very low, which is 
preferable for signal transmission; however, the nonlinear 
coefficient is relatively low (one order smaller than c-Si). A 
device that combines the low loss property of silicon nitride and 
the relatively high nonlinearity of c-Si has been fabricated [90],
with an interlayer coupling loss of only 0.02 dB at 1550. 
However, the fabrication process is very sophisticated,
requiring wafer bonding, backside removal of the Si substrate 
and wet etching of the buried oxide layer. In contrast, replacing 

c-Si with a-Si:H helps to significantly simplify this 
heterogeneous fabrication process. The device can be built by 
first patterning the silicon nitride layer, followed by the 
deposition of silicon dioxide and chemical-mechanical 
polishing (CMP), producing a surface that is optimized for a-
Si:H deposition and patterning of waveguides for nonlinear 
interactions [91]. 

VII. CONCLUSION

In conclusion, we have reviewed the recent progress in a-
Si:H, a potential alternative to the c-Si film in an SOI stack, as
an integrated optical platform for nonlinear optics. The 
beneficial nonlinear optical properties have enabled new 
functionalities in all-optical signal processing such as 
parametric gain in silicon at GHz data rates and ultrafast all-
optical switching, that are critical in both emerging classical 
and quantum optical systems. Although there is greater 
variability in the material properties of a-Si:H due to its 
amorphous nature, understanding of the impact of growth 
conditions on these properties is emerging. The high nonlinear 
optical performance of a-Si:H devices combined with intrinsic 
compatibility with electronic-chip manufacturing (CMOS) and 
multilayer integration raises the prospect of practical platforms 
for future all-optical photonic integrated circuits requiring low 
cost, small footprint and low power consumption.  
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