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Abstract:  We numerically investigate the properties of a hybrid grating
structure acting as a resonator with ultrahigh quality factor. This reveas
that the physical mechanism responsible for the resonance is quite dif-
ferent from the conventional guided mode resonance (GMR). The hybrid
grating consists of a subwavelength grating layer and an un-patterned
high-refractive-index cap layer, being surrounded by low index materials.
Since the cap layer may include a gain region, an ultracompact laser can be
realized based on the hybrid grating resonator, featuring many advantages
over high-contrast-grating resonator lasers. The effect of fabrication errors
and finite size of the structure is investigated to understand the feasibility of
fabricating the proposed resonator.
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1. Introduction

A high contrast grating (HCG) structure is a near-subwavelength grating made of a high-
refractive-index material and surrounded by low-refractive-index materials [1]. HCGs can pro-
vide extraordinary properties that have not been reported for conventional diffractive gratings
with similar periodicity, including high reflectivity > 99% over abroad bandwidth or high qual-
ity (Q) factor resonances (Q> 107). The broadband nature of the HCG has brought many novel
features to vertical-cavity surface-emitting lasers (VCSELSs) [2-9]. Also, HCG-resonator lasers
with surface normal emission have been demonstrated, with properties of interest for sens-
ing, communication, or display applications [10, 11]. Extensive theoretical studies of HCGs
have reveal ed that the high index-contrast between the grating and surrounding materialsis es-
sential for achieving the extraordinary properties [12]. Thus, al HCG designs reported so far
employ low refractive index materials such as air and oxides, for the incident as well as exit
medium [1-11].
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Recently, we have found that the combination of a near-subwavelength grating and a cap
layer, both made of high-refractive-index materials and surrounded by low-refractive-index ma-
terials, as shown in Fig. 1(a), can achieve a high reflectivity over a broader wavelength range
than the HCG [13]. Magnusson has independently reported similar result [14]. We refer to this
new reflector as a hybrid grating (HG) since it may comprise two different materials, e.g., S
for the grating and InP for the cap layer. At afirst look, the HG may appear not to follow the
design rules that are known for HCGs [1], since the high-refractive-index cap layer is located
next to the grating layer. However, we have found that as long as the entire HG is surrounded
by low refractive index materials, the cap layer introduces merely an additional propagation
phase delay in the reflection process [13]. Thus, the physical mechanisms providing broadband
reflectivity in HCGs and HGs are the same. However, in contrast to the HCG, the HG structure
allows the incorporation of again material in the cap layer as part of amirror. This enables the
realization of a very short-cavity VCSEL structure consisting of an HG with a gain material,
acting simultaneously as alaser mirror and gain element, avery thin cavity layer made of air or
oxide, and a second mirror.

In this paper, we show that an HG-based resonator performs just aswell as aresonator based
on an HCG structure [10]. The mechanism responsible for achieving the high Q-factor reso-
nance is explained, considering interactions between modes in the grating layer, the cap layer,
and theinput and output media. The structure investigated in this paper bears resemblanceto so-
called guided-mode resonance (GMR) filters [15]. We explain the similarities and differences,
highlighting that HG resonators may achieve Q-factors that are several orders of magnitude
higher than conventional GMR filters. Then, the effect of fabrication errors and finite extent of
the grating on the resonator properties are investigated and discussed. This discussion focuses
the potential of the HG resonator structure as a diode laser with a moderate Q factor.

The HG resonator-based laser (hereafter called HCG resonator laser) structure could have
several advantages compared to the HCG resonator laser structure [10]. In the HCG resonator
laser structure, again material isintegrated inside the grating bars while the HG resonator laser
structure has a gain material in the cap layer. In the cap layer, metal contacts can be formed
for electrical pumping in asimilar way as in intracavity-contacted VCSELSs. When the current
is injected into the gain material, the HG resonator laser structure can have a considerably
smaller seriesresistance aswell asamuch smaller surface recombination. Furthermore, the HG
resonator laser structure can have better heat dissipation capability. The heat generated inside
the gain material can be spread out laterally in the InP cap layer as well as verticaly into the
Si grating layer while in the HCG resonator laser structure heat can be dissipated only laterally
along the grating bars since the structure is surrounded by air. Therefore, the HG resonator laser
structure appears promising in many applications where compact high-speed laser is required.

2. Device structure and simulation method

Figure 1(a) shows aschematic view of theinvestigated HG structure. It isassumed that agrating
isformed in the silicon layer of asilicon-on-insulator (SOI) wafer and a cap layer made of InP
isdirectly wafer-bonded to the grating layer. Thus, the input and output media are air and SiO»,
respectively. The HG parameters that are varied in the design are the grating layer thickness, tg,
the grating period, A, the grating bar filling ratio (duty cycle), f, and the cap layer thickness, t..
Our first goal isto identify an HG structure with a high Q-factor at a wavelength of 1550 nm
by varying these parameters.

The numerical results presented in the paper are obtained, based on an in-house developed
simulator, which employs rigorous coupled wave analysis (RCWA) method [16, 17] in com-
bination with the scattering matrices [18]. The RCWA method is also called as Fourier modal
method (FMM). We used a two-dimensional (2D) version of the simulator to study the high-Q
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Fig. 1. (@) Schematic view of the investigated HG structure with parameter definitions.
Refractive indices: n,=3.48, nj=1, nj=1, ny=1.47, and n.=3.166. (b) Bloch modes in each
layer. (c) Reflectivity matrices defined at a specific plane within the structure.

resonance mechanism of HG structures (Section 3) aswell as the fabrication tolerance (Section
4). An efficient algorithm with fast convergence for TM polarization was employed [19, 20].
Convergence of Q-factor value could be achieved with 151 harmonics. In 2D simulations, the
grating is assumed to be infinitely periodic in the x direction and infinitely long in the y direc-
tion. A three-dimensional (3D) implementation of the of FMM [21] with absorbing boundary
conditions implemented as a nonlinear coordinate transformation [22, 23], was used to investi-
gate thefinite size effect on the Q-factor (Section 4). In the 3D version, the absorbing boundary
is used to reduce the interaction between adjacent super cells due to the artificial periodicity,
whichisan inherent properties of FMM. In the RCWA formalism, each layer hasits own set of
Bloch modes, as shown in Fig. 1(b). The grating layer, featuring a subwavelength period, typi-
cally has one to three Bloch modes with areal propagation constant, B, in the z direction [24].
In homogeneous layers, e.g. the cap layer, each Bloch mode corresponds to a single spatial
harmonic (or diffraction order) [16].

For Q-factor estimation, a method based on the quasi-normal mode (QNM) [25] picture is
employed among several approaches[26], dueto its accuracy and numerical efficiency for both
2D and 3D simulations. In this picture, a resonator is viewed as a passive open system with
only out-going emission from the resonator, which determines the boundary conditions. Its
resonating modes are referred to as quasi modes [25], since they decay with time. The field
evolution during one round trip in the cavity is expressed by a matrix U = RyoRiop Where Rygp
and Ry are the reflectivity matrices from the top and the bottom sections of the structure,
respectively, as shown in Fig. 1(c). They are expressed in terms of the Bloch mode sets. Similar
to a Fabry Per6t resonator, a resonance occurs when an eigenvalue R; of the matrix U becomes
close to one. Then, the Q-factor of the modeis given by [27]

A& d
Q_2(1—R)8l ag(Rr). @
where A; isthe wavelength at which the phase of R; is zero.

For the reflectivity calculations, it is assumed that light is vertically incident from the input
medium to the cap layer. In al simulations, transverse magnetic (TM) polarized light, i.e.,
electric field perpendicular to the grating barsis considered. Similar results can be obtained for
transverse electric (TE) polarized light by changing the design parameters.

3. High-Q resonances in a hybrid grating structure

Firstly, acoarse reflectivity scanning over wavelength and HG parameters, i.e., A, f,tc, andtyis
performed. To reduce the number of parameters without loss of generality, all the length scales
are normalized with respect to A. The reflectivity contour maps of a HG as a function of 1 /A
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Fig. 2. Contour maps of the reflectivity (color scale) versus normalized wavelength and
grating thickness (a,b) or normalized wavel ength and cap thickness (c,d) at f=50% for TM
polarized light. (a) tc/A=0.4, (b) tc/A=0.6, (C) ty/A=0.6, (d) tg/A=1.35.

andty/A are plotted in Figs. 2(a) and 2(b) for two different cap layer thicknesses. Results |ook
similar to the simulation results obtained for HCGs (see e.g. [24]). The checkerboard pattern
seen in these contour maps reflects the interference between several grating Bloch modes and
is similar to the HCG case [24]. The single and dual mode regimes in Fig. 2(a) denote the
wavel ength ranges with one and two propagating modes in the grating layer, respectively. As
in HCGs, high-Q resonances are found close to anti-crossing points in the dual mode regime,
some of the ”candidate” points for high-Q resonances are indicated by magenta circlesin Fig.
2.

In order to discussthe influence of the cap layer thicknesstc, two reflectivity contour maps as
afunction of A /A and tc/A for two values of ty are plotted in Figs. 2(c) and 2(d). High reflec-
tivity lines extend into the single-mode regime, while they are found only within the dual mode
regimein Figs. 2(a) and 2(b). Candidate points for resonances are found in both regimes. Note
that the resonances found in different regimes have different origins and properties. The reso-
nances observed in the single mode regime, henceforth referred to as type-l resonances, have
the same physical origin as the resonances found in conventional GM R-based filters[15]. This
type-1 resonanceis due to the constructive interference of the diffraction orders+1 and -1 in the
cap layer with total internal reflection at the (air)-(cap layer) interface. Its characteristic feature
isthat at normal incidence, the diffraction orders +1 and -1 result in two resonance peaks de-
generate at the same wavelength in the reflectivity spectrum, but for afinite angle of incidence
the peaks will separate spectrally [15]. This resonance typeis also found in conventional shal-
low etched grating structures. It typically has alow Q-factor because the diffraction orders +1
and -1 inside the cap layer result in the appearance of diffraction order O when reflected again
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Fig. 3. (8) Resonance wavelength (dashed lines) and Q-factor (solid lines) as a function of
grating thickness around a candidate point for resonance at two values of the duty cycle,
f=60 % (blue lines) and f=62 % (red lines). The Q-factor depends sensitively on the struc-
ture parameters. (b) Reflectivity spectrum for TM-polarized light of an HG structure with
ultrahigh Q-factor found by PSO with A=853.5 nm, t4=742.3 nm, f=61.6 %, t;=830.5 nm.

from the grating and the O-th order component is lossy at the (air)-(cap layer) interface.

Theresonances found only in the dual mode regime, the main focus of this paper, are referred
to astype-11 resonances, and have adifferent origin and different properties. As explained bel ow
in detail, they originate from the constructive interference of two Bloch modes in the grating
layer. Since this constructive interference condition requires a certain grating thickness, the
type-1l resonance is sensitive to the grating thickness while the type-1 resonance is not. Type-11
resonances may have much higher Q-factor than type-l. Furthermore, atype-11 resonance peak
in the reflection spectrum at normal incidence does not separate into two peaks but shifts with a
small incidence angle. Type-I1 resonances are not observed in conventional GM R-based grating
filters.

As shown in Fig. 3(a), the Q-factor of atype-Il resonanceis very sensitive to small changes
in HG parameters, while its resonance wavelength is relatively insensitive. Thus, after finding
severa high-Q candidate parameter sets from a coarse scanning of parameters, severa runs
using particle swarm optimisation (PSO) technique [28] were performed around each candidate
set to find the local solution that gives the highest possible Q-factor. Without resorting to the
use of PSO, very fine-resolution scan are required due to the sensitiveness of the Q-factor,
demanding significant computational efforts.

Using PSO, several designs are identified that result in ultra-high Q-factors. Figure 3(b)
shows an exampl e of the reflectivity spectrum for an optimal structure with a Q-factor of 1.12 x
10°. This type-Il resonance is of the Fano type [29], which means that the resonance occurs
as a result of the interference of discrete modes in the HG structure with continuous modes
outside the structure. Note that as shown in the inset of Fig. 3(b), this resonance reaches 100%
reflectivity but not 100% transmissivity. The reason is that the HG structure inherently does
not possess mirror symmetry along the z direction, which results in different decay rates of
the electromagnetic energy stored in the HG structure into input and output regions [29]. In
contrast, HCG resonators suspended in air have mirror symmetry and the reflectivity varies
from 100% to 0% around a resonance peak [10, 30].

Figure 4(a) shows the field profile of this high-Q resonance excited by a TM polarized plane
wave incident from the air side. The field is strongly enhanced in the cap layer as well asin
the grating layer. To get insight into the field confinement properties of the structure, we have
plotted the field strength of different spatial harmonicsin Fig. 4(b). Asdescribed in the previous
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Fig. 3(b). (b) Amplitudes of the magnetic modal fields in dB scale for 0-th, 1-st and 2-nd
spatial harmonic inside al the layers at the resonance wavelength. TM polarized light is
incident from the left.

section, these spatial harmonics are the Bloch modes in the cap layer. But for the grating layer,
the harmonics contributions from two Bloch modes are added together to plot this figure. It is
noteworthy in Fig. 4(b) that the field in the cap layer only contains the 1-st spatial harmonic
component, while the grating layer contains the 0-th and 2-nd spatial harmonics as well. This
observation is a clue to understanding how such an ultrahigh Q-factor resonance appearsin the
HG structure.

The signal flow graph (SFG) shown in Fig. 5 illustrates how Bloch modes of the type-Il res-
onance interact with each other at each of the interfaces. The grating layer has two propagating
Bloch modes, E; and E;. Both the input (air) and output (SiO2) media have one propagating
harmonic, Ho while the cap layer has three propagating harmonics, Ho and H-1, due to its
high refractive index. The red arrows denote the interactions between modes taking place at
interfaces and the green arrows show the mode propagations in each layer. The number besides
each dot is the mode coefficient. At the (cap layer)-(grating layer) interface, the excitation of
Ho isvery small (c.f. Fig. 4(b)) since the coupling from E; and E; to Hg, and the self-coupling
to Hp cancel each another at the interface. As a result, the loss at the (air)-(cap layer) inter-
face Ho is very small. However, the couplings to H.; do not cancel efficiently, resulting in
strong excitation of the first harmonic component in the cap layer as observed in Fig. 5. At
the (grating layer)-(SiOy) interface, the 0-th harmonic components of E; and E, cancel each
other, resulting in very small coupling to Hg in the SiO, layer. As shown in the (air)-(cap layer)
and (grating layer)-(SiOy) interfaces, the only loss channel from the HG resonator to the input
and output mediais through Ho, since other higher-order harmonics become evanescent due to
the subwavelength periodicity. Thus, the overall loss becomes very small, which explains the
observation of very high Q-factors.

4. Fabrication tolerances and finite size effect

We are interested in applications of HG resonator structure as a laser with a moderate Q-factor
and asize of 10to 15 um and would estimate the effect of fabrication-related deviations of geo-
metrical parameters from the designed values, on the Q factor. For this estimation, Monte Carlo
analysis is employed, assuming that within this length scale of 10 to 15 um, the fabrication-
related deviations of the grating period and bar width are not completely random, rather locally
synchronized. In this analysis method, simulations are performed for alarge number of param-
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(b) duty cycle, (c) cap layer thickness. and (d) resulting Q-factor distribution.

eters, which are chosen from a Gaussian probability distribution and the results are aggregated.
As shown in Figs. 6(a)-6(c), variations in grating thickness, duty cycle, and cap layer thickness
are analyzed. The variations are assumed to be +£10 nm for the cap layer and grating layer
thickness and +1% for the duty cycle, i.e., £8 nm for the grating bar width. These fabrication
errors often occur in epitaxial growth and e-beam lithography with an image transfer to a hard
mask followed by dry etching. A total of 1000 simulations is performed, each one being re-
ferred to as a sample. The Q-factor distribution in Fig. 6(d) shows that all simulated structures
have Q-factors higher than 6000 and 98% of the samples have Q-factors above 10%, which is
sufficiently high for laser applications of our interest.

In area HG resonator with a finite number of periods and finite length of grating bars,
the lateral loss from the end of the grating bars will reduce the Q-factor. This reduction is
estimated by performing a 3D simulation. The simulated structure has 21 grating bars in the x
direction, is 12 umlong in the y direction and is truncated with air outside. The field profileis
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Fig. 7. Normalized mode profiles |Hy| in dB of an HG resonance in (a) x-y plane in the cap
layer, (b) x-z plane, and (c) y-z plane.

shown in Fig. 7 and the measured Q-factor is 12000. It is observed in plots with finer details
that the scattering loss causing the reduction in Q-factor occurs mostly downwards into SiO,
layer. The observed Q-factor is acceptable for most laser diode designs. It isaso similar to the
value obtained for HCG-based resonators [10]. This Q-factor can be considerably increased by
simply increasing the size of the structure or introducing heterostructures in the grating in both
x and y directions. The heterostructures that are used in photonic crystal structures [31] can
be introduced in a straightforward manner by changing the grating duty cycle or period at the
boundaries [4]. Also, we expect that similar to photonic crystal surface-emitting lasers [32], it
should be possible to design the resonator with enhanced radiation power in specific direction.

5. Conclusion

We have shown that a hybrid grating (HG) structure can work as an ultrahigh Q-factor resonator
and analysed the origin of the high-Q resonances. We have found that the cancellation of the
DC component of two propagating modes of the grating layer at the interfaces to surrounding
layers leads to high-Q resonances, which is similar to the resonances appearing in high contrast
grating (HCG) resonators. Also we have shown that the resonances of an HG structure differ
from those of grating filters, highlighting that HG resonators may achieve Q-factors that are
severa orders of magnitude higher than conventional GMR filters.

Given typical fabrication errors and finite extension of 10 to 15 um, the Q factor of a HG
resonator drops from a ultrahigh value to a moderate value that is still sufficient for laser diode
applications. Therefore, the HG resonator based laser structure with a gain material in the cap
layer appears promising, featuring a smaller series resistance, less surface recombination loss,
and a better heat dissipation capability than the HCG resonator-based laser structures.
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