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ABSTRACT: Stoichiometric silicon nitride (Si;N,) is one of the most mature integrated
photonic platforms for linear and nonlinear optical applications on-chip. However, because
it is a centrosymmetric material, second-order nonlinear processes are inherently not
available in Si3;N,, limiting its use for multiple classical and quantum applications. In this
work, we implement thermally assisted electric-field poling, which allows charge carrier Xgti~X "Eins
separation in the waveguide core, leading to a depletion zone formation and the inscription W
of a strong electric field reaching 20 V/um. The latter results in an effective second-order Si3N4 P
susceptibility (*®) inside the Si;N, waveguide, making linear electro-optic modulation
accessible on the platform for the first time. We develop a numerical model for simulating
the poling process inside the waveguide and use it to calculate the diffusion coefficient and the concentration of the charge carriers
responsible for the field formation. The charge carrier concentration, as well as the waveguide core size, is found to play a significant

role in determining the achievable effective nonlinearity experienced by the optical mode inside the waveguide. Current findings
establish a strong groundwork for further advancement of y¥-based devices on Si;N,.

KEYWORDS: stoichiometric silicon nitride, nonlinear optics, electric-field poling, phase modulation, DC Kerr effect

B INTRODUCTION routes for achieving broadband and energy-efficient modu-
lation. Additionally, second-order nonlinearity in a Si-based
platform would enable many classical and quantum optical
applications.'” While the listed Si-based integrated photonic
platforms lack second-order susceptibility ®) owing to their
centrosymmetric structure,'' significant efforts have been made
to overcome this constraint. Second-harmonic (SH) gener-
ation and phase modulation were demonstrated in Si
waveguides with Si;N, cladding."”™'* In the early work by
Jacobsen et al,,'” it was shown that deposition of Si;N, on a Si
waveguide core would enable a linear EO effect and SH
generation in the waveguide. An effective 27® was presumed to
be induced by stress at the core-cladding interface, yet, later, it
was shown that the additional stress on the structure had no
effect on the SH generation and that an ultraviolet exposure
inhibited any frequency doubling.15 Based on these results, the
origin of 2% in the waveguide was explained to be due to an
electric field caused by trapped charge carriers on the material
interfaces. The latter, coupled with third-order susceptibility
(), would lead to an effective second-order nonlinearity.
The main drawback of the proposed approach based on
symmetry breaking at the waveguide interface is that the

Second-order nonlinear optical functionalities realized on a
chip are key for enabling a wide variety of photonic-based
applications. In particular, the linear electro-optic (EO) effect
allows for high-speed modulation and low-power optical phase
tuning, which are essential for communications,’ program-
mable photonics,2 and LIDAR,® to name a few. Currently, a
wide variety of materials and device designs have been
considered for making the on-chip EO functionality available.”
Silicon photonics stands out as having the highest level of
technological maturity through complementary metal—oxide—
semiconductor (CMOS) technology and process toolsets.
CMOS-compatible materials such as silicon (Si), stoichio-
metric silicon nitride (Si;N,), and silicon dioxide (SiO,) are
the primary platforms for the development of photonic
integrated circuits strongly motivated by the possibility of
CMOS photonics and electronics co-integration.”~” While in
the vast majority of studies, the mentioned materials have been
mainly employed for their third-order nonlinearity,8 unlocking
full functionality of a Si-based photonic chip requires making
second-order nonlinear processes accessible, including EO
phase modulation and optical three-wave mixing frequency
conversion.” Although phase modulation in Si can be achieved =
through the free-carrier plasma dispersion effect,” the approach Received:  June 10, 2022 (pistonics
has several drawbacks and limitations, such as the presence of Published: October 10, 2022
spurious intensity modulation, refractive index modulation

chirp, and inherently limited operation bandwidth.” Having

second-order nonlinearity on a CMOS fabrication process-

compatible platform would circumvent these issues, providing
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overlap of the optical mode and nonlinear regions in the
waveguide remains low, limiting the overall efficiency.'® A way
to circumvent this issue is through direct application of the
external electric field across the waveguide core, as has been
implemented via p—i—n junctions in Si waveguides.'’~"” In the
proposed designs, applying a constant reverse bias voltage
leads to a high DC electric field within the material, which
allows phase modulation and SH generation efficiency control.

Alternatively, a permanent relocation of charge carriers
inside the optical waveguide removes the requirement for the
constant application of an external bias. For this purpose, all-
optical poling (AOP) and electric-field poling can be used.
Both of these techniques were initially employed in silica
fibers.”~** In the AOP technique, the coherent photogalvanic
effect is responsible for the asymmetric ionization of free
charge carriers and the formation of space-charge grating due
to interference of the fundamental light field and its SH.*>*°
On the other hand, the thermally assisted electric-field poling
technique in silica fibers leveraged the fact that the charge
carriers can be thermally activated and move in the presence of
an externally applied electric field.”’ ™" Such charge redis-
tribution gives rise to an electric field inscription within the
waveguide after electric-field poling. The induced 7 in silica
fibers using this technique was in the order of ~0.1 pm/V
estimated from phase modulation and SH generation experi-
ments.’”’! Recently, the possibility of AOP in Si;N,, integrated
waveguides proved the availability of movable charge carriers
within the material, enabling several applications such as
efficient SH generation in microresonators,32’33 generation of
quantum states of light,”* and simultaneous supercontinuum
and SH generation.”> Notably, the AOP process-determining
parameters, such as concentration and diffusion coeflicient of
charge carriers responsible for the formation of the space-
charge electric field and DC 7% in Si;N,, have remained
elusive. These are of key importance for fully establishing the
potential of 7% in nonlinear Si;N, devices.

Here, we measure, for the first time to our knowledge, the
DC #® in Si;N, and demonstrate the formation of the
permanent electric field residing exclusively within the Si;N,
waveguide core after thermally assisted electric-field poling.
The latter is confirmed by two-photon microscopy (TPM)
imaging. Hence, we obviate the requirement of applying a
constant external DC field in order to access the linear EO
effect on the platform. We also model the time evolution of
charge carriers inside the Si;N, waveguide under an applied
electric field and calculate the inscribed field profile after the
poling procedure. The implemented model is used to fit the
poling dynamics and to extract the diffusion coefficient and
number concentration of charge carriers involved in the
process. The numerical optimization of the phase modulator
suggests that for the same poling voltage, it is preferable to use
wider waveguides in order to provide a lar%er overlap of an
optical mode and an inscribed field in the 3 medium.

V4

B EXPERIMENTAL DETAILS AND RESULTS

Refractive Index Modulation. In centrosymmetric
materials, modulation of the refractive index can be introduced
via the DC Kerr effect available through third-order non-
linearity ') and described by"'

PP = 3¢y WEZE, ™ + c. c. (1)
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where c.c. stands for the complex conjugate, P is the third-
order polarization at light frequency w, €, is the permittivity of
free space, E, is the net electric field present in the material,
and E, is the optical field propagating in the material. It is
important to note that third-order susceptibility is a fourth-
rank tensor; therefore, )((3), as used in eq 1, is E, and E,, field
direction-dependent. Here, we will consider two cases of
relative polarization of the optical and electric fields inside a
centrosymmetric material such as Si;N,. In such a case, two
tensor elements are relevant: ¥}, and y{3),. For the optical
field polarized parallel to the electrical field, the third-order
susceptibility can be expressed as 23 = 3, while for the case
when fields have orthogonal relative polarization, 2 = 3.
We note that according to Kleinman’s symmetry rule, it should
follow that »{3, = 3y8,."" Accordingly, for a material with a
given refractive index ny, the electric-field-induced refractive
index change due to the DC Kerr effect is defined by''

3Ze(f?)Eg

2n,

An
(2)

The net electric field E; present in the waveguide can
contain an inscribed field E;, an externally applied DC
component Epc, and a sinusoidal component with amplitude
E,, at the modulation frequency @,, such that

E,=E, + Epc + E,, sin(w,t) (3)

Here, we define E,,, = Epc + E,sin(@,t) to be the externally
applied field. The expansion of the E term in eq 2 reveals that
the refractive index change has components at DC, w,, and
2m,, frequencies. The amplitude of the refractive index shift at
each frequency is shown in Table 1. Henceforth, refractive

Table 1. Induced Refractive Index Change Recovered at
DC, w,, and 2w, Frequencies

frequency refractive index change An
G
3 1
DC | (Epc + E) + SE,
1 2
®)
3
@, of (EDC + Eins)Em
Mo
G
3
20, Sk
o

index modulation at @,, and 2w,, frequencies will be referred
to as linear and quadratic EO effects, respectively, and indicate
the relationship between the induced refractive index change
with the modulation field E_ amplitude. Measurements of
refractive index amplitude at modulation frequency w,, and
doubled modulation frequency 2w, will be used for the
extraction of effective third-order susceptibility 2%, Similarly,
we use the linear EO response in the Si;N, before and after
thermally assisted electric-field poling to account for electric
field distribution and formation within the material. In this
case, a static electric field present in the waveguide with P
induces an effective second-order susceptibility P according
to

Xe(f?) = 3){e(f?) (EDC + Eins) (4)
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Figure 1. Schematic illustration of the device cross-section and electric field distribution (a) before, (b) during, and (c) after electric-field poling.

VaPP

and V,, are the externally applied voltage and poling voltage, respectively. The device comprises a Si;N, waveguide core buried in SiO, with

aluminum electrodes (Al) along the waveguide. (d) Optical and (e) TPM images of the sample displaying received intensity of the SH signal Pg.
The images are recorded on the device comprising a Si;N, waveguide with dimensions of 0.57 X 0.81 um®. (f) Profile of Py (blue dots) with fitting
(FWHM = 0.57 um) along the dashed orange line across the waveguide shown in (e). (g) Profile of Py (blue dots) detected along the waveguide
as marked with the orange arrow in (e). In (g), the red solid line represents the moving average of Pg.

It is important to note that throughout the study, the
dispersion of 2% with respect to modulation frequency w,,

23 (@) = 23 (0).

Device Design. The proposed Si;N,-based EO modulator
is shown in Figure la—c, illustrating the principal cross-section
and field distribution before, during, and after electric-field
poling, respectively. In our study, two devices with different
Si;N, core dimensions of 1.31 X 0.81 ym?* (wide) and 0.57 X
0.81 um® (narrow) are used (see Supporting Information,
Note 1). The electrodes are placed along the optical waveguide
for an interaction length L and allow an application of the
electric field in the sample plane. The total applied voltage
(Vpp) on the electrodes may have both DC (Vp) and time-
varying components (V) such that Vip = Vbc + Vi In an
unpoled waveguide, as in Figure la, the electric field applied
across the waveguide will result in material refractive index
change An due to the quadratic EO effect. The spatial
distribution of the electric field and material properties define
An in every point of the waveguide cross-section. Without any
inscribed field present in the waveguide, the refractive index
modulation at frequency w,, is possible only if the externally
applied field comprises a DC component, as evident from
Table 1.

Figure 1b displays thermally assisted electric-field poling for
electrical field inscription in Si;N, waveguides. At the initial
state, the charge carriers are immobile and uniformly
distributed inside the waveguide core. The chip is heated up
to enable thermal activation of charge carriers in Si;N,, while a
high electric field is applied across the waveguide. The
thermally activated mobile charges can migrate from their
initial positions to compensate the externally applied field,
forming a depleted region and, consequently, an inscribed
electric field E;,; opposite to that applied. After a poling time of
tens of minutes, the applied field is switched off, and the
sample is translated to the metal surface for rapid cooling. The
dislocated charges are fixed at new positions due to their low

is assumed to be negligible such that
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mobility at room temperature, establishing the steady space-
charge electric field, as shown in Figure lc. The inscribed
electric field coupled with the third-order susceptibility of
Si3N, results in an effective second-order nonlinearity
according to eq 4 and removes the requirement of an
externally applied DC electric field for an observation of the
linear EO effect.

The formation of the second-order nonlinearity solely within
the Si;N, waveguide core and not in the surrounding silica
cladding is confirmed by TPM imaging (see Supporting
Information, Note 2). During TPM imaging, a strong pump is
raster-scanned across the waveguide plane, while the SH signal
is collected. The received intensity of the SH signal Pgy; at each
point of the image is proportional to the square of the induced
7% and can be attributed to the recorded field within the

e%))z ~ ()((3)Ems)2. Figure 1d,e
shows an optical photograph and a typical TPM image of the
investigated area, respectively, obtained after electric-field
poling. The lines on the sides of the TPM image indicate
the nonlinear optical response on the electrode boundaries.
The latter is present also in devices that have not undergone
the thermally assisted electric-field poling and could be due to
symmetry breaking at the metal—dielectric interface.”® At the
same time, there is an SH signal corresponding to the inscribed
field confined to a narrow line along the waveguide between
the electrodes in the center of the image. Notably, no SH
active region is found inside the cladding. The full width at half
maximum (FWHM) of SH response from the inscribed field is
0.57 + 0.04 um, coinciding with the waveguide width (Figure
1f). The TPM signal is consistent along the waveguide, as
shown in Figure lg, confirming a uniform inscription of a
permanent electric field inside the Si;N, waveguide core.
Remarkably, we also observe the inscription of an electric field
inside the waveguide in regions where only a single electrode is
in the vicinity of the waveguide (see Supporting Information,
Note 2). This finding suggests that electric-field poling with a

waveguide such that Py ~
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Figure 2. (a) Schematic of the MZI setup used for the phase modulation amplitude detection. BS: beam splitter, L: lens, AWG: arbitrary waveform
generator, W: optical wedge, M: mirror, D: detector, and LIA: lock-in amplifier. (b) MZI output intensity (blue line) and modulation signal (red
line) measured at 2w,, under applied modulation voltage on the electrodes of V,, = 100 V as a function of the relative phase difference between
light in both arms in the waveguide with 1.31 X 0.81 um? cross-section. (c,d) TE mode and (e,f) externally applied electric field (Ve = 400 V)
distribution in waveguides with 1.31 X 0.81 and 0.57 X 0.81 um? cross-sections. (g) Effective refractive index change Ang due to quadratic and (h)
linear EO effect (under Vp = 100 V) as a function of the modulation voltage V.

single electrode is possible. The latter has been leveraged for
elevating maximal induced nonlinearity in electrically poled
silica fibers.””**

Experimental Setup. To measure the phase modulation
due to linear and quadratic EO effects in Si;N, waveguides, we
used a Mach—Zehnder interferometric (MZI) technique,’® as
shown schematically in Figure 2a. In the setup, a linearly
polarized laser operating at wavelength 4 = 1560 nm is split
into reference and sample arms. An optical wedge prism on a
translation stage is placed in the path of the reference arm,
enabling control of the relative phase difference between the
light in both arms. The light in the sample arm is coupled to
the Si;N, waveguide placed onto a temperature controller
stage in order to minimize the optical phase drift due to
temperature variations. The output of the waveguide is
combined with the light from the reference arm and directed
to a photodetector. A signal from a function generator (Rohde
& Schwarz HMF2525) is amplified by a voltage amplifier
(Trek PZD350-2) and applied to the electrodes integrated
alongside the waveguide, which will cause a phase change in
the sample beam, leading to intensity modulation at the output
of the MZI. A lock-in amplifier (Princeton Applied Research
5210) was used for the detection of the modulation amplitude
to separate measurement of the linear and quadratic responses
by recovering the modulated signal at w, and 2w,
respectively. During the measurements, the electric field
modulation frequency was kept constant at @, = 5 kHz.

Figure 2b shows the measured MZI output intensity and the
amplitude of the modulated signal at 2w, as a function of the
relative phase difference between light in both arms. Here, only
modulation voltage with V, = 100 V was applied between the
electrodes. From the MZI output signal peak-to-peak value I,
and the amplitude of the modulated signal I 4, we extract the
phase variation A¢ at the quadrature point using’

3377

I
Ag = ZSin_l(Im—Od

max

] (5)

For a device having light and electric field interaction length
L, the induced effective refractive index change is then
calculated as Angs = A@pA/2xL. The effective refractive index
change is determined by the degree of overlap between the
optical and the electric fields in the waveguide core and in the
cladding (see Supporting Information, Note 3). Taking into
account both contributions, the effective refractive index
change can be calculated using40

Ange = 2ce, /]n(x, y)An(x, y)IE(x, y)l2 dx dy 6)

where An(x,y) is the refractive index change according to
Table 1, c is the speed of light in vacuum, and E(x,y) is the
electric field profile of the optical mode propagating in the z
direction normalized such that

/](E(x, y)* X E(x, y) + E(x, y) X H(x, y)*)2 dx dy = 1,

where H(x,y) is the magnetic field profile of an optical mode.
For known distributions of the parameters presented in eq 6,
the contribution of the cladding and waveguide core can be
calculated separately. A notable contribution to the total
refractive index change in the narrow waveguide (~21% and
~15% in TE and TM polarization, respectively) is introduced
by the quadratic EO effect in the waveguide cladding, despite
the fact that third-order susceptibility of SiO, is expected to be
one order of magnitude smaller than that of Si;N,. This is due
to the penetration of the optical mode into the cladding, in
which the applied electric field is actually higher than in the
waveguide core. The latter is imposed by field continuity and
the lower dielectric constant of SiO, compared to Si;N,. The
fundamental optical mode profiles and the distributions of the
applied electrical fields were simulated using COMSOL

https://doi.org/10.1021/acsphotonics.2c00888
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Multiphysics software and are as displayed in Figure 2c—f. The
stronger confinement of an optical field inside the wide
waveguide will result in a higher modulation of the refractive
index than in the narrow waveguide since in the former, more
of the optical field lies in the waveguide core, which has higher
third-order nonlinearity. It should be noted that in the device,
the applied electric field lies predominantly along the x-axis
(see Supporting Information, Note 3). As mentioned above,
this allows us to consider only the contribution of 2 or 43,
tensor elements in a refractive index modulation when TE or
TM polarized light, respectively, is coupled to the waveguide.

DC Kerr Susceptibility Measurements. Prior to electric-
field poling, the quadratic and linear (with externally applied
DC field) refractive index modulation was measured in the
studied waveguides. Figure 2g shows the effective refractive
index change dependence on modulation voltage V;, due to the
quadratic EO effect in both wide and narrow waveguides using
TE polarized light. As expected, effective refractive index
change Ang grows quadratically with the applied modulation
voltage and is greater in the wide waveguide. To enable the
linear EO effect in the device, a DC voltage Vpc = 100 V was
applied in addition to a time-varying component, and effective
refractive index modulation was recovered at w,, (Figure 2h).
Similarly, as in the case of the quadratic EO effect, the Ang is
larger in the wide waveguide. The ratio of the induced Ang in
the linear and quadratic regimes measured at the same voltage
amplitudes (Vpc = V,,, = 100 V) is close to 4, as predicted (see
Table 1).

For TM polarization of light, the same relationships of linear
and quadratic regimes were observed (see Supporting
Information, Note 4). Obtained results of the induced An.
were then used for the derivation of the Si;N, third-order
susceptibility from eq 6, taking into account the silica cladding
contribution Following the formalism described in the
}))portmg Information, we calculate the average values of
23 and 48, of Si;N, based on measurements carried out in
both waveguides and both polarizations. The values are
summarized in Table 2. To the best of our knowledge, this

Table 2. Derived Values of Si;N, % Tensor Elements in the
Studied Waveguides

1.31 X 0.81 pm* 0.57 X 0.81 pm*

23 (% 1072 m*/v?) 1.36 + 0.08 1.40 + 0.06

(3)

21
A2

( x 107 m¥/Vv?) 0.75 + 0.08 0.89 + 0.08

is the first measurement of the DC Kerr susceptibility of Si;N,.
Notably, the obtained )(1111 value is one order of magnitude
higher than that of silica®’ and lower than the third-order
susceptibility of Si;N, measured at an optical frequency v
= 1.55 um) = 3.4 X 10_21 2/VZ) 243 From Table 2, it is also
evident that the ratio of {3}, and y{3),, measured using TE and
TM polarized light, respectively, is close to 2:1, which does not
comply with Kleinman’s symmetry rule It should be noted that
the assumption of the 3:1 ratio of 23, and y3), in silica is
expected to have little influence on the extracted y'* tensor
element ratio in silicon nitride. For example, we calculate the
contribution to the refractive index change from the cladding
to be 3% and *2% for TE and TM polarized light,
respectively, in the wide waveguide. Such small contrlbutlons
cannot explain the deviation of the silicon nitride 2078,
tensor element ratio from that suggested by Kleinman’s
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symmetry rule. The reasons for this discrepancy are still
unclear; however, similar violation was found earlier in other
doped silica studies.**

Poling Dynamics. We performed a series of electric
breakdown tests in devices of the same design and observed
electrical breakdown on a chip surface at 650 V at room
temperature. From this, the estimated breakdown field is
50 V/um which is close to an order of magnltude less than
reported elsewhere for S$iO, and Si;N,.***° The reason for this
lies in the fabrication process, particularly in the step of metal
layer etching, small metal residues are expected to be present,
which may have introduced local breakdown channels when
the high electric field is applied. Hence, the poling voltage V,
was set at 400 V in order to avoid electric breakdown. Both
waveguides were then poled at 260 °C in a series of treatments,
and after each, linear and quadratic responses were measured
at different modulation voltages. After each poling interval, the
linear EO effect was observed in the devices without any
externally applied DC voltage, confirming the formation of a
space-charge field inside the waveguides. Figure 3a shows the
effective refractive index change An. per V,, for TE polarized
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Figure 3. (a) Effective refractive index change An. per V,, (points)
measured in both waveguides at w,, after each electric-field poling
interval using TE polarized light. Poling was performed at 260 °C and
400 V applied between the electrodes. The solid lines are the fits
based on charge species drift simulation, while dashed lines
correspond to Ang per V,, measured before poling at frequency w,,
with 400 V DC field applied (Vpc = V, = 400 V). (b,c) Simulated
positive charge carrier distribution in the wide and narrow SizN,
waveguides, respectively, after electric-field poling. (d,e) inscribed
electric field distribution E; after electric-field poling.
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light measured in both devices at @, after each poling interval.
As evident, An; saturates after several tens of minutes of
poling.

The saturation dynamics of Ang in Figure 3a tend to
suggest that the electric-field poling process is governed by one
species. This is in contrast to electric-field poling of silica
fibers, where the injection of H;O" produced by high field
ionization on the anode surface has been observed in the case
of a long poling time.”” The latter was also shown to result in a
drop of the induced nonlinearity due to neutralization of the
uncompensated negative charges. In addition, Figure 3a also
holds the Ang per V,, as measured in unpoled waveguides at
o, with DC voltage V¢ = V, = 400 V applied. Notably, the
saturation value of Ang per V,, after poling at V, = 400 V is
less than that measured before poling with Vpe = 400 V
applied on the electrodes. Moreover, the mismatch is larger in
the narrower waveguide in which the device efficiency is just
~60% of that achieved with the externally applied DC field.

To explain this observation, a two-dimensional model based
on the solution of transport of diluted species was developed.
The latter is used for simulation of the dynamics and saturation
of the electric-field poling process. Our model, made in
COMSOL Multiphysics, follows that described in the study by
Camara et al."” and allows us to simulate the charge carrier
drift under an applied electric field. It is expected that the
experimentally obtained electric-field poling curves are directly
related to the charge carrier properties, such as their diffusion
coefficient and number concentration. In the simulation, we
initially set the waveguide to be electrically neutral, having
positively and negatively charged species to be evenly
distributed inside the waveguide core. We then bound the
charge carrier drift to take place only inside the waveguide
core, as well as set only one charge carrier specimen to be
mobile. The actual sign of the mobile charge carrier is
unknown, and for the simulation, it was chosen to be positive.
In the assumption of no charge carrier injection, the local
equation of continuity and Poisson’s equation lead to the
following partial differential equation solved over waveguide
cross-section and time"”

oC

o + V-(=DVC — quFCVu) =0 @
where C is the concentration of initially uniformly distributed
diluted cations, D is the diffusion coeflicient, g is the charge
(here +1 for cations), u is the charge mobility, F is Faraday’s
constant, and u is the electric potential. In eq 7, the first term
inside the brackets accounts for the charge diffusion, while the
second term corresponds to the charge drift under the electric
field. D is coupled to the mobility y through the relation p =
qFD/RT, where R is the molar gas constant and T is the
sample temperature. Using the implemented model, the charge
concentration and the diffusion coefficient were varied to fit
the dynamics of the electric-field poling process in the studied
waveguides. Notably, we find that the number concentration of
mobile charges will determine the saturation value An,g, while
both charge concentration and diffusion coefficient contribute
to the poling speed. The fits of the electric-field poling curves
are shown by solid lines in Figure 3a. From these, we obtain
the number concentration of charges to be C = 0.24 + 0.13
mol/m> (C = 0.075 + 0.01 mol/m?®) and the diffusion
coefficient at 260 °C to be D = (0.45 + 0.18) X 10™*¥ m?/s (D
= (3.6 + 1.8) X 107'® m*/s) in the wide (narrow) waveguide.
It should be noted that only the low bound of the diffusion
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coeflicient value can be estimated from the poling dynamics fit
of the narrow waveguide due to the absence of an intermediate
point between poling start and saturation of the refractive
index change in the linear regime. A slight discrepancy in the
charge number concentration values obtained from the narrow
and wide waveguide poling curve fits is predominantly
introduced by the measurement error of induced effective
nonlinearity and a small number of fitting points (see
Supporting Information, Note S).

From the extracted charge carrier parameters, we cannot
unambiguously confirm the species of mobile ions inside Si;N,.
However, earlier reports have shown that there is an excessive
amount of hydro§en present in low pressure chemical vapor-
deposited Si;N,.** Moreover, the measured range of hydrogen
diffusion coefficient D in Si;N, summarized in ref 49 matches
well the value obtained in this study. Hence, we tend to believe
that hydrogen impurities could be responsible for space-charge
field formation in the waveguides studied here.

Figure 3b,c shows the simulated profiles of the mobile
charge carrier distribution in both waveguides after poling with
V, = 400 V applied between the electrodes. The simulation
shows that, in order to compensate the electric field in the
waveguide applied during poling, the charge carriers have
drifted, causing the appearance of a depletion region—a region
in the waveguide core where there is a reduced number of
cations. As evident from Figure 3b,c, the depletion region can
take a significant part of the waveguide core. From the
simulation, we also can extract the final inscribed electric field
E,, in both waveguides, as shown in Figure 3d,e. From the
latter, it can be concluded that the inscribed field E; in the
depletion region is weaker than in the rest of the waveguide
core. Hence, the contribution of the depletion region to the
inscribed nonlinearity experienced by the optical mode is
small. The maximal inscribed electric field is %20 V/um for the
wide waveguide, resulting in the effective induced second-order
susceptibility (eq 4) of 0.084 pm/V. The mismatch between
the An.g saturation value after poling and that expected from
linear EO effect measurements with externally applied DC
field, as shown in Figure 3a, is simply due to the fact that the
distribution of the inscribed field E;, does not match that of
the externally applied one. The mismatch of the induced
nonlinearity is relatively low in the wide waveguide since the
depletion region takes the part of the core far from the
maximal optical field, while in the narrow waveguide, the
interaction of the propagating optical mode and the inscribed
electric field is less efficient, explaining the larger difference of
the induced nonlinearity with the case of the externally applied
field. In addition to this, the inscribed field E; ; after poling
resides exclusively inside the waveguide core as confirmed by
TPM, and, therefore, there is no contribution to the linear EO
effect by the silica cladding.

It is worth noting that if the number concentration of charge
carriers C and the applied electric field during poling are
known, the width of the depletion region w can be
approximately estimated using”’

€€oEpc
eC

N (®)
where Ep is the externally applied DC field during poling, € is
the dielectric permittivity of a material, and e is the elementary
charge. For example, assuming C = 0.24 mol/m? retrieved from
the poling dynamics fit, as shown above for the wide
waveguide, we calculate the thickness of the depletion layer
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for the poling voltage of 400 V to be around 0.06 ym, which, in
principle, is in good agreement with the value obtained from
numerical simulation (see Figure 3b). Such an approximate
estimation of the depletion region width using eq 8, instead of
charge carrier drift numerical simulation, can be used for a
coarse evaluation of effective induced nonlinearity experienced
by the optical mode.

After electric-field poling, the E; inside the waveguides
decays slowly. In Figure 4a, we show the induced Ang per V,
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Figure 4. (a) Decay of effective refractive index change Ang per V,,
(points) measured in both waveguides after electric-field poling.
Dashed lines are guides for the eye. (b) EO response of a device
(points) comprising poled Si;N, waveguide with 0.57 ym width and
the active modulation length of L = 83 mm.

measured over a period of 1 month. Within the measurement
period, the amplitude of the induced second-order nonlinearity
decreased by ~10% of its initial values. The decay time is
similar to that obtained for all-optically induced nonlinear
gratings,51 suggesting that the same charge carriers are
activated in both poling processes. We also measured the
EO response of a device comprising poled Si3N,, as shown in
Figure 4b. The obtained 3 dB modulation bandwidth for the
waveguide with 0.57 um width was measured to be 38 kHz
(Figure 4b). We believe that the bandwidth limitation is due to
the time constant of the measurement system, having a strong
contribution from the high output load of the test equipment,
the ohmic contact between electrodes and probes, and the high
capacitance of the latter. At the same time, it is important to
note that the proposed device design itself should have a low
capacitance due to the small overlapping area and the large
separation between the electrodes.

Based on the experimentally derived nonlinear parameters
and the developed model for charge carrier drift in the
waveguide core, we simulate the electric-field poling process in
waveguides with different widths for various applied poling
voltages, as to estimate maximal achievable nonlinearity in a
device with the same configuration as studied here. In the
sweep, the poling voltage was varied from 400 to 3400 V, while
the waveguide width was changed from 0.5 to 2.5 ym. The
charge carrier concentration is set to be C = 0.24 mol/ m?, as
extracted from poling dynamics fit for the case of the wide
waveguide. It should be pointed out that here, we used the
highest calculated charge carrier concentration, which would
lead to the smallest depletion region width and, hence, the
highest induced effective refractive change after electric-field
poling. Also, the upper voltage limit was chosen such that the
induced electric field is below the reported breakdown field of
300 V/um in Si;N,.*® It is important to note that the current
fabrication process has been considerably improved with
respect to the one used for the devices described here, allowing
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us to avoid metal residues and related breakdown field
limitations. Hence, we believe that the application of
300 V/um during the electric-field poling process should be
possible in devices of the same design, as proposed in this
work. In the numerical simulation, for each combination of
applied voltage and set waveguide width in the simulation, the
saturation of the poling process was reached. At the end of the
simulation, the inscribed electric field E,, was extracted and
the induced Ang per V, was calculated numerically using eq 6.
The height of the waveguide was kept constant at 0.81 pm.
The obtained values are mapped in Figure Sa.
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Figure S. (a) Normalized induced effective index change per V,, in an
electrically poled Si;N, waveguide as a function of waveguide width
and poling voltage. (b) Inscribed electric field E;,; profiles across the
optical waveguide with 1.31 pm width poled at 400 and 3400 V
plotted on the primary axis. The normalized optical mode intensity
profile across the same waveguide is plotted on the secondary axis. (1)
and (3) correspond to points as labeled in (a).

Here, we have also highlighted four points marking the An,g
per V,, for particular waveguide width and poling voltage. The
first point (1) corresponds to An.; per V as achieved in the
waveguide with 1.31 um width used in this study poled at V, =
400 V. The second point (2) indicates the An g per V,, for the
case when poling at V, = 400 V would be carried out on a
waveguide with a width of 2.5 ym. We see that by increasing
the waveguide width from 1.31 to 2.5 um, the achievable
effective refractive index change is increased just by 220%. The
confinement of the optical mode in waveguides of mentioned
widths and the narrow depletion region width at the given
poling voltage result in the moderate growth of effective
refractive index change. Significant improvement of the
induced nonlinearity would be achieved in case poling voltage
of V, = 3400 V as marked by points (3) and (4). By elevating
the poling voltage from 400 V to 3400 V, we expect a ~5.4
times increase in the effective refractive index change in the
waveguide having 1.31 ym width and &6.3 times increase in
the waveguide having 2.5 pm width. The growth of the
induced nonlinearity is not linearly dependent on poling
voltage which can be illustrated and explained by considering
the inscribed electric field E;; and optical mode intensity
profiles shown in Figure Sb. Here, the inscribed electric field
E, in a 1.31 pm-wide Si;N, waveguide is displayed for two
cases when poling voltage is V}, = 400 V and V,, = 3400 V. The
maximal values of the inscribed field for the poling voltages of
400 and 3400 V are ~20 V/um and =173 V/um for the
waveguide with 1.31 um width, resulting in the effective
induced second-order susceptibility (eq 4) of 0.084 and 0.73
pm/V, respectively, while considering the breakdown strength
of Siz;N, of 300 V/um, the maximal achievable effective
second-order susceptibility is ~1.26 pm/V. It is important to
note that with an increase in poling voltage, the depletion
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region takes a larger part of the waveguide core, shifting the
maximum value of the inscribed field toward the ground
electrode and, therefore, changing the optical mode and
inscribed field overlap condition. Additionally, from Figure Sa,
it is important to notice that for every waveguide width, there
is a poling voltage level, above which the induced effective
refractive index change would not increase. For a specific
waveguide width and charge concentration, the maximal
inscribed electric field is defined using eq 8. It can be seen
in Figure Sa that in the regions where contour lines become
vertical, a further increase in the poling voltage (or the applied
electric field) would not lead to a growth of the induced
refractive index change for a given waveguide width.

B CONCLUSIONS AND OUTLOOK

In this work, we have demonstrated a linear EO modulation in
the Si;N, platform. For the first time, we measured the ¥ of
SisN, at low frequencies and induced symmetry breaking
inside the Si;N, waveguides through thermally assisted
electric-field poling. During the poling process, the thermally
activated charge carriers drift such that the externally applied
electric field is compensated. After waveguide cooling, the
trapped charge carriers form an inscribed electric field that
induces an effective second-order nonlinearity. The latter
removes the requirement of the externally applied DC electric
field for making the linear EO effect accessible in a fully CMOS
fabrication process-compatible integrated photonic platform.
Notably, the charge carrier drift during poling takes place only
inside the Si;N, waveguide core, as confirmed by nonlinear
imaging. From the numerical simulation of the process and
experimental poling curve fit, we extract the diffusion
coefficient and the concentration of charge carriers responsible
for the electric-field inscription within Si;N,. Further studies
on the initial stage of poling dynamics and an extension of the
physical model, for example, including charge transfer at the
waveguide core-cladding boundary, would be necessary in the
future. Despite that, the extracted diffusion coefficient and
charge carrier concentration values and those reported from
earlier Si;N, material analysis studies lead us to believe that
hydrogen impurities could be responsible for space-charge field
formation. Here, in the waveguide core, the inscribed electric
field as high as 20 V/um is achieved and limited only by the
electrical breakdown of the cladding layer. Given that the
dielectric strength of employed materials could be increased to
the values reported in the literature, we estimated that the
inscribed field in the waveguide could reach 300 V/um, leading
to a ¥ in Si3N, of around ~1 pm/V. Furthermore, there
could be several strategies for increasing the induced second-
order nonlinearity in the device of the proposed design. First,
following eq 8, it can be suggested that having more charge
carriers, for example, by introducing dopants in the Si;N,
waveguide during the fabrication process, would allow us to
increase the inscribed effective nonlinearity as more applied
field could be compensated by the charge carriers. Second, eq
4 implies that using the waveguide core material with a higher
2 value would allow us to increase the efficiency of the
device of the same design. For the proposed linear EO phase
modulation application, we suspect that silicon-rich silicon
nitride>” could be a good candidate. Other methods for charge
activation can be implemented. For example, in silica fibers, it
was demonstrated that light of high-energy photons can be
used for the charge release and used for electric-field
poling.‘”’54 Based on the reported results, further material
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and device design improvements could enable fully CMOS
fabrication process-compatible second-order nonlinear Si;N,
devices for classical and quantum applications.
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