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Abstract

We demonstrated Graded Cavity Resonator Integrated Grating Filters
(G-CRIGFs) that are narrowband spectral reflectors, spectrally tunable
over more than 40 nm around 850 nm using a spatial gradient. A simple
analytical model is introduced and validated experimentally to determine
spectral performance of G-CRIGF's from the spectral properties of a stan-
dard Cavity Resonator Integrated Grating Filter (CRIGF).

1 Introduction

Cavity Resonator Integrated Grating Filters (CRIGFs) are spectrally narrow
and efficient reflective filters[1, 2] derived from the more widespread guided mo-
des resonant filters (GMRFs)[3]. GMRFs and CRIGFs both rely on grating
coupler (GC) to couple free-space waves to a guided mode inside a planar wa-
veguide and exhibit Fano spectral resonance when Bragg coupling conditions are
met. One striking difference is that GMRFs couple to a propagating guided-
mode below a large area GC, while CRIGF's couple to a standing-wave guided
mode[4, 5], localized under a short GC by two side Distributed Bragg Reflec-
tors (DBRs) (see Fig. 1). This induces two key differences: first, GMRFs have
extremely low angular tolerance whereas CRIGFs show unprecedented angular
tolerance[6] and second, the position of the spectral resonance of a GMRF can
be tuned with the angle of incidence while that of a CRIGF is unaffected.

In fact, the shape of the spectral resonance of a CRIGF cannot be tuned
by varying the conditions of incidence. The only modification is the overall
amplitude of the resonance that is maximised when the overlap between the
incident beam and the standing guided mode is maximised[6].

In [7], a small tuning range of the resonance was achieved by shifting, at the
design stage, the position of the GC between the DBRs. However, the spectral
width, shape and peak reflectivity varied greatly with the tuning. Discrete
spectral tuning between identical CRIGFs fabricated above a wedged buffer



layer and a wide-band reflector is also reported in [8]. For GMRFs, and other
periodic devices, introducing a spatial gradient of periodicity is a well-known
approach to induce spatial tuning of the optical properties[9]. However, for
CRIGFs this approach may compromise the stability of the Fabry-Pérot cavity
that localizes the mode, as it breaks the lateral invariance of the structure. It has
even been shown that using more stable cavities with curved DBRs increases the
CRIGF performances[10]. Since CRIGF's are finite, periodic resonant structures,
full 3D modelling of their optical properties is extremely complex[11] and almost
impossible for a continuously graded structures.

In this paper, we experimentally investigate spatially graded CRIGFs (G-
CRIGFs) and demonstrate large spectral tuning of the resonant wavelength
along the gradient of periodicity of the device. A simple analytical rule to
determine G-CRIGF spectral properties from that of normal CRIGF is proposed
and validated experimentally using a systematic study of the optical properties
with varying strengths of the gradient.

2 Samples fabrication and characterization

We based our G-CRIGF design on a standard CRIGF design depicted on Fig. 1(a).
A CRIGEF is composed of a central grating of period A (grating coupler (GC)
section) surrounded by 2 DBRs (gratings of period A/2). Two phase shift secti-
ons (PS), of length ¢ x A, ensure spectral matching of the GC with the Fabry-
Pérot cavity formed by the two DBRs. The whole structure is parametrically
defined by the period A of the GC. The GC section is 21A-long, with a 25%
filling factor (ratio of grooves width over A). The DBRs are 300A-long, with
a 50% filling factor. The phase-shifts (PS) are ¢A = 1.125A long. Standard
CRIGFs form a planar cavity along the z-direction and is considered invariant
along the y-direction. We designed our G-CRIGF with a gradient in A along
the y-direction (linear homotetical growth of A with y).
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Figure 1: (a) CRIGF schematic, with glass substrate (blue), etched SigNy wa-
veguide (red) and resist capping layer (grey). (b) optical microscope view of a
fabricated G-CRIGF.

Nine G-CRIGFs, with increasing gradient strength and labelled ¢; to g
were fabricated on the same glass substrate (AF-32 from Schott) using a pla-



nar, parallel, fabrication process. All fabricated G-CRIGFs are 500-pm-long
and start with a period Agqr+ = 510nm (see Fig. 1(b)). They exhibit a li-
near gradient along y to end with A¢,q = 510 (reference, un-graded), 515, 520,
525, 530, 540, 550, 560 and 610 nm. The fabrication process is the following.
A 170-nm-thick waveguide of SisNy (optical index of 1.94 at 850 nm) is depo-
sited by ICP-PECVD. G-CRIGF patterns are then defined on the sample by
soft-mold UV-nanoimprint lithography, and etched 60-nm-deep in the waveg-
uide. The etch depth was confirmed by AFM measurements. After cleaning, an
home-made resist was used as a planarization layer, resulting in a ~70-nm-thick
capping layer (optical index of 1.5 at 850 nm). Figure 1 shows a sketch of the
G-CRIGF geometry and the axes notations we used in this paper. Mechanical
profilometer measurements show that the capping resist thickness is constant
over a large fraction of each G-CRIGF, and shows a progressive thickening at
the edges of each device.

After fabrication, the G-CRIGFs were characterized using a dedicated expe-
rimental setup. A fibre-coupled swept-laser source (BS-840-1-HP from Super-
lum with an 0.06 nm spectral width tunable within [820:870] nm) is collimated
with a 50-mm-focal-length lens. After going through a \/4 waveplate for pola-
rization control and a 50/50 beamsplitter, the beam is focused on the sample
using a combination of 2 lenses (f; = 75mm and f; = 400 mm). The resulting
beam waist is measured to be ~10 um in the sample plane. Backreflected light
is collected at the output of the beamsplitter and detected using an amplified
photodiode. For calibration, a gold mirror was used in place of the sample.
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Figure 2: Typical reflectivity spectra of the 9 fabricated G-CRIGF's.

Figure 2 shows typical reflectivity spectra measured on the 9 fabricated
G-CRIGFs. Narrow-band peaks (0.6nm FWHM) are achieved for the quasi-
constant G-CRIGFs g; and gs. Peak reflectivity around 0.4-0.5 for such a line-
width is typical with our fabrication technique and seems to be limited by losses
in the DBRs. For G-CRIGF's with stronger gradients, the peaks gets gradually
broader and smaller.

For each G-CRIGF, the reflectivity was measured along the y-direction of
the sample, every 10 um. Figure 3 shows the spectral maps obtained for each
sample (black stripes indicate regions where either the device was not functional
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Figure 3: Spectral reflectivity maps along y for the 9 fabricated G-CRIGFs (in
the stripped regions the device was either not functional or out of the tuning
range of our source).

due to fabrication imperfections or the reflectivity peak was out of the tuning
range of our source). As seen, the wavelength of reflection peak shifts when
the probe beam is moved along y. These maps clearly show the tuning of
the resonance with the G-CRIGF period, demonstrating the potential of this
approach to design tunable CRIGFs. Depending on the sample, the tuning
range is limited either by the G-CRIGF extension or the tuning range of our
source. The maximum demonstrated spectral tuning range is above 40 nm with
G-CRIGF gs.

3 Results analysis and discussion

These results allow us to analyse the impact of the G-CRIGF gradient on its
spectral response. We first focus on the tuning properties of the peak wave-
length. In a second part, we quantify the impact of the G-CRIGF gradient
strength on the reflectivity and spectral width.

3.1 Resonant wavelength tuning

It has already been shown that CRIGF resonances are governed by the reso-
nant excitation of the guided mode by the GC. As for GMRFs, the resonant

wavelength A, is such that :
Ar = NepsA (1)



where n.yy is the effective index of the guided mode and A is the GC period.
Since neyy is fixed and we are using a linear variation of A along the y-direction,
we expect a linear variation of A, with y. Figure 4 (a) shows the evolution of
the reflection peak wavelength A, when the probe beam is moved inside a G-
CRIGF along y. As the thickness of the resist capping layer is uniform only in
the central part of each device, the refractive index of the guided mode n.yy¢
varies on the edges, biasing the determination of the gradient. We thus only
keep measurements made inside the uniform regions (solid points) to estimate
the gradient using a linear fit (solid lines), ignoring measurements made on
the edges of each device (crosses). As seen from the good alignement of the
experimental data points with the linear fits, the variation of A, is indeed linear
with the position y for each device.
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Figure 4: (a) Experimental reflectivity peak wavelength versus y-position on
the G-CRIGF. Solid lines are linear fits based on the solid color dots (cross
points were ignored). (b) Peak wavelength gradient versus period gradient. Dots
correspond to the linear fits on the left figure. Dashed line is the theoretical curve
using the effective index of the waveguide (eq. 1). Full line is the theoretical
curve taking waveguide dispersion into account according to eq. 2.

On Figure 4 (b), we plot the gradient of the peak wavelength 9\, /9y as a
function of the gradient of the GC period 9A/90y. Looking at eq.l, one might
expect a linear relation with a slope n.sy ~ 1.61 (dashed line on Fig. 4 (b)).
As seen, this relation over-estimates the gradient of the peak wavelength. To
explain this, we have to look more closely at eq.1 and derive a proper differenti-
ation. Indeed, nef¢ is not a constant, but a function of A, and thus indirectly
depends on y. Differentiating eq.1 with respect to y thus leads to:

a)\r A . )\r dne -1
Ty =< gy ey =gy (1= 2 SR )

Similarly to the expression of the free spectral range (FSR) of a laser diode,
where the group index (and not the effective index) has to be taken into ac-
count, here we have some kind of spatial group index (ngy) instead of spectral



group index. Extracting the effective index of the guided mode and its spectral
dependence from the experimental relationship between A, and Agc leads to a
value of ng, = 1.35 (solid line in Fig. 4(b)), in good agreement with the value
of 1.37 calculated using the nominal layers thicknesses and taking into account
the index dispersion in our materials.

3.2 Reflectivity and spectral width

In this section, we investigate the consequences of the gradient on the GC pe-
riod A on the peak reflectivity and spectral width of the G-CRIGF resonance.
Figure 5 shows the evolution of the reflectivity and spectral width (Full Width
at Half Maximum FWHM) of the fabricated G-CRIGFs versus the gradient of
the GC period, expressed in nm/um. Each color dot represents the median of
the measured values (peak reflectivity or FWHM) along each G-CRIGF, the
black brackets representing the standard deviation. As seen, and as expected,
the maximum reflectivity decreases and the FWHM increases with increasing
values of the gradient of the GC period.
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Figure 5: Evolution of reflectivity and spectral width of the resonance versus
gradient of the period. Solid color dots correspond to the median of experimental
values, black brackets giving the standard deviation. Dashed lines correspond
to best fit using eq. 5.

For further analysis, we build a simple 1D model of the G-CRIF reflectivity.
We consider a Gaussian probe beam with an intensity expressed as:

I(y) = Iyexp [2 <yy°>2] (3)

Wo

where wy is the beam waist and yq the center of the Gaussian. We assume that
the spectral reflectivity of a CRIGF can be modelled as a Gaussian spectrum:

R =R, + Rgexp [2<AA;T)2] (4)




where Rj is the baseline reflectivity, Ry is the resonance amplitude and A\
its spectral width. The resonant wavelength A, varies linearly along y as alre-
ady discussed. We then assume that the overall reflectivity of the G-CRIGF
R,(N) is the sum of the local reflectivities weighted by the local beam intensity.
Straightforward calculations leads to the following result:

I(y)R(y, \)d A —2(A=\,)?
JIW Ry Ndy _ P A exp A=)

f](y)dy (A)\Z . (wo%’\y’f)l/z AN2 + (wo%j)z

0

Ry(N)

where we have defined the resonant wavelength of the G-CRIGF as A,
Ayo). Taking into account a measured baseline reflectivity of R, = 0.08 (see
Fig. 3), we fitted our experimental measurements with this formula (dashed lines
in Fig. 5), resulting in a beam waist of wy = 9.6 um, a resonance amplitude
Ry = 0.3 and a spectral width A\ = 0.7nm. As seen, this simple model
accurately described the observed experimental trend.

From the denominators in eq. 5, we observe two possible regimes depending
on the waist wg, the spectral width AX and the gradient of period O\./dy.
For small waists, small gradients and large spectral widths (AX > wod\,./0y),
spectral width and peak reflectivity of the G-CRIGF are similar to that of the
equivalent CRIGF. On the contrary, when the gradient over the extension of
the waist cannot be neglected as compared to the initial spectral width, the
spectral width increases and the peak reflectivity decreases as compared to the
equivalent CRIGF.

4 Conclusion

We have demonstrated graded CRIGFs (G-CRIGFs) with continuous tuning
of the reflectivity peak (FWHM of ~ 1.8nm) over a wide wavelength range
of 40nm around 850nm. We have shown that the presence of a spatial gra-
dient along the transverse direction in the CRIGF cavity does not necessarily
degrade the spectral performance. This indicates that the formation of a locali-
zed standing wave inside the G-CRIGF can be achieved despite the presence of
the gradient. The optical performance of a G-CRIGF can be directly deduced
from the performance of an equivalent standard CRIGF using simple analytical
model of weighted averaging of the local reflectivities. This work opens the way
to designing optimized G-CRIGF's where the gradient amplitude is balanced to
achieve high tuning rate while maintaining a narrow enough spectral width for
a given application. Such optimizing will be particularly useful for applications
such as tunable external cavity laser diodes.
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