
st
a
tu

s

so
li

d
i

p
h

y
si

ca a

Nonlinear Waveguides www.pss-a.com

FEATURE ARTICLE
Second-Harmonic Generation in Integrated Photonics
on Silicon
Ashutosh Rao and Sasan Fathpour*
This paper presents the recent progress on integrated second-order
nonlinear waveguides on silicon substrates for second-harmonic genera-
tion. In particular, demonstrations of thin-film lithium niobate, III–V
compound semiconductor and dielectric waveguides integrated on silicon
substrates are reviewed. For completeness, the fundamentals of the
nonlinear optical processes involved are briefly introduced. Methods
demonstrated for phase matching, e.g., periodic poling and mode-shape
modulation, in the compact integrated devices are discussed. Finally, an
outlook for how integrated photonics may benefit from the progress in
this field is provided.
1. Introduction

Optical three-wavemixing[1,2] has been pursued for the generation
of coherent light from the ultraviolet to the infrared since
1961.[3–22] The phenomenon of three-wave mixing occurs in
transparent non-centrosymmetric materials that exhibit a suffi-
ciently strong nonlinear response to intense coherent radiation.
Waves of often broadly separated frequencies, commonly referred
to as the pump, signal, and idler, with angular frequencies ωp, ωs,
andωi, are coupled to each other, leading to frequency conversion.
Second-harmonic generation (SHG), sum- and difference-
frequency generation (SFG and DFG), spontaneous parametric
down conversion (SPDC), optical parametric oscillation (OPO),
andoptical parametric amplification (OPA) are some typical three-
wavemixing processes. Thesewere originally demonstratedbased
on bulk crystals in bench top configurations,[3–16] and subse-
quently in integrated waveguides.[17–22] Optical phasematching is
required in theseprocesses to compensate for the dispersionof the
interacting waves to ensure efficient energy transfer.[23] Thus,
phase matching is one of the key factors that ought to be
engineered in waveguide implementations of three-wave mixing.
A significant advantage of using waveguides is the increase in the
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nonlinear overlap between the interacting
waves, leading to an increase in the
nonlinear efficiency.[24] In particular, SHG,
where two pumpphotons of frequencyω are
converted to a single signal photon at
frequency 2ω, has received significant
attention, due its many applications, e.g.,
frequency stabilization and imagingmicros-
copy. This reviewpaperwill largely use SHG
to elucidate the progress made in second-
order nonlinear integrated photonics on
silicon.
2. Nonlinear Coupled-Mode
Equations
Before delving into the existing integrated photonic solutions for
second-order nonlinear optics on silicon, we present a theoretical
formulation of SHG, which is a special case of three-wavemixing
with ωp¼ωs¼ωi/2. Clearly, the following formulation can be
readily extended to other three-wavemixing processes. Dropping
the subscript notations for the involved angular frequencies, the
nonlinear polarization response at the idler frequency 2ω, P2ω, is
given by[1,23]

P2ω ¼ 2dEωEω; ð1Þ

where Eω is the pump electric field at frequency ω, and d is the
nonlinear tensor, equal to half the second-order nonlinear
susceptibility tensor, χ(2). We utilize the local normal-mode
expansion (LNME),[25] which is based on using the local
eigenmodes of a spatially varying waveguide. The normalized
field amplitudes of the second harmonic (SH) signal a2ω(z), and
the pump aω(z), at frequencies 2ω and ω, respectively, satisfy the
following coupled-mode equations in a periodic waveguide[25]

d
dz

a2ωðzÞ ¼ �iðaωðzÞÞ2eiΔβ0zf ðzÞ � α2ω
2

a2ωðzÞ; ð2aÞ

d
dz

aωðzÞ ¼ �iaωðzÞa2ω�ðzÞe�iΔβ0zf �ðzÞ � αω
2
aωðzÞ; ð2bÞ

where α2ω and αω are the waveguide propagation losses at
frequencies 2ω and ω, respectively, and Δβ0 is the phase
mismatch between the signal and the pump waves, averaged
over one period of propagation length. f(z) is a locally varying
nonlinear coupling of the propagation equations that captures all
the effects of the modulation of the waveguide, and has the
form[25]
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f ðzÞ ¼
ffiffiffi
2

p
ω

μ0
e0

� �3
4

exp �i
Zz

0

2βωðζÞ � β2ωðζÞ þ Δβ0
� �

dζ

2
4

3
5

nωef f ðzÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2ωef f ðzÞ

q ΓðzÞ;

ΓðzÞ ¼ ∬ dðx; y; zÞ E2ωðx; y; zÞ� ��
Eωðx; y; zÞf g2dxdy

∬ E2ωðx; y; zÞ�� ��2dxdyn o
∬ E2ωðx; y; zÞ�� ��2dxdyn o2

� 	1=2 ;

ð3Þ

where β2ω (z) and βω (z) are the local propagation constants,
n2ωef f ðzÞ and nωef f ðzÞ are the local effective indices, and E2ω (x, y, z)
and Eω (x, y, z) are the local transverse mode field profiles of the
signal and pump waves, respectively. As mentioned, d(x,y,z) is
the second-order nonlinear d tensor that mediates the nonlinear
process.

The origin ofΔβ0 lies in the dispersion of the effective index of
the waveguide, which has contributions from the material
dispersions of the core and cladding materials, and the
dispersion due to the optical confinement offered by the
waveguide.[26,27] This leads to different phase velocities for
the pump and SH waves. Efficient SHG requires a mitigation of
Δβ0 by inducing an appropriate z-dependent variation in f(z).
Phase matching, i.e., the compensation of the different phase
velocities, is crucial for achieving high-efficiency nonlinear
frequency conversion. The term quasi-phase matching (QPM) is
used when this compensation is periodic. The accepted measure
of the efficacy of the phase matching is the normalized
conversion efficiency, which is a figure of merit of the waveguide
itself, independent of the input power and the mode of
operation, pulsed or continuous wave (CW). It is calculated,
in units of 1/(Wcm2), as

η0 ¼
1
Λ

Z Λ

0
f ðzÞexp izð�2πq=Λþ Δβ0Þ


 �
dz

� �2

; ð4Þ

where Λ is the period along the propagation length, and q is an
integer chosen to minimize Δβ0–(2πq/Λ). This amounts to
calculating the Fourier series expansion of f(z) and choosing the
coefficient that best cancels out Δβ0 in the phase. As an
illustration, the evolution of the pump and the SH signals is
simulated in Figure 1. Two different values of η0, 50%/(W �cm2)
(solid traces) and 1000%/(W �cm2) (dashed traces), are used as
examples. These roughly correspond to a traditional (Section 3)
and a novel integrated (Section 4.1) nonlinear waveguide for
SHG. The input CW pump power is 10mW for both cases,
which is representative of a typical integrated photonic laser
source. A strong increase in frequency conversion with an
increase η0 is clearly seen.

Several materials have been used for three-wave mixing in
bulk crystals using free-space Gaussian beams. Table 1 lists
some key materials, along with their largest nonlinear
coefficient, normalized to the d33 coefficient of lithium niobate
(LN), viz., 30 pm/V. LN is chosen as the benchmark, since it is
perhaps the most heavily used material in this field. Included in
Phys. Status Solidi A 2017, 1700684 1700684 (
Table 1 are some III–V compound semiconductors. Nonlinear
waveguides have been able to utilize only a few of these
materials, due to limitations in material processing and phase
matching.

The approaches used for phase matching in integrated
photonic waveguides can be largely classified into two categories.
The first well-established category is QPM, and is outlined in
Sections 3 and 4. The second category relies on minimizing Δβ0
(to zero) through modal dispersion, i.e., engineering the
dispersion of the waveguide by choosing suitable materials
for the core and cladding and an appropriate waveguide
geometry. Some examples that utilize this approach are outlined
in Section 5. The following sections review some particular
waveguide implementations of χ(2) optics, with an aim of
emphasizing the prominent pursued approaches, rather than
forming an exhaustive chronological list.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 9)
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Figure 2. a) Cross-section of a PPLN wafer after etching in hydrofluoric
acid to enhance visibility of the poled regions. The vertical stripes
correspond to alternating poled domain orientations.[28] b) SHG from
1064 to 532 nm (green) using a PPLN waveguide, with 42% single-pass
internal power conversion. Reproduced with permission [28]. Copyright
1997, The Optical Society.

Figure 1. The coupled-mode equations presented in Eqs. (2a) and (2b)
are simulated for η0 of 50%/(W cm2) (solid traces) and 1000%/(W cm2)
(dashed traces). The critical impact of η0 for low CW input power
applications (10mW in this example) is visible in the pump depletion
achieved in the higher η0 trace.
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3. Periodically Poled Lithium Niobate (PPLN)

The most popular approach to phase matching has been QPM.
Periodically poled lithium niobate (PPLN) waveguides, based on
QPM, represent the most successful implementation of χ(2)

waveguides.[17–22] LN offers high nonlinear coefficients and a
broad transmission window.[1] QPM is realized through the
periodic reversal of the crystal domain of LN, which is also a
ferroelectric material. Called periodic poling, the process
induces a reversal in the sign of certain coefficients of the d
tensor, which are then chosen to mediate the nonlinear
frequency mixing. PPLN has led to numerous successful
demonstrations of three-wave mixing. High-power conversion
in SHG has been demonstrated as well (Figure 2).[28,29] Periodic
poling has also been demonstrated in other ferroelectrics and
polymers.[17,18]

However, conventional PPLN waveguides are not readily
compatible with modern integrated photonics. These wave-
guides are formed in LN single crystal wafers by the diffusion of
metals, such as titanium,[30] or protons.[31] They offer low
refractive index contrast, with weak optical confinement, large
waveguide cross-sections (�10 μm2), and large bending radii. In
contrast, modern integrated photonics is largely based around
Table 1. Common χ(2) materials and their largest nonlinear coefficient
normalized to d33 of lithium niobate.[1]

Material (dij/d33,LN)

LiNbO3 1

KH2PO4 0.014

KD2PO4 0.014

β-BaB2O4 0.073

LiTaO3 0.867

AlN 0.033

GaN 0.260

GaAs 12.3

Phys. Status Solidi A 2017, 1700684 1700684 (
oxidized silicon substrates, with tightly confined dry etched
waveguides of submicron cross-section. While dry plasma
etching and wet etching have been pursued as alternative
approaches to defining large LNwaveguides,[32,33] thesemethods
have not yet been successfully demonstrated for small compact
waveguides. The incompatibility of conventional PPLN wave-
guides with silicon substrates has driven the pursuit of thin film
PPLN waveguides on silicon, as follows.
4. Thin Film LN on Silicon

The ideal solution to realizing efficient χ(2) nonlinearities on
silicon lies in forming hybrid compact LN waveguides on
silicon. Such an approach aims at combining the benefits of
conventional PPLN, i.e., the material properties of LN, with
the benefits of modern integrated photonics, i.e., compact
waveguides on robust and inexpensive silicon substrates. This
has been realized by our group using thin-film LN on
silicon.[34] Bulk single crystal LN wafers are bonded at room
temperature onto oxidized silicon substrates after ion
implantation, and are thermally sliced to form thin films of
LN, as illustrated in Figure 3. Tightly confined waveguides
are formed by rib-loading these thin films with refractive-
index-matched materials. Rib loading entirely circumvents
the requirement of etching the LN to induce lateral
confinement, since LN is a very hard material to dry etch,
especially for low-loss submicron cross-section waveguides.
Previously, we have developed materials such as tantalum
pentoxide, and chalcogenide glass ribs in order to achieve low-
loss waveguides,[35–37] and used the hybrid waveguides to
demonstrate optical modulators.[34,38,39] More recently, we
have used silicon nitride (SiN), which is well established for
waveguiding applications, due to its broad transmission
window and ease of processing, to demonstrate optical
modulators,[40] PPLN[41] (Section 4.1), and mode-shape
modulation, a specific variant of grating-assisted QPM, in
thin film LN on silicon,[42] as described in more detail in
Section 4.2.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 9)
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Figure 3. a–c) LN thin-film wafer bonding scheme on silicon, including ion
implantation, wafer bonding, and thermal crystal slicing steps. d) A picture
of a 3” LN thin film wafer bonded to a 4” oxidized silicon wafer. Panel (d)
Reproduced with permission [34]. Copyright 2013, The Optical Society.
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4.1. Thin Film PPLN on Silicon

Compact PPLN waveguides are formed on silicon using the thin
film bonding and SiN bonding described above.[41] The Y-cut LN
slab is 400 nm thick, bonded onto a 2000-nm-thick SiO2 lower
cladding layer on a silicon substrate, rib loaded by a SiN rib that
is 2000 nm wide and 400 nm tall (Figure 4a).

The poling period is determined to be �5 μm through
eigenmode simulations for TE-polarized SHG, with a TE pump
at 1580 nm (Figure 4b and c). Including propagation loss,
the normalized conversion efficiency is estimated to be 1400%
W�1 cm�2, with a mode overlap integral of 2.3 μm2. The increase
in optical confinement yields an increase in nonlinear power
conversion, as indicated in Figure 5. The submicron PPLN
waveguides offer a consistent increase in frequency conversion
(around an order of magnitude) relative to conventional PPLN
for low input powers. Depending on the power level,
conventional PPLN would require propagation lengths greater
than four times that of thin film PPLN for a given power
conversion. Additionally, at high input powers thin film PPLN
offers high efficiency power conversion in less than 1 cm
of length, even at higher propagation losses. The fabricated
Figure 4. a) A schematic of a thin film PPLN on Si waveguide. b and c) Eig
(790 nm). Reproduced with permission [41]. Copyright 2016, The Optical So

Phys. Status Solidi A 2017, 1700684 1700684 (
waveguides are pumped using a pulsed source and the SHG
signal is measured on an optical spectrum analyzer as shown in
Figure 6a–c, phase matching around a fundamental wavelength
of 1580 nm. The quadratic nature of the nonlinear SHG process
is confirmed (see Figure 6d).
4.2. Mode-Shape Modulation in Thin Film LN on Silicon

As an alternative to the intensive fabrication requirements of
obtaining high-fidelity periodic poling, we have recently also
demonstrated mode-shape modulation, a variant of grating-
assisted QPM in thin-film LN waveguides,[42] shown in
Figure 7a and b. The waveguide is comprised of a 600-nm-
thick LN slab, which is rib-loaded by a grating waveguide of SiN.
The periodicity of the grating is fixed by the extent of the lateral
sinusoidal variation of the grating, as determined through
simulations using an eigenmode solver. The pump and
harmonic eigenmodes are shown in Figure 7c at a grating
width of 1095 nm. The periodic spatial variation of the
eigenmodes induced by the lateral grating induces a periodic
spatial variation in f(z). In particular, the nonlinear growth of the
SH field is driven by the first-order term in the Fourier series
expansion of f(z), which cancels out the exp(iΔβ0z) phase terms
in Eqs. (2a) and (2b), while the constant term in the series
expansion results in fast oscillations of the SH field, shown in
Figure 7d. The normalized SHG conversion efficiency is
extracted to be 0.8% W�1 cm�2. The deleterious impact of
increasing waveguide propagation loss is also illustrated in
Figure 7d. Measurements on the fabricated waveguide are
shown in Figure 7e and f.

While the normalized conversion efficiency of conventional
PPLN is somewhat higher (�40% W�1 cm�2), this approach
circumvents the challenges of achieving high-fidelity periodic
poling in thin film LN, and is broadly applicable to materials
which cannot be poled. The physical dimensions of the
waveguide grating strongly influence the SHG process. The
thickness of the LN thin film influences the grating induced
waveguide propagation loss through the amount of scattering
encountered by the waveguide modes. The Fourier series
coefficients of f(z) also depend on this. Additionally, the extent
of the grating also affects the nonlinear conversion. A stronger
grating increases the nonlinear coupling. However, a stronger
grating also increases the propagation loss. Therefore, a
delicate balance is required between the propagation loss
and f(z).
enmode simulations in COMSOLTM at the pump (1580 nm) and the SH
ciety.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 9)
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Figure 5. Numerical simulations for CW SHG power using PPLN waveguides – (a and b). For low input powers (100 μW), thin film PPLN consistently
presents stronger SHG than conventional PPLN. c and d) Thin film PPLN offers �50% power conversion at higher CW input powers (1W) in less than
1 cm of propagation, regardless of propagation loss, while conventional PPLN solutions require longer lengths. Reproduced with permission [41].
Copyright 2016, The Optical Society.

st
a
tu

s

so
li

d
i

p
h

y
si

ca a

www.advancedsciencenews.com www.pss-a.com
5. Other Approaches to χ(2) Waveguides on
Silicon

A few other approaches which have been explored toward
realizing second order nonlinear waveguides on silicon are
reviewed in this section.
5.1. χ(2) in III–V Compound Semiconductors and Dielectrics
on Silicon

As noted in Table 1, GaAs has a very high second-order nonlinear
coefficient. However, implementing efficient phase matching in
GaAs waveguides has been elusive. For instance, poling
techniques are not applicable since the material is not
ferroelectric. Other techniques, such as orientation patterning,
grating-assisted quasi-phase matching, and modal phase
matching have been pursued instead with varying degrees of
success.[43–46] However, none of these techniques has been
investigated on silicon substrates for second-harmonic genera-
tion to date. It is noted that recently, thin-film AlGaAs-
on-insulator nanowaveguides on indium phosphide substrates
have been demonstrated for third-order nonlinear optics.[47] It is
expected that such waveguides will be realized on silicon
substrates in the future, and second-order nonlinear effects can
be realized on them by adapting guidelines already established
for typical AlGaAs nanowaveguides.[48]

Nonetheless, aluminum nitride (AlN) is a III–V compound
semiconductor recently pursued for SHG on silicon.[49–51] Prior
to the pursuit of waveguides, the χ(2) response of sputtered AlN
Figure 6. a) Measured frequency-doubled signal from thin film PPLN around
powers (bottom to top). c) SHG traces with input average powers of 1.67, 0.8
the input pump power with a slope of 1.91 on a log scale. Reproduced wit

Phys. Status Solidi A 2017, 1700684 1700684 (
thin films was confirmed via optical reflectionmeasurements for
SHG.[52] However, these thin films are typically polycrystalline.
Therefore, the effective χ(2), as confirmed by SHG measure-
ments, is often limited to a few pm/V. This naturally limits the
conversion efficiency. Nevertheless, when used in a doubly
resonant high quality factor microring configuration, in one
particular case, AlN has yielded impressive SHG conversion
efficiency (Figure 8a), as high as 2300%/W.[51]

Another III–V compound semiconductor that has been
investigated for SHG on silicon is gallium nitride (GaN).[53,54]

Crystalline GaN thin films have been transferred to oxidized
silicon via bonding, backside removal, and chemical–mechanical
polishing, and patterned to form waveguides and microrings
(Figure 8b).[53] Aided by its crystalline nature, the GaN thin films
exhibit a higher χ(2) than the polycrystalline AlN thin films.
However, the quality factor of the GaN microrings is lower than
the AlN counterparts, resulting in an overall lower conversion
efficiency, as seen in Figure 8c.[53]

In contrast to III–V compound semiconductors, an interest-
ing dielectric in which SHG has been demonstrated is silicon
nitride (SiN).[55–57] SiN has been very successfully used for
demonstrating χ(3) nonlinear optical effects, such as super-
continuum generation in straight waveguides and frequency
comb generation in microring resonators.[58–61] A χ(2) response
can be elicited in SiN through applying strain, due to its
heteropolar bonds. Silicon dioxide (SiO2) claddings have been
used to break the symmetry of SiN (Figure 8d and e),[55] and
electric field-induced second harmonic generation (EFISHG)
has been demonstrated, as well.[56] However, the performance
of SiN waveguides for SHG has been limited by the low
788 nm. b) Output spectra, displaced by 60 dB, for increasing input pump
7, and 0.31mW. d) Quadratic dependence of the 788 nm signal power on
h permission [41]. Copyright 2016, The Optical Society.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 9)
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Figure 7. a) Sinusoidal SiN grating (exaggerated in magnitude for visibility) on top of a LN thin film. b) Micrograph image of a fabricated waveguide. c)
Intensity profiles of the fundamental and second-harmonic TE modes of the waveguide at a grating width of 1095 nm. d) Numerical simulation of SHG
conversion efficiency for different propagation losses. The inset shows oscillations of the amplitude which are not visible in the main figure. e) Output
spectrum of the waveguide; and f) SHG around 784 nm. Reproduced with permission [42]. Copyright 2017, AIP Publishing.
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nonlinearity itself. It is important to note that several recent
reports suggest that the χ(2) response of SiN is influenced not
only by strain and interface effects, but also defects and the
overall material composition.[62–66]

Each of the above three platforms have relied on modal phase
matching, where the phase velocities of the pump and SHmodes
are engineered to be equal. In essence, the dispersion due to the
optical confinement of the interacting waveguide modes
nullifies the dispersion of the core and cladding materials.
Higher order waveguide modes are used for higher frequency
Figure 8. a) Quadratic power dependence of SHG in aluminum nitride (AlN)
Society. b) Scanning electron microscope (SEM) image of a gallium nitride (G
(b) and (c) Reproduced with permission [53]. Copyright 2011, The Optical Soci
e) Quadratic power dependence of SHG in SiN microrings. Panels (d) and (

Phys. Status Solidi A 2017, 1700684 1700684 (
modes due to the normal dispersion of the constituent
materials.[55,56,67–69] However, the use of higher-order modes
compromises the nonlinear mode overlap and thus the
nonlinear conversion efficiency.
5.2. χ(2) in Silicon Waveguides

Silicon waveguides using the silicon-on-insulator (SOI) platform
are well established as building blocks for large-scale integrated
microrings. Reproduced with permission [51]. Copyright 2016, The Optical
aN) waveguide. c) Power dependence of SHG in GaN microrings. Panels
ety. d) SEM image of a silicon nitride (SiN) microring and a bus waveguide.
e) Reproduced with permission [55]. Copyright 2011, The Optical Society.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim6 of 9)
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Figure 9. a) Schematic of silicon waveguides on insulator with a SiN cladding layer to impart strain. b) Micrograph image and scanning electron
microscope (SEM) image of the strained Si waveguide facets. c) Spectral variation of the SH power generated with the strained Si waveguides.
Reproduced with permission [76]. Copyright 2012, Nature Publishing Group.
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photonics.[70] The crystalline structure of silicon exhibits
centrosymmetry, where the χ(2) tensor is zero in the dipole
approximation. While this rules out SHG in bulk single-
crystalline Si, SHG has repeatedly been observed when the
crystal symmetry of Si is broken at a surface.[71–75] More recently,
SHG has been studied and reported in strained Si wave-
guides.[76–79] Initially, the χ(2) response was attributed to the
strained Si core of the waveguides (Figure 9).[76] However, recent
investigations have concluded that the actual χ(2) response from
the silicon itself is likely significantly smaller than previous
estimates.[80–85] These waveguides typically have SiN cladding
layers that break the crystal symmetry in the Si waveguides. It
has been accordingly argued that the majority of the nonlinear
response originates from the SiN cladding layer and not the Si
core.[83] At this moment, it is fair to state that the physical origin
of the χ(2) response in silicon waveguides is still debatable, and
requires further investigation. The resolution of this uncertainty
is expected to help analyze the maximum achievable χ(2)

response, whichmay be extracted from silicon waveguides using
this approach.

An alternative approach to SHG in Si uses EFISHG, where a
d.c. electric field at zero frequency interacts with the strong χ(3)

nonlinear tensor of Si to enable SHG.[85,86] EFISHG has
demonstrated high effective χ(2) values in Si, at the cost of high
propagation losses, which limit overall device performance. The
Si EFISHGwaveguides also consume electrical power, compared
to all the aforementioned approaches, which are essentially
passive devices and do not consume any electric power. The d.c.
electric field is applied across p-i-n junctions at very high reverse
bias voltages, likely close to breakdown.

In addition to the discussed complications of the aforemen-
tioned approaches on Si, the transmission and absorption
limitations of silicon also become relevant. The bandgap of
silicon limits light generation to around 1.1 μm at the lower
wavelength edge. Additionally, strong two-photon and free-
carrier absorption effects below 2.2 μm[70] limit the spectral
windows at which Si could be optically pulse-pumped for
frequency generation. On the other hand, the heterogeneous
approaches of Sections 4.1, 4.2, and 5.1 benefit from thematerial
properties and prior comprehensive characterization of the
employed nonlinear material. This comes at the cost and
complications of the heterogeneous integration process. At
present, the overall nonlinear device performance offered by
heterogeneously integrated materials trumps the performance
achieved so far in silicon waveguides. However, the performance
of the silicon waveguides may still potentially be improved,
Phys. Status Solidi A 2017, 1700684 1700684 (
perhaps even to the point of competing with the performance of
heterogeneously integrated solutions.
6. Outlook

Several schemes for second-order nonlinear optics have been
established in waveguides on silicon. Each of these schemes
presents trade-offs between performance and different aspects of
fabrication. Realizing the full potential and benefit of these
solutions would involve the integration of different optical
functionalities on a common substrate, preferably silicon. This
can be achieved through the heterogeneous integration of
different materials on the same silicon chip,[87] where each
material system is already established for a particular set of
functions. This is the overarching approach commonly
employed for integrating active laser sources on silicon photonic
chips. Numerous other waveguide devices have been realized
using this approach as well.[87] While the dense integration of
multiple functions on a photonic chip has been repeatedly
demonstrated, the pursuit of integrated systems which utilize
χ(2) is much more nascent. One can easily envision frequency
referencing, photon pair generation, and tunable optical
parametric oscillators as some χ(2) functionalities which could
be integrated with existing on-chip laser sources. Difference
frequency generation could be used in conjunction with on-chip
mode-locked lasers to generate mid-infrared light for spectro-
scopic applications.

Regardless of the details of the particular physical configura-
tion employed, all of these are exciting developments realized in
the last several years. The variety of these implementations can
only assist in the pursuit of new densely integrated complex
photonic systems on a chip, which would not have been possible
without the introduction of the χ(2) response onto silicon.
Acknowledgments
The authors thank DARPA DODOS program and the Office of Naval
Research (ONR) Young Investigator Program (YIP). The views, opinions,
and/or findings expressed are those of the authors and should not be
interpreted as representing the official views or policies of the Department
of Defense or the U.S. Government.
Conflict of Interest
The authors declare no conflict of interest.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim7 of 9)

http://www.advancedsciencenews.com
http://www.pss-a.com


st
a
tu

s

so
li

d
i

p
h

y
si

ca a

www.advancedsciencenews.com www.pss-a.com
Keywords
integrated photonics, lithium niobate, nonlinear optics, second harmonic
generation, silicon, thin films

Received: September 6, 2017
Published online:

[1] R. W. Boyd, Nonlinear Optics, Academic Press, New York, NY 2003.
[2] M. M. Fejer, Phys. Today 1994, 47, 25.
[3] P. A. Franken, A. E. Hill, C. W. Peters, G. Weinreich, Phys. Rev. Lett.

1961, 7, 118.
[4] J. E. Bjorkholm, Phys. Rev. 1966, 142, 126.
[5] D. A. Kleinman, A. Ashkin, G. D. Boyd, Phys. Rev. 1966, 145, 338.
[6] R. L. Byer, M. M. Choy, R. L. Herbst, D. S. Chemla, R. S. Feigelson,

Appl. Phys. Lett. 1974, 24, 65.
[7] L. E. Myers, W. R. Bosenberg, G. D. Miller, R. C. Eckardt, M. M. Fejer,

R. L. Byer, Opt. Lett. 1995, 20, 52.
[8] L. E. Myers, W. R. Bosenberg, R. C. Eckardt, M. M. Fejer, R. L. Byer,

Opt. Lett. 1996, 21, 591.
[9] K. Mizuuchi, K. Yamamoto, Opt. Lett. 1996, 21, 107.

[10] J.-P. Meyn, M. M. Fejer, Opt. Lett. 1997, 22, 1214.
[11] K. Mizuuchi, K. Yamamoto, M. Kato, Appl. Phys. Lett. 1997, 70, 1201.
[12] Q. Chen, W. P. Risk, Electron. Lett. 1994, 30, 1516.
[13] H. Karlsson, F. Laurell, P. Henriksson, G. Arvidsson, Electron. Lett.

1996, 32, 556.
[14] H. Karlsson, F. Laurell, L. K. Cheng, Appl. Phys. Lett. 1999, 74, 1519.
[15] R. G. Batchko, V. Y. Shur, M. M. Fejer, R. L. Byer, Appl. Phys. Lett.

1999, 75, 1673.
[16] J.-P. Meyn, M. E. Klein, D. Woll, R. Wallenstein, D. Rytz, Opt. Lett.

1999, 24, 1154.
[17] G. Khanarian, R. A. Norwood, D. Haas, B. Feuer, D. Karim, Appl. Phys.

Lett. 1990, 57, 977.
[18] R. A. Norwood, G. Khanarian, Electron. Lett. 1990, 26, 2105.
[19] J. Webjörn, F. Laurell, G. Arvidsson, IEEE J. Lightwave Technol. 1989,

7, 1597.
[20] E. J. Lim, M. M. Fejer, R. L. Byer, W. J. Kozlovsky, Electron. Lett. 1989,

25, 731.
[21] H. Hu, R. Nouroozi, W. Wang, J. Yu, H. Suche, W. Sohler, IEEE

Photon. J. 2012, 4, 1396.
[22] S. Kuma, Y. Miyamoto, K. Tsutsumi, N. Sasao, S. Uetake, Opt. Lett.

2013, 38, 2825.
[23] J. A. Armstrong, N. Bloembergen, J. Ducuing, P. S. Pershan, Phys. Rev.

1962, 127, 1918.
[24] M. L. Bortz, Ph.D. Thesis, Stanford University, 1994.
[25] T. Isoshima, K. Tada, IEEE J. Quantum Electron. 1997, 33, 164.
[26] P. D. Maker, R. W. Terhune, M. Nisenoff, C. M. Savage, Phys. Rev.

Lett. 1962, 8, 21.
[27] E. M. Conwell, IEEE J. Quantum Electron. 1974, QE-10, 608.
[28] G. D. Miller, R. G. Batchko, W. M. Tulloch, D. R. Weise, M. M. Fejer,

R. L. Byer, Opt. Lett. 1997, 22, 1834.
[29] K. R. Parameswaran, J. R. Kurz, R. V. Roussev, M. M. Fejer, Opt. Lett.

2002, 27, 43.
[30] R. V. Schmidt, I. P. Kaminow, Appl. Phys. Lett. 1974, 25, 458.
[31] J. L. Jackel, C. E. Rice, J. J. Veselka, Appl. Phys. Lett. 1982, 41, 607.
[32] H. Hu, A. P. Milenin, R. B. Wehrspohn, H. Herrmann, W. Sohler,

J. Vac. Sci. Technol. A 2006, 24, 1012.
[33] H. Hu, R. Ricken, W. Sohler, R. B. Wehrspohn, IEEE Photon. Technol.

Lett. 2007, 19, 417.
[34] P. Rabiei, J. Ma, S. Khan, J. Chiles, S. Fathpour, Opt. Express 2013, 21,

25573.
[35] P. Rabiei, J. Ma, S. Khan, J. Chiles, S. Fathpour, Opt. Express 2013, 21,

6967.
Phys. Status Solidi A 2017, 1700684 1700684 (
[36] P. Rabiei, A. Rao, J. Chiles, J. Ma, S. Fathpour, Opt. Lett. 2014, 39,
5379.

[37] J. Chiles, M. Malinowski, A. Rao, S. Novak, K. Richardson,
S. Fathpour, Appl. Phys. Lett. 2015, 106, 111110.

[38] A. Rao, A. Patil, J. Chiles, M. Malinowski, S. Novak, K. Richardson,
P. Rabiei, S. Fathpour, CLEO: 2015, OSA Technical Digest (online)
(Optical Society of America, 2015), paper STu2F.4.

[39] A. Rao, A. Patil, J. Chiles, M. Malinowski, S. Novak, K. Richardson,
P. Rabiei, S. Fathpour, Opt. Express 2015, 23, 22746.

[40] A. Rao, A. Patil, P. Rabiei, A. Honardoost, R. DeSalvo, A. Paolella,
S. Fathpour, Opt. Lett. 2016, 41, 5700.

[41] A. Rao, M. Malinowski, A. Honardoost, J. R. Talukder, P. Rabiei,
P. Delfyett, S. Fathpour, Opt. Express 2016, 24, 29941.

[42] A. Rao, J. Chiles, S. Khan, S. Toroghi, M. Malinowski, G. F. Camacho-
González, S. Fathpour, Appl. Phys. Lett. 2017, 110, 111109.

[43] K. A. Fedorova, A. M. McRobbie, G. S. Sokolovskii, P. G. Schuemann,
E. U. Rafailov, Opt. Express 2013, 21, 16424.

[44] J. P. van der Ziel, M. Ilegems, P. W. Foy, R. M. Mikulyak, Appl. Phys.
Lett. 1976, 29, 775.

[45] A. Hayat, Y. Elor, E. Small, M. Orenstein, Appl. Phys. Lett. 2008, 92,
181110.

[46] P. Dong, J. Upham, A. Jugessur, A. G. Kirk, Opt. Express 2006, 14,
2256.

[47] M. Pu, L. Ottaviano, E. Semenova, K. Yvind, Optica 2016, 3, 823.
[48] K. Rutkowska, D. Duchesne, M. Volatier, R. Ar�es, V. Ameiz,

R. Morandotti, Acta Phys. Pol. A 2011, 120, 725.
[49] W. H. P. Pernice, C. Xiong, C. Schuck, H. X. Tang, Appl. Phys. Lett.

2012, 100, 223501.
[50] C. Xiong, W. H. P. Pernice, X. Sun, C. Schuck, K. Y. Fong, H. X. Tang,

New J. Phys. 2012, 14, 095014.
[51] X. Guo, C. L. Zou, H. X. Tang, Optica 2016, 3, 1126.
[52] M. C. Larciprete, A. Bosco, A. Belardini, R. L. Voti, G. Leahu, C. Sibilia,

E. Fazio, R. Ostuni, M. Bertolotti, A. Passaseo, B. Poti, Z. Del Prete,
J. Appl. Phys. 2006, 100, 023507.

[53] C. Xiong, W. Pernice, K. K. Ryu, C. Schuck, K. Y. Fong, T. Palacios,
H. X. Tang, Opt. Express 2011, 19, 10462.

[54] I. Roland, M. Gromovyi, Y. Zeng, M. El Kurdi, S. Sauvage, C. Brimont,
T. Guillet, B. Gayral, F. Semond, J. Y. Duboz, M. de Micheli,
X. Checoury, P. Boucaud, Sci. Rep. 2016, 6, 34191.

[55] J. S. Levy, M. A. Foster, A. L. Gaeta, M. Lipson, Opt. Express 2011, 19,
11415.

[56] R. de Oliveira, C. de Matos, Opt. Express 2013, 21, 32690.
[57] S. Lettieri, S. D. Finizio, P. Maddalena, V. Ballarini, F. Giorgis, Appl.

Phys. Lett. 2002, 81, 4706.
[58] X. Liu, M. Pu, B. Zhou, C. J. Krückel, A. Fülöp, V. Torres-Company,

M. Bache, Opt. Lett. 2016, 41, 2719.
[59] M. A. G. Porcel, F. Schepers, J. P. Epping, T. Hellwig, M. Hoekman,

R. G. Heideman, P. J. M. van der Slot, C. J. Lee, R. Schmidt,
R. Bratschitsch, C. Fallnich, K.-J. Boller, Opt. Express 2017, 25,
1542.

[60] Y. Okawachi, K. Saha, J. S. Levy, Y. H. Wen, M. Lipson, A. L. Gaeta,
Opt. Lett. 2011, 36, 3398.

[61] V. Brasch, M. Geiselmann, T. Herr, G. Lihachev, M. H. P. Pfeiffer,
M. L. Gorodetsky, T. J. Kippenberg, Science 2016, 351, 357.

[62] C. Di Valentin, G. Palma, G. Pacchioni, J. Phys. Chem. C 2011, 115,
561.

[63] M. Ippolito, S. Meloni, Phys. Rev. B 2011, 83, 165209.
[64] T. Ning, H. Pietarinen, O. Hyvärinen, J. Simonen, G. Genty,

M. Kauranen, Appl. Phys. Lett. 2012, 100, 161902.
[65] M. W. Puckett, R. Sharma, H.-H. Lin, M. Yang, F. Vallini, Y. Fainman,

Opt. Express 2016, 24, 16923.
[66] K. Koskinen, R. Czaplicki, A. Slablab, T. Ning, A. Hermans, B. Kuyken,

V. Mittal, G. S. Murugan, T. Niemi, R. Baets, M. Kaurenen, 2017,
arXiv:1708.02873.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim8 of 9)

http://www.advancedsciencenews.com
http://www.pss-a.com


st
a
tu

s

so
li

d
i

p
h

y
si

ca a

www.advancedsciencenews.com www.pss-a.com
[67] J. P. van der Ziel, R. C. Miller, R. A. Logan, W. A. Nordland, Jr.,
R. M. Mikulyak, Appl. Phys. Lett. 1974, 25, 238.

[68] S. Ducci, L. Lanco, V. Berger, A. De Rossi, V. Ortiz, M. Calligaro, Appl.
Phys. Lett. 2004, 84, 2974.

[69] D. Duchesne, K. A. Rutkowska, M. Volatier, F. L�egar�e, S. Delprat,
M. Chaker, D. Modotto, A. Locatelli, C. De Angelis, M. Sorel,
D. N. Christodoulides, G. Salamo, R. Ar�es, V. Aimez, R. Morandotti,
Opt. Express 2011, 19, 12408.

[70] B. Jalali, S. Fathpour, J. Lightwave Technol. 2006, 24, 4600.
[71] N. Bloembergen, R. K. Chang, S. S. Jha, C. H. Lee, Phys. Rev. 1968,

174, 813.
[72] J. Y. Huang, Jpn. J. Appl. Phys. 1994, 33, 3878.
[73] S. V. Govorkov, V. I. Emel’yanov, N. I. Koroteev, G. I. Petrov,

I. L. Shumay, V. V. Yakovlev, J. Opt. Soc. Am. B 1989, 6, 1117.
[74] J. H. Zhao, Q. D. Chen, Z. G. Chen, G. Jia, W. Su, Y. Jiang, Z. X. Yan,

T. V. Dolgova, O. A. Aktsipetrov, H. B. Sun,Opt. Lett. 2009, 34, 3340.
[75] C. Schriever, C. Bohley, R. B. Wehrspohn, Opt. Lett. 2010, 35, 273.
[76] M. Cazzanelli, F. Bianco, E. Borga, G. Pucker, M. Ghulinyan,

E. Degoli, E. Luppi, V. V�eniard, S. Ossicini, D. Modotto, S. Wabnitz,
R. Pierobon, L. Pavesi, Nature Mater. 2012, 11, 148.
Phys. Status Solidi A 2017, 1700684 1700684 (
[77] N. K. Hon, K. K. Tsia, D. R. Solli, B. Jalali, Appl. Phys. Lett. 2009, 94,
091116.

[78] I. Avrutsky, R. Soref, Opt. Express 2011, 19, 21707.
[79] M. W. Puckett, J. S. T. Smalley, M. Abashin, A. Grieco, Y. Fainman,

Opt. Lett. 2014, 39, 1693.
[80] C. Schriever, F. Bianco, M. Cazzanelli, J. de Boor, A. Schmid,

J. Heitmann, L. Pavesi, J. Schilling, Adv. Opt. Mater. 2015, 3, 129.
[81] S. S. Azadeh, F. Merget, M. P. Nezhad, J. Witzens,Opt. Lett. 2015, 40,

1877.
[82] M. Borghi, M. Mancinelli, F. Merget, J. Witzens, M. Bernard,

M. Ghulinyan, G. Pucker, L. Pavesi, Opt. Lett. 2015, 40, 5287.
[83] J. B. Khurgin, T. H. Stievater, M. W. Pruessner, W. S. Rabinovich,

J. Opt. Soc. Am. B 2015, 32, 2494.
[84] N. K. Hon, K. K. Tsia, D. R. Solli, B. Jalali, J. B. Khurgin, 6th IEEE

International Conference on Group IV Photonics, 2009, p. 232.
[85] E. Timurdogan, C. V. Poulton, M. J. Byrd, M. R. Watts,Nature Photon.

2017, 11, 200.
[86] J. Huang, H. Han, A. Liu, H. Wang, X. Liu, Y. Zou, M. Lu, Y. Chen,

IEEE Photon. J. 2017, 9, 6100807.
[87] S. Fathpour, Nanophotonics 2015, 4, 143.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim9 of 9)

http://www.advancedsciencenews.com
http://www.pss-a.com

