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†Ecole Polytechnique Fed́eŕale de Lausanne, Photonic Systems Laboratory (PHOSL), STI-IEL, Station 11, CH-1015 Lausanne,
Switzerland
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ABSTRACT: Silicon nitride has emerged as a prominent
platform for building photonics integrated circuits. While its
nonlinear properties based on third-order effects have been
successfully exploited, an efficient second harmonic gen-
eration in standard stoichiometric silicon nitride (Si3N4)
waveguides can also be achieved after all-optical poling, as was
recently shown. The root of such a phenomenon has been
attributed to the inscription of a self-organized periodic space-
charge grating along the waveguide, allowing an effective χ(2)

and automatic quasi-phase-matching of pump and second
harmonic. However, the different parameters and their role in
increasing the efficiency of the process are still not fully
comprehended. In this work, we use optical means to identify the general conditions of mode matching occurring during all-
optical poling. The overlap integral between pump and second harmonic optical modes is shown to be the governing parameter
in determining the features of the χ(2) gratings. Two-photon microscopy measurements of the χ(2) gratings reveal the presence
of a secondary periodicity in some of the waveguides used in the study. According to overlap integral simulations, such an effect
can occur due to mode mixing in the waveguide bends. From a study of poling dynamics, we observe that poling efficiency and
rate increase as a function of optical pump power and waveguide length. However, in order to initiate poling, a critical pump
intensity, which is lower for longer waveguides, must be coupled into a waveguide. Temporal and thermal stability tests reveal
the nature of charge traps responsible for grating inscription. After applying thermally activated hopping as a conductivity
mechanism in our samples, we show that only shallow traps seem to be activated during the all-optical poling process.
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Silicon nitride currently is one of the most frequently
employed CMOS compatible platforms for building

nonlinear photonic integrated circuits. Due to its high third-
order (χ(3)) nonlinearity, absence of two-photon absorption
throughout the infrared, high refractive index, and low
absorption in the visible and infrared spectral regions,
stoichiometric silicon nitride (Si3N4) waveguides have been
demonstrated to be excellent candidates for ultralow loss
resonators,1−3 entangled photon-pair generation,4 and optical
frequency comb generation,5−7 as well as low pulse energy
supercontinuum generation in the near8 and mid-infrared.9

Since Si3N4 is amorphous it does not exhibit significant
second-order (χ(2)) nonlinearity, yet it would be highly
desirable for envisioned nonlinear optical applications,
including spontaneous parametric down-conversion, second
harmonic generation (SHG), and others.
Various methods to induce an effective χ(2) in Si3N4

waveguides have been proposed and demonstrated by either
inducing a symmetry breaking at interfaces10−13 or, as very

recently shown, by performing all-optical poling.14−16 The
latter method has up to now resulted in maximum effective χ(2)

in the order of pm/V,15,17 but offers the advantage of versatility
and reconfigurability. Such all-optical poling was demonstrated
and extensively studied in SiO2 optical fibers three decades
ago.18−25 In both the SiO2 and Si3N4 work, it has been
recognized that during the all-optical poling process, second-
order nonlinearity and quasi-phase-matching (QPM) build up
spontaneously due to the coherent photogalvanic effect.23,26−28

As the waveguide is illuminated by a high intensity pump (at
fundamental harmonic, FH), an initial weak second harmonic
(SH) seed light is generated from intrinsic nonlinearity at
interfaces, material anisotropies, or electric quadrupole
interactions.11,29,30 Within the photogalvanic effect, an
interference between multiphoton absorption of FH and SH
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takes place at color centers, leading to an asymmetric
photocurrent, the photogalvanic current, and subsequent
carrier trapping. This creates a self-organized periodic space-
charge grating along the waveguide. The product of this frozen
electric field and third-order susceptibility works as an effective
χ(2) with the same periodicity of the grating. When using
continuous wave (CW) or long pulses pump lasers, the
coherent photogalvanic effect has the remarkable property to
automatically provide QPM of FH and SH24,31 without the
need to engineer the dispersion of the waveguide. The space-
charge separation has been confirmed by localized SH
measurement in bulk28 by selective etching technique in
fibers32 as well as by nonlinear microscopy in waveguides.16 It
is also known that, in the short pulse regime, waveguide
dispersion needs to be engineered as to provide the required
group-velocity phase-matching to initiate the all-optical poling
process,16 thus, strongly limiting the versatility of the effect,
which is constrained to specific waveguide designs.
Despite numerous observations of the effect, several open

questions have remained unanswered. First, the relationship
between the properties of the grating and waveguide
parameters were not clear for cases when the waveguide is
poled in the long pulse and continuous wave regime. Such a
regime provides the desired versatility and tunability; however,
the relationship between grating and waveguide parameters is
still not well-defined, mainly due to a controversial and limited
number of mode properties and grating observations. All
recent work in all-optically poled Si3N4 waveguides assumed
that modal phase-matching was taking place.14,15 In such a
case, the initial SH would be generated on the waveguide
mode that provides the smallest phase mismatch with the
pump. This was supported by the observation of higher order
SH modes at the output of all-optically poled Si3N4 waveguides
with bends.15 However, in early work on all-optical poling of
SiO2 multimode fibers, it was found that the SH would be
mostly generated in the fundamental mode of the wave-
guide,18,32 thus, providing contradicting information. Second,
the stability of the imposed nonlinearity is still not well
understood nor quantified, even though it is one of the most
important parameters for understanding the all-optical poling
process. It is commonly assumed that the traps are long-lived
and the χ(2) grating can be bleached only with high energy
photons.16,33 However, the grating stability that is related to
the properties of trap sites that are present in all-optically poled
Si3N4 waveguides has not yet been investigated in detail.
Here we use optical means to study the properties of χ(2)

gratings. By using two-photon microscopy (TPM), we directly
image the optically written grating in waveguides with different
geometries and, for the first time, provide the evidence on
general conditions of mode matching responsible for grating
formation, as well as demonstrate the influence of waveguide
parameters on the quality of QPM. It is shown that the process
initiates on modes with the highest overlap and not with the
smallest phase mismatch, establishing that this all-optical
poling can compensate large phase mismatch. Here we also
provide an explanation on the occurrence of SH generated on
higher order modes. We investigate the temporal dynamics of
the χ(2) grating and the influence of the pump power and
waveguide length on the conversion efficiency (CE) defined as
CE = PSH/PFH

2 , with PSH and PFH being the power at the SH
and FH, respectively. Finally, we study the stability of χ(2)

grating in time and account for the traps responsible for space
charge modulation. These findings establish that, while the

dimensions of the waveguide and, thus, the dispersion do not
influence the process, the losses and the layout of the
waveguide on the chip do have critical importance, as they
impact the efficiency and the quality of the grating.

■ EXPERIMENTAL SETUP

The experimental setup used for all-optical poling of Si3N4
waveguides consists in a CW light from a coherent tunable
light source shaped by a Mach−Zehnder modulator into pulse
trains with arbitrary pulse width at a repetition rate of 5 MHz.
The pulses at pump wavelength are amplified using two
subsequent amplification and filtering stages, and the peak
power in the chips can reach up to 115 W. Light polarization is
modified using a fiber-polarizer. The light is then collimated
and focused by two optical lenses for coupling to the Si3N4
waveguide. The FH and SH light at the output of the
waveguide is collected with a 20× microscope objective and
delivered to photodetectors. Light reflected by a dichroic beam
splitter with cutoff at 1100 nm is delivered to an infrared
detector, while the transmitted light is filtered with a set of
edge-pass filters. For measuring the SH response as a function
of pump wavelength, the pulse shaping stage was bypassed and
the output of the chip was directed to an optical spectrum
analyzer.
The Si3N4 waveguides under test are fabricated according to

the photonic Damascene process34 in three runs. Heights of
waveguides are 0.78, 0.81, and 0.87 μm, respectively, and
widths varied from 0.57 to 1.9 μm (for more details, see the
Supporting Information). The waveguides are folded in
meanders on 5 × 10 and 5 × 5 mm2 chips by using curved
sections with a radius of 75 μm and a length spanning from
22.4 to 57.7 mm.

■ χ(2) GRATING CHARACTERIZATION

When a high intensity pulsed pump is injected in the
waveguide, the SH grows with time due to the formation of
a χ(2) grating, until reaching saturation. The growth time varies
in the range of a couple of minutes to several hours (see Figure
1) and is determined by the coupled peak-power, as will be
shown latter.

Figure 1. Experimentally measured buildup of average SH as a
function of time in a 40 mm long waveguide with dimensions of 1.6 ×
0.87 μm2; pump pulse duration, 1 ns; coupled peak power, 113 W.
Experimental points are fitted with a sigmoidal logistic function (type
1). Inset: spectral composition at the chip output consisting of third-
harmonic (TH), SH, and FH, respectively.
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To confirm the presence of a χ(2) grating, we used two-
photon microscopy (TPM) imaging and recorded images of
the grating. During a raster-scan, the SH of a 1010 nm pump
was collected across the sample (for more details see
Supporting Information). The poled waveguide exhibiting
SH generation appears bright, as seen in Figure 2a. The

meanders are clearly visible with the slight loss of intensity in
the bends explained by the polarization of the illumination
(shown by the white arrow). By zooming in, a periodical SH
response along the waveguides is evident and the grating
period Λ can be extracted from the images by fitting the SH
intensity using a sine-squared function (see Figure 2b,c).
According to the theory of photogalvanic effect, the χ(2) grating
period Λ is inversely proportional to the effective index
difference of guided FH and SH modes, neff

ω and neff
2ω,

respectively:

λΛ =
| − |ω ωn n2 eff

2
eff (1)

where λ is the FH wavelength. We calculated the effective
indexes of all modes supported by the waveguide using a
numerical mode solver.
In Figure 3, we plot the measured χ(2) grating periods versus

simulated values solely based on the interaction of fundamental
modes at both the FH and SH wavelengths. The measure-
ments agree well with the simulations for all waveguides except
for the 1.5 × 0.78 μm2 waveguide, for which a much smaller
period is retrieved. Therefore, the SH seems to be generated
on the fundamental waveguide mode, despite the larger phase
mismatch with respect to the case where the SH is generated
on higher order modes. To better understand this point, we
performed numerical simulations of overlap integrals Γ, which
are known to be directly proportional to the mode coupling
strength. Indeed, in a straight waveguide Γ between

fundamental modes reaches 95% and is several orders of
magnitude higher than for any other combinations of modes.
This suggests that Γ is the dominant parameter in determining
which SH mode will be excited, and sets Λ, as a direct
consequence.
In addition, Λ remains constant, within a measurement error

margin, throughout the grating length. However, the grating
amplitude appears to vary: it is undetectable at the waveguide
input then quickly grows and eventually saturates, suggesting
sigmoidal shape as also previously observed.16,19 Finally, it is
evident that in some waveguides a weakly pronounced χ(2)

grating is present, leading to a wavy behavior of the grating as
seen in Figure 2b, an indication that the energy from the FH is
transferred to SH modes other than the fundamental one. This
most probably is the result of mode distortions experienced in
the waveguide’s bends, resulting in increased overlap integrals
to higher order modes (for more details, see Supporting
Information). Such mode mixing could be the reason for
distorted periodicity of the primary grating and introduction of
errors in the primary period estimation. For narrow wave-
guides, such as the ones with 0.57 and 0.63 μm width, the
fundamental FH mode is strongly confined and no mode
mixing is expected, even in the bends.
In all waveguides poled using a 1.55 μm pump the SH

response was subsequently measured through a low power CW
wavelength sweep. The results can be divided into two cases,
which are illustrated in Figure 4 showing the CE as a function
of wavelength in three waveguides with similar length, but
different cross-section and poled with the same pump. In the
first case (Figure 3a,b), a broadband response is observed with
no well-defined phase-matching peak. For some waveguides
used in our experiments the highest response is not even
located at the poling wavelength. Moreover, when coupling
spectrally broad picosecond pulses, we can observe a broad SH
response even though group-velocity phase matching is not
satisfied. Such observations in QPM measurements is an
indication of stochastic variations of the period along the
grating length,35 which could be a consequence of mode
mixing. In the other case, the SH response is a narrowband
with a sinc-shape (Figure 3c). Such a response occurs solely for
the narrow waveguides with widths of 0.57 and 0.63 μm, where
no mode mixing is expected.

Figure 2. (a) TPM in a poled 40 mm long Si3N4 waveguide with
cross-section of 1.6 × 0.87 μm2 using TE polarized 1.55 μm light.
White arrow indicates microscopy laser light polarization. (b) TPM
images of χ(2) grating in waveguides with different cross sections. (c)
Example of extracted SH intensity along the waveguide with cross-
section of 1.7 × 0.87 μm2.

Figure 3. Measured vs simulated χ(2) grating period in poled
waveguides of different dimensions. Vertical error bars indicate the
period measurement error, while horizontal error bars indicate
simulated grating period error considering fabrication tolerances.
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■ POLING DYNAMICS
As reported elsewhere, the χ(2) grating can be erased with high
energy photons.16,33,36 We used this effect to do a systematic
study of poling dynamics. We erase the grating by injecting a
kW peak power femtosecond laser at 1.56 μm in the
waveguides. Due to the propagation of high peak power fs
pulses, the generation of high energy photons due to strong
TH and visible supercontinuum generation takes place. The
supercontinuum generated in the waveguide erases the grating
within a couple of seconds, after which the poling procedure
can be consistently repeated.
We first investigate the grating properties at different times

during poling. The measured CE as a function of time is shown
in Figure 5a. The red points correspond to poling interrupts
after which TPM measurements were performed as to measure

the grating length (see Supporting Information). The CE as a
function of grating length is plotted in Figure 5b. We expect
the CE to be proportional to the square of grating length,
represented by the blue dashed line in Figure 5b for an
assumed constant grating amplitude after normalization to the
highest value.
Owing to the strong deviation between experimental values

and such quadratic fit, we can expect that the grating amplitude
actually varies during poling. On the secondary y axis in Figure
5b we plot the expected grating amplitude at each interruption
point normalized to grating amplitude at maximal reached CE.
As can be seen, during poling, the grating amplitude seems to
increase linearly simultaneously with grating length, also
illustrated in Figure 5c.
The flexibility of our poling setup allows us to easily vary the

width of optical pulses and, thus, while maintaining the same
average power, to modify the peak power coupled to the
waveguides. In Figure 6 we show the trends for maximal CE

measured after poling and for SH intensity growth rate as a
function of input peak power. We performed the measure-
ments for two waveguides with an identical cross-section of 1.6
× 0.87 μm2, but different lengths −40 and 22.5 mm,
respectively. It should be noted that, while the trend for CE
can be retrieved with pulsed pump excitation, we subsequently
use CW probing to extract more accurate CE values. Several
important observations can be outlined. First, there is a critical
input peak power necessary to initiate the poling process. The
shorter the waveguide, the higher this critical input peak
power. In our waveguides (see Supporting Information), the
estimated peak power to initiate poling is of the order of tens
of watts, which is consistent with previous observations.15

Therefore, in order to initiate the poling in an optical
waveguide, it must be able to withstand high optical power
operation, which can be handled by Si3N4. Second, both CE
and growth rate are higher for longer waveguides. This could
be due to the fact that during all-optical poling the initial SH
seed light at the end of the waveguide, where the grating
initially builds up, is higher in a longer waveguide. As shown
elsewhere, the growth rate and efficiency are larger when more
intense seed light is employed.37,38 Third, the maximal CE and

Figure 4. Measured conversion efficiency in %/W as a function of
pump wavelength for waveguides poled at 1.55 μm with dimensions
(a) 1.3 × 0.87 μm2, (b) 1.9 × 0.78 μm2, and (c) 0.57 × 0.81 μm2.

Figure 5. (a) Measured CE during poling in a 40 mm long 1.6 × 0.87
μm2 waveguide. Points t1, t2, t3, and t4 are interrupt instants when
TPM images are taken. (b) CE and normalized grating amplitude vs
measured grating length at each interrupt point. (c) Estimated
normalized χ(2) grating amplitude along waveguide at different poling
times.

Figure 6. (a) CE during poling and (b) growth rate as a function of
input coupled peak power for two waveguides having the same cross-
section of 1.6 × 0.87 μm2, but different lengths −22.5 and 40 mm.
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growth rate are determined only by the peak power not the
average power. This is also confirmed by measurements
performed for constant peak power, but increasing pulse
duration, and then average power, which results in constant
maximal CE and growth rates. It is important to outline that
all-optical poling was done in random order so that we would
avoid correlations due to memory effects if such were present.
Using a CW probe after poling, the maximal value of CE we

extracted from the 40 mm long waveguide is 0.31%/W. The
effective χ(2) is calculated using the following equation:39

χ
η ε

ω
= ω ωS c n n

L
2

2eff
(2) eff 0

3 2
2

2 2 (2)

where η is the CE in %/W, nω and n2ω are the effective
refractive indexes at FH and SH, respectively, ω is the pump
frequency, and L is the grating length. Seff is the effective area
calculated as

= ω

ω
S

A
Aeff

2
2

(3)

Aω and A2ω are the mode areas of the FH and SH wavelength,
respectively, defined as

∫= [ * − *]A E H E H x zRe d dx z z x (4)

where Ex,z and Hx,z are the electric and magnetic fields in the
corresponding directions, normalized to power flux. Based on
the simulated effective area of 0.48 μm2 and a grating length of
20 mm, χeff

(2) is calculated to be of the order of 0.09 pm/V.

■ TEMPORAL STABILITY
While the grating remains inscribed in the waveguide when the
pump is off, we measure a slow decay of SH conversion
efficiency in the poled waveguides over a period of several
weeks. We assess the thermal stability of the grating through a
series of tests performed on the 1.7 × 0.87 μm2 waveguide.
After all-optical poling until saturation of SH CE, the sample
was kept on a hot-plate at fixed temperature (21, 100, 150,
175, and 200 °C) and SH CE was measured repeatedly over
time with a CW probe. In Figure 7 we plot the decay of
normalized CE for high temperature cases, while the inset
shows room temperature behavior in days. The CE decay is
faster for higher temperatures. The experimental points were
fitted assuming thermally activated hopping in a present static
electric field, as described in Supporting Information. The
calculated average barrier height from the fits is 0.44 ± 0.06
eV.
The obtained value of average barrier height contradicts the

common presumption that deep traps are responsible for the
capture of charge carriers in all-optically poled Si3N4. Indeed,
Si3N4 has been used in semiconductor memories with long-
term stability attributed to the presence of deep traps.40 It has
been suggested that deep traps are positively charged Si
defects41 and are mainly located at interfaces of nitride and
oxide where excess silicon is present and their trap energy is
around 1.5 eV below the conduction band.42,43 Yet, our
measurement results show that, in the currently employed
poling process, only shallow traps seem to be activated. There
could be several sources of shallow traps in Si3N4, such as the
Si dangling bond back bonded to three N atoms (N3≡Si*),
hydrogen caused trap sites42,44 or metal impurities that have

been observed to be present in the photonic Damascene
process used for waveguide preparation.45

■ DISCUSSION AND CONCLUSIONS
We use all-optical poling to induce self-organized effective χ(2)

gratings in Si3N4 waveguides. As shown, the employed all-
optical poling approach can be applied to waveguides with
arbitrary dimensions, and saturation of nonlinearity can be
reached in a time scale of minutes. By using TPM imaging of
poled waveguides we measure the period of χ(2) grating and
show that the overlap integral is the dominant parameter that
determines to which SH mode the energy will be transferred.
This favors SHG on the fundamental waveguide mode, with
clear benefits for downstream treatment of the SH signal.
We also observe secondary periodicity of the grating which

is attributed to mode mixing in the waveguide bends. This
distorted shape of χ(2) grating causes the spectral response of
the poled waveguide to be broadband implying a stochastic
variation of grating period along the waveguide. This effect is
confirmed by the phase-matching measurements performed in
narrow waveguides in which mode mixing is not expected to
occur. For this case, the SH response is indeed narrowband
with the expected sinc-shaped response.
The all-optical poling can be described using a phenom-

enological model detailed in Supporting Information and is
attributed to the photogalvanic effect.23,27,28 Charge transport
is taking place via electron hopping from one trap to another in
the presence of FH and SH. Such model implies that a critical
electric field, from the interference of FH and SH, is necessary
in order to initiate the charge hopping and, hence, the all-
optical poling process as evident from Figure 6. We also
observe that the maximal reachable CE during poling is greater
when higher pump power is used. Indeed higher photoinduced
poling fields would result in longer gratings with larger
amplitudes. The grating length and amplitude are determined
by a combination of multiple factors. While higher FH and SH
intensities would increase both values, light at any other
frequency would distort the poling field inside the waveguide.
The drawback of using high intensity pump is thus the
unavoidable presence of TH. The TH is counteracting the χ(2)

Figure 7. Decay of normalized CE measured at different hot-plate
temperatures. Inset: decay at room temperature. Lines are fits based
on the model described in the Supporting Information.
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grating growth and could be one of the reasons why the grating
formation near the input of waveguide is never observed. We
expect that by still increasing the pump intensity we would be
able to achieve higher CE in our waveguides, until the TH or
other frequencies generated due to nonlinear effects would
quench the χ(2) grating formation.
After performing a series of temporal and thermal stability

tests, we demonstrate that the grating can be bleached also by
heating. Using thermally activated hopping as a conductivity
mechanism in our samples, we show that only shallow traps
with an average energy of 0.44 eV seem to be activated in the
poling process used here. There could be several approaches
for both enhancing the nonlinearity as well as increasing its
stability, as suggested by results of studies on poled optical
glasses. An early work in poled glasses has demonstrated that
the stability can be increased by introducing small concen-
tration of dopants in the waveguide.46 Here, the dopants
introduce traps that are more permanent, causing the average
trap energy to increase. Alternative approaches include
providing thermal or optical energy during poling which
results in reduction of conductivity as well as activation of
deeper traps beneficial to poling efficiency and stability. For
example, thermally assisted poling has long been used in both
inorganic47 and organic glasses.48,49 Alternatively, UV-assisted
poling has shown to lead to higher efficiencies50,51 as well as a
significant increase in the lifetime of induced nonlinearity.52
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