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Abstract: Our proposed method quantifies the penetration depth of integrated Bragg gratings
that form on-chip Fabry-Pérot cavities. Through the characterization of the integrated cavities, we
evaluate the wavelength-dependent penetration depth by studying its impact on the free spectral
range and comparing it with theoretical models, for both uniform and apodized gratings. The
analysis of the results is relevant for those who model, fabricate and characterize Bragg reflectors
as effective mirrors when the length of the order of the wavelength is needed.
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1. Introduction

Integrated Bragg gratings are ubiquitous, finding their main application in optical communication.
They are mostly used as filters for wavelength-division multiplexing (WDM) [1]. They are used
in lasers as mirrors for distributed Bragg reflector (DBR) [2] and distributed-feedback (DFB)
lasers [3]. They also find their application in sensing [4]. Furthermore, they are important
components for the dispersion engineering of integrated cavities [5,6]. Integrated Bragg reflectors
have enabled the achievement of interesting performances in Fabry-Pérot (FP) microresonators.
Taking a closer look at these cavities, there has been rising interest in dispersion-compensating
strategies, for instance, integrating a dispersion compensating element in the cavity architecture
[5]. Dissipative Kerr solitons (DKSs) in integrated microresonators have been demonstrated using
dispersive Bragg reflectors [7]. These light sources are typically required to produce a very short
pulse duration, on the order of femtoseconds, for applications in high-precision metrology-grade
femtosecond sources and for generating broadband frequency combs spanning frequencies from
tens of gigahertz to terahertz. This nonlinear mechanism opens the possibility of increasing
the bandwidth of coherent optical communication systems [8,9], to meet the increasing data
rate demands. Recently, a nanofabricated FP resonator with a Q—factor of 10°, composed of
two photonic crystal resonators, has successfully demonstrated Kerr-frequency-comb generation
[10]. Hence, the widespread adoption of Bragg reflectors in FP microresonators for dispersion
compensation has become increasingly relevant.

While Bragg gratings used as reflectors provide a wide range of functionalities, there is an
underlying issue in the device physics. When light is reflected by the Bragg reflector, it does
not reflect precisely from the point where the grating begins. To address this issue, researchers
have examined the concept of the penetration depth, or effective length of the grating, denoted as
L. This term refers to the virtual shifted interface inside the Bragg reflector that defines the
actual reflection point. This concept was analytically described in the context of reflectors with a
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constant perturbation period [11]. The penetration depth influences the free spectral range (FSR)
of the cavity, further changing the specifications of the device, such as the repetition rate and the
etch depth. Therefore, the cavity cannot be designed properly without quantifying the penetration
depth of the gratings forming these cavities, which we present in this work. We also present an
extended outlook on apodized gratings, commonly used in dispersion compensation applications.

Recently, researchers have conducted experimental investigations to assess the impact of the
penetration depth of Bragg reflectors in microcavities [2], and have measured the penetration
depth of Bragg grating reflectors in FP refractometers [12]. Nonetheless, the demonstrations
and analyses only looked into bulk platforms. Instead, integrated waveguide Bragg gratings
are fabricated in high-index contrast material platforms and are lithography-defined. Therefore,
an experimental study to find the penetration depth of integrated Bragg gratings, uniform and
apodized, is needed.

In this paper, to the best of our knowledge, for the first time, we present an experimental
method for accurately determining the penetration depth of uniform and apodized integrated
Bragg gratings. The experimental measurements have shown to align with theoretical models,
specifically examining different grating lengths within the wavelength range of interest. This
underlines the importance of the study for designing on-chip dispersion-aware components.

2. Apodized and uniform gratings design and modeling

We design a silicon nitride on insulator (SiNOI) FP cavity by placing a waveguide in between
two integrated Bragg grating reflectors. Its schematic is shown in Fig. 1(a). The devices were
fabricated by CORNERSTONE, offering deep-UV lithography for wafer-scale fabrication [13].
The patterns are processed on a single-side polished SiNOI wafer. The buried silicon dioxide
layer is thermally grown and has a thickness of 3 um, which sits on top of a crystalline silicon
substrate. The silicon nitride for the device layer is grown using low pressure chemical vapor
deposition (LPCVD), with a thickness of 300 nm + 15 nm. The pattern is defined on the resist.
This is followed by an etching process down to the silicon dioxide layer. The resist is then
removed, resulting in SiN strip waveguides. The final step of the process involves silicon dioxide
cladding deposition, with approximately 2 ym thickness [14]. Figure 1(b) shows the scanning
electron microscope (SEM) image of the fabricated apodized gratings. Each section with a
perturbation is part of the quadratic apodization, which is taken into account in the penetration
depth model.
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Fig. 1. Device design and fabrication. (a) Schematic of the top view of the Fabry-Pérot
cavity with integrated Bragg grating reflectors. i) Bragg corrugation top view, showing its
period. ii) The cross-section of the device. (b) Scanning electron microscope (SEM) image
of the apodized gratings. (Figures not drawn to scale).
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The forward-propagating light is diffracted backwards by the gratings. This requires the
gratings’ period to achieve constructive interference at the interface between forward and
backward propagating light, ensuring efficient reflection in the backward direction [15]. A
wavelength-dependent simulation of the effective index is used for simulating the spectra of
the cavities. In our simulations, we account for this dependency to ensure that the simulation
and modeling of the wavelength response include the dispersion (hence wavelength-dependent
effective index). The period of the grating is expressed in [Eq. (1)]:

_ A
2nef() A=1p ’

ey

where Ap is the Bragg wavelength, n.g is the effective index in the device cross-section, whose
dimensions are shown in Fig. 1(a). Therefore, the value of the period, A, is calculated to be 0.484
pm at the Bragg wavelength of 1552 nm. The device behaves like a reflector when the Bragg
condition is met. Light is coupled into the cavity via a directional coupler that is placed at the
center of the cavity.

There is a problem that arises in the design of devices that need to target a specific length, and
therefore a specific FSR. These devices are typically designed for applications where precise
control over the frequency spacing is essential. These applications include optical frequency
comb generation [16], where the precisely-spaced phase coherent frequencies are needed for
applications such as optical communication, spectroscopy and metrology [17]. For example,
mode-locked lasers are commonly used for optical frequency comb generation [18] since the
laser’s cavity length determines the repetition rate, corresponding to the FSR.

The penetration depth of the grating, L.s, induces an effective length, which is then non-zero
and contributes to the total length of the cavity. Therefore, the FSR is a function of the sum
of the physical path, Lynys, which represents the separation between the beginning of the two
reflectors, and the penetration depth of the reflectors (also known as the effective length of the
gratings), L.g. It is important to note that the expression in [Eq. (2)] takes into consideration the
wavelength-dependent group index, ng, of the 300 nm thick SiN waveguide which is intrinsically
dispersive [19].

/12
FSR = . 2)
21g(A) [Lphys + 2Lefr ()]

The geometrical parameters’ effect on the cavity is manifested experimentally: the effective
cavity length, measured via the FSR, is different from the cavity’s physical length, Lpyys. Therefore,
it is essential to assess the penetration depth of the grating, L.g. The study of the penetration
depth of the integrated Bragg gratings is enabled by the use of the designed FP cavities. We also
design cavities with different grating lengths with the aim of investigating how the penetration
depth of the grating varies as a function of the grating length. This was done for both the uniform
and apodized gratings. We simulated, using a finite difference eigenmode (FDE) solver, the
effective indices in the C-band for the cross-section shown in Fig. 1(a) ii). The results of the
simulation are shown in Fig. 2.

Considering a passive structure with the longitudinally-uniform and apodized Bragg grating
under the coupled-wave formalism, the refractive index variation yields [20]:

”(Z):no+ﬂ(2)'ﬂ(zxﬂz), 0 < 7 < Lo, 3

where T1(-) denotes the periodic Bragg grating shape function, A the Bragg grating period, ng is
the material refractive index, Ly the entire length of the Bragg reflector, and A(z) the amplitude
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Fig. 2. Effective nes and group ng indices (simulated) spectra for a 300 nm SiN film
thickness and 1200 nm waveguide width. The inset shows the qualitative mode profile (given
in arbitrary unit).

variation of the refractive index modulation, which is defined as:
A(z) = g(z) - An(w), )

where the apodization function 0 < g(z) < 1 is defined as follows:

1 (uniform-unapodized)
§D=1 1, o 5)
( . ) (convex-quadratic-apodized) ,
and An(w) is the difference between the perturbed and unperturbed waveguides’ refractive indices.
The electric field distribution along the Bragg grating can be represented as:

E(z) = E*(z) exp (—j%z) + E~(2) exp (j%z) , 6)

where j = V-1 denotes the imaginary unit, and E*(z) and E(z) are the forward- and backward-
propagating components of the electric field, respectively. In order to numerically examine
the penetration depth of the integrated Bragg grating, we use the transfer matrix (T—matrix)
method [21]. The idea behind this approach is that the Bragg grating structure is divided into N
uniform grating segments for which the analytical solution is well-known (see, e.g., [22]). Then,
the overall transfer matrix can be obtained as a product of each individual segment’s transfer
matrix. Applying the boundary conditions and solving the coupled-mode equations, we have the
following matrix relation between the electric fields at z and z + Az [23, Ch. 3]:

E*(z+ A2)
E™ (z+ A2)
- 7
cosh (cAz) — j2£ sinh (cAz) J% sinh (0Az) |E®
—J & sinh (0-Az) cosh (0rAz) + j%ﬁ sinh(cAz)| [E™(2) ’
and the initial condition is:
1 0
To = , 3
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where Az = Liot/N is the section length with the number of sections N, (8 is the propagation
constant, « is the coupling coefficient between forward and backward propagating modes [24],
and o = (k2 — |AB)%.

Hence, the connection between two ends of the Bragg reflector is as follows:

E*(L E*(0 -
( tot) -T ( ) , (9)
ELw)| |E©
where the overall T—matrix is the 2 X 2 matrix with following elements:
mpp mp
T=Ty -Tn_g: - -Tg--+--Ty = , (10)
| M21 M2

with the matrix Ty being the transfer-matrix with the coefficients k = «x(kAz), AB = AB(kAz)
and o = o (kAz) of the k"—section with k = {1,2, ... ,N}. The complex-valued reflection
coefficient is then defined as a ratio:

a M2

re(w) T Ir(w)] - explje(w)], an

with ¢ = arg [rg(w)] being the phase of the complex reflection coefficient.
The penetration depth for each Bragg reflector is given by [25]:

c
Legr(A) = m -7(4), (12)

with the wavelength-dependent group refractive index ng(1) being given by [26]:

dneg(2)
(1) = ) -4 , 13
ng( ) neﬁ( ) i ( )
and with the wavelength-dependent group delay 7(A1) being defined as [27]:
de Ay 9p(A)
HEN= = ——. 14
e (aw)w:w 2nc¢ 04 (14

3. Measurement results

We show the method to quantify the penetration depth of the uniform and apodized Bragg
reflectors implemented in such high-index contrast platforms. The characterized FP cavities all
have a physical length, Lypys, of 223 um. As mentioned in the previous section, we design a set
of reflectors with both uniform and apodized gratings. We assume the length of the reflectors to
be the same. We measure the transmission spectra of the cavities using a tunable laser (Keysight
N777-C) and a power meter (Keysight N7747-C) with a resolution of 0.5 pm. We show the
transmission spectra of the FP cavities with both the uniform and apodized gratings in Fig. 3. The
response of the cavities is normalized using the transmission spectrum of a straight waveguide
located on the same sample. The additional losses can be attributed to several factors, including
the particular coupling characteristics of the device, and its symmetric design, which allows for
the reflection of some light back to the input. To determine the wavelength-dependent group
index, n,(1), an experimental approach is employed, which involves measuring a reference
structure, namely, a ring resonator on the same sample. The measured bandwidth of the cavity
featuring uniform gratings is approximately 15 nm. However, in the case of the apodized gratings,
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Fig. 3. Spectral response of the Fabry-Pérot (FP) cavity with (a) uniform 1000 um length
gratings, (b) apodized 500 um, (c¢) 1000 ym and (d) 2000 pum length gratings on either side.

the bandwidth exhibits a range of variability. This observed variation in bandwidth can be
attributed to the variation of the grating strength as a function of grating length.

In Fig. 4, we show the FSR in the wavelength domain for those cavities, which is found by
calculating the distance between two adjacent resonance peaks. Subsequently, by utilizing the
reference FSR equation in [Eq. (2)], we can calculate the penetration depth of the grating, Leg.
In Fig. 4, the FSRs are smaller at the edges of the grating bandwidth following the group delay of
the grating, whose absolute value becomes larger in these regions. Instead, at the center of the
cavities’ bandwidth, the net group delay leads to a pseudo-constant FSR, indicating a near-zero
net dispersion cavity, dependent on the grating length.

We compare the results of the uniform and apodized gratings’ penetration depths to the
transfer matrix (T—matrix) method results. Figures 5(a) and (b) show the wavelength-dependent
penetration depth for the uniform and apodized integrated Bragg reflectors, respectively.

With regards to the wavelength dependency of the penetration depth, to account for the intrinsic
dispersion of the waveguide used for the cavity, a wavelength-dependent group index, n,4(4), has
been taken into account. While for low-index platforms, the wavelength-dependent group index
can often be neglected, for high-index contrast platforms like the one used in this work, this
becomes a prominent, non-negligible effect to take into account [6].

We exceeded the foundry’s minimum feature gap requirement of 250 nm in our design. We
design the apodized gratings’ minimum gap to be 100 nm, in order to reach the coupling strength
for the target bandwidth. We compare the experimental measurements to both the simulation
of the ideal device design, whose cross-section shown in Fig. 1(a), and of the device that was
fabricated. From the SEM illustrated in Fig. 6, we quantified the widths of the perturbations to be
both approximately 1.2 ym. Then, adjacent to both the unperturbed and perturbed waveguides,
there is a ridge section, connecting the two. We quantified this ridge section to have a thickness
of approximately 0.2 um. This ridge section is present when the gap between the perturbed and
unperturbed waveguides reaches a value below the threshold of 150 nm, confirmed by the SEM.
The idealization of the fabricated cross-section is illustrated in the inset in Fig. 6, which provides
a comparison with the ideal cross-section, when the gap between the grating and the waveguide
reaches a threshold below 150 nm.
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Fig. 4. Experimental free spectral range (FSR) (in red) found from spectral response (in
black) of the FP cavity with (a) uniform 1000 pm length gratings, (b) apodized 500 um,
(c) 1000 pm and, (d) 2000 pm length gratings on either side.

Therefore, we simulate the optical properties of the idealization of the fabricated device
cross-section. For the uniform 1 mm grating, we measured a penetration depth of approximately
12 um across the entire bandwidth, as shown in Fig. 5(a). The simulated penetration depth
is approximately 4.8 and 8.2 um for the ideal and fabricated cases, respectively. There is a
difference of approximately 31.7% between the fabricated cross-section simulation result and the
experimental measurements. Despite the efforts to set the simulation parameters to match the
experimental data coming from the SEM, some deviation persists. These variations could be
attributed to variations in the fabrication process, contributing to numerical differences in the
optical properties. The discrepancy observed between simulation and fabrication highlights the
importance of our work, demonstrating that modeling and simulation tools may not consistently
replicate devices produced in high-index contrast platforms.

In the case of the apodized gratings, the difference between the ideal and fabricated cross-
sections will affect the quadratic apodization of the gratings: this means that after a certain
length, the gap between the perturbation and the waveguide will reach a value below the threshold
of 150 nm, and the ridge shown in the fabricated cross-section inset in Fig. 6 will be present.
We take this into account in the simulation, and we show the results in Fig. 5(b). As seen, the
experimentally determined penetration depths of the gratings are in closer agreement with the
results of the fabricated cross-section optical properties, with approximately 7.3%, 9.0% and
2.2% deviation on average for the 0.5 mm, 1 mm and 2 mm gratings, respectively.

Furthermore, we investigate the dependence of the penetration depth on the grating length.
Figure 7 shows the experimental and simulation results of the penetration depth as a function of
the following grating lengths: 1 mm, 2 mm and 4 mm for the uniform gratings, and 0.5 mm, 1
mm and 2 mm for the apodized gratings, at the Bragg wavelength of 1552 nm.

As seen, the theoretical results are in close agreement with the experimental measurements,
with approximately 31.7% and 6.0% deviation on average for the uniform and apodized gratings,
respectively. The larger mismatch between the modeling and the measurement for the uniform
compared to the apodized gratings, can be attributed to the fact that while the uniform grating’s
design always requires gaps smaller than the foundry’s design rules (100 nm), the apodized
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Fig. 5. Penetration depth, Leg, of the 1 mm uniform grating (a) as a function of wavelength;
and the (b) 0.5 mm, 1 mm and 2 mm apodized gratings in comparison with theoretical
models.

grating’s design complies with the foundry’s design rules for its initial 15.5%. Therefore, it
makes this section’s features closer to the one used for the modeling.

In addition, the results also tell us that the penetration depth is constant as a function of the
grating length for the uniform gratings. Instead, for the apodized case, the relation is linear. This
is justified by the fact that the derivative of the phase of the reflectivity for the uniform case
yields a constant, whereas for the apodized case the result of the derivative of the phase of the
reflectivity is as a function of the reflector length. The phase is taken as the argument of the
reflectivity, which is derived from the coupled-mode equations [11].
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4. Conclusion

In the present work, we have proposed and demonstrated a reliable method to quantify the
penetration depth of both uniform and apodized integrated Bragg reflectors implemented in a
high-index contrast platform (SiNOI). The set of devices required for the method consists of FP
cavities where the reflection is realized with integrated Bragg gratings. The devices have been
fabricated using deep-UV lithography under the Cornerstone program [13], based on our design
and simulations.

By deploying our method on the FP cavities composed of gratings with different lengths, we
have quantified the wavelength-dependent penetration depths of the integrated Bragg gratings,
which agree with our theoretical predictions. Despite the efforts to set the simulation parameters to
match the experimental data coming from the fabricated device’s SEM, the results are consistent
with our theoretical results. This is the first demonstration of such a method for dispersive
integrated platforms.

Our work represents the first successful experimental analysis for quantifying the penetration
depth of integrated Bragg gratings on dispersive integrated platforms. This achievement has
significant potential for future advancements in the design of dispersion-engineered cavities.
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