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Abstract— Previous works ascribe the broadband high-reflectivity features of high-contrast
gratings (HCGs) to dual-mode interference effects occurring in the grating bars, which are a
characteristic of their near-wavelength operation regime. Using this fundamental characteristic
this work exploits a bimodal Fabry-Pérot interferometer approach to better understand the HCG
physics. This analytic framework allows to explain the 100 % reflectivity peaks at the basis of the
broadband operation, predicting their positions by closed-form expressions. A design strategy
based on this approach is then presented, including a discussion on the impact of fabrication
tolerances on the HCG performance.

1. INTRODUCTION: HIGH-CONTRAST GRATING REFLECTORS

Already dominating the market of short-range data communications, in the last few years the
production of vertical-cavity surface-emitting lasers (VCSELS) is experiencing a boom after their
successful integration in smartphones [1, 2, 3]. In this context, one of the hottest R&D topics is the
design of VCSELs featuring tunable emission wavelength, whose commercialization could represent
a breakthrough in telecom, sensing or biomedical applications [4, 5]. In such devices, the tuning
mechanism is based on varying the cavity length by moving one of the mirrors, which makes its
volume and weight fundamental design parameters. Polarization control is very important as well,
in order to guarantee a stable response over the tuning range. This is why, fifteen years after their
first presentation [6], high-contrast gratings (HCGs) are still a topical research subject.

A HCG is a periodic array of dielectric bars with refractive index n; (commonly a semiconductor)
surrounded by a medium with much lower index ng (usually air, or an oxide). This is shown in
Fig. 1 (left), which reports all the HCG design parameters: the thickness tg, the period A, and
the duty cycle n, defined as the ratio of the bar width to the period. HCGs can be designed as
single-polarization ultrabroadband reflectors, as shown in Fig. 1 (right), which shows the reflectivity
spectrum of a HCG reflector for a normal incidence TM-polarized plane wave operating in the mid-
IR range [7].

HCGs operate at wavelengths comparable to A, in the so-called near-wavelength regime. In
such condition, neither the approximations valid for sub-wavelength gratings nor diffraction theory
are applicable, and a reliable analysis must rely on full-wave simulations. A possible simulation
strategy is based on fully numerical approaches such as finite difference [8], finite element [9], or
spectral element [10, 11] methods, which allow to model structures with complex geometries but
do not provide any insight on their principle of operation or on design rules. On the other hand,
these dielectric periodic structures lend themselves to modal methods such as the rigorous coupled
wave analysis (RCWA) [12, 7, 10, 13].

Aiming to understand and predict the reflectivity features of HCGs we developed a generalization
of the Fabry-Pérot interferometer [14, 15, 16]. In the next section, after reviewing its fundamental
concepts, analytic expressions predicting the position of 100 % reflection peaks are reported. A
novel design strategy relying on the very fast computations allowed by this framework is finally
presented.

2. HCGS AS BIMODAL FABRY-PEROT INTERFEROMETERS

The red curve reported in Fig. 1 (right) shows the reflectivity R in natural scales, which is very
flat. In order to better appreciate the reflectivity variations, a blue curve has been inserted, which
reports the same information, scaled in number of nines:



)

g 0.998 =
= 5
jan) o
i +
= 0.996 | =
2> =S
= <
> —~
‘= 0.994 S
Q

(] Nej
= ~—
3}

o 0.992

3200 3300 3400 3500 3600
A (nm)

Figure 1: Left: sketch of a high-contrast grating, including the relevant geometrical parameters. Right:
normal incidence TM reflectivity spectrum in linear (red curve) and in number of nines (blue curve) scales
of the HCG having ny = 3.6, ng = 1, A = 1.425 um, t, = 0.865 pm, n = 75 %.

The presence of two strong reflectivity peaks, which delimit the high reflectivity band, can be
noticed at a glance. Since the mirror performance strongly depends on the relative positions of
these peaks, they deserve a deeper investigation.

By studying the intermediate results of the RCWA simulations used to trace these curves, it
can be noticed that the distinctive feature of the HCG near-wavelength regime is the presence of
two propagating modes in the grating bars and one Floquet mode in the homogeneous half-spaces
surrounding them [17]. On this basis, it is possible to establish an analogy between HCGs and
bimodal Fabry-Pérot interferometers [14]. Figure 2 shows the circuit representation of a bimodal
FPI. The cavity, which models the bar region, supports two modes, represented by two transmission
lines having length t, and propagation constants k1, k2. For the sake of simplicity, the transmission
line parameters adopted in the formulation have been written in terms of common mode and
differential phase shifts:

— k1 + ko
’19:
2

The transmission line couplings at the bar-air interfaces are described by unitary symmetric 3 x 3
scattering matrices, under the hypothesis of lossless reciprocal junctions. Focusing on the right
junction, the following parametrization can be obtained [14]:
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Here, 1 and 2 identify the ports inside the cavity, and 3 is the accessible one. By inspecting the S;3
expressions it is possible to provide an immediate physical interpretation of some of the parameters.
In fact, © and (33 characterize the magnitude and phase of the reflection coefficient seen from the
outer port, while ® controls the partitioning of the transmitted power between ports 1 and 2. Not
so obvious interpretations can be gained for the remaining parameters: ¥ plays a relevant role in
the magnitude of the Sy1, Soo and Sis coefficients, while ¢. and A are related to the positions of
the reference planes of ports 1 and 2. A unique feature of this parametrization is the possibility to
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Figure 2: Equivalent circuit of a bimodal FPI. The left and right scattering matrices are connected through
two transmission lines having length ¢, and propagation constants ki, ks.

obtain explicit inverse formulas enabling the bimodal FPI model identification with HCGs without
resorting to optimization methods [14].

This framework allows to demonstrate rigorously that the peaks in Fig. 1 (right) are 100% re-
flectivity points. In fact, closed-form expressions of the bimodal FPI reflection and transmission
coefficients 511 and So; can be achieved by defining the equivalent transmission line parameters

Jeq = U + e Adeq = AV + 2A

and computing the cascade of the scattering matrices parametrized according to (1). Focusing on
the transmission coefficient, it can be compactly written as
Nov g
Soq = o ieq olas
21 D
In absence of losses, 100 % reflection is equivalent to zero transmission, which corresponds to
No1 = 0. Since No; can be written as
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the transmission zero occurs if
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This result can be exploited to formulate novel HCG design guidelines. In fact, the junction
parameters (1) exhibit a very mild wavelength dependence, so that they can be evaluated by
RCWA just at few wavelengths and interpolated over the whole operation range. Evaluating the
explicit expressions of the transmission coefficient and its zeros enables a complete HCG parameter
space exploration with negligible computational costs. The huge exploration output dataset can be
synthesized in Fig. 3 (left), which reports the transmission zero loci for gratings with bar refractive
index n; = 3.214 surrounded by air versus wavelength and duty cycle. Each locus is obtained for a
different grating thickness 5. It is to be remarked that determining each (A/A,n) point of the loci,
without the approach described in this work, would require inserting the RCWA in an optimization
loop, leading to thousands of RCWA evaluations. On the contrary, this map has been obtained in
few seconds on a standard personal computer.

Figure 3 (left) can be used to design the grating thickness and duty cycle simply by inspection,
while the period can be determined from the central operation wavelength. In fact, the HCG
bandwidth and reflectivity levels are strongly related to the position of the transmission zeros:
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Figure 3: Left: transmission zero loci of HCGs having n; = 3.214, ny = 1. Each curve corresponds to a
different grating thickness tg: 0.619 A (green), 0.629 A (blue), 0.633 A (red), 0.637 A (black), 0.647 A (purple).
Right: reflectivity spectra, in number of nines, corresponding to the horizontal cuts reported in the left plot.

close zeros lead to very high reflectivity over narrow bands, and vice versa. To demonstrate this
point, Fig. 3 (right) shows the TM plane-wave reflectivity spectra for three designs. Each design
corresponds to one of the horizontal cuts in the left figure, and the color indicates which locus is
intersected. In particular, the solid red curve is obtained for ¢, = 0.633A and n = 72 %, for which
the transmission zeros are very close and reflectivity is around 99.99999%. The solid blue curve is
obtained for ¢, = 0.629A and n = 70 %: the zeros are more distant, and reflectivity is higher than
99.9 % over a broader band compared to the previous design. Both these designs are based on the
idea of intersecting a region of Fig. 3 (left) where the transmission zero loci are almost vertical. In
this view, an alternative could be to select a duty cycle such that the zero loci are more or less
horizontal, leading in this example to the ultrabroadband HCG design reported with the dashed
red line.

The synthetic parameter space representation allows also to perform a qualitative sensitivity
analysis. In fact, a tolerance on the duty cycle introduces a vertical shift of the zero loci inter-
sections, while the effect of a non-ideal grating thickness can be estimated by interpolating the
different loci. In this view, the ultrabroadband design is very sensitive on duty cycle, since minor
variation could lead to no zero loci intersections. On the other hand, the other designs prove to be
much more robust.

3. CONCLUSIONS

This work deals with the design-oriented analysis of high-contrast grating reflectors. A generaliza-
tion of the Fabry-Pérot interferometer concept to the bimodal case is presented, with the aim of
mimicking the dual-mode interference phenomena occurring in the HCG bars. Explicit expressions
of the generalized interferometer response can be achieved, thanks to the novel parametrization
of 3 x 3 unitary symmetric matrices, applied to the bar-air interfaces scattering matrices. This
approach enables very fast explorations of the HCG design parameter space, supporting the for-
mulation of a new design strategy, which is applied to some design examples.
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