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Abstract

In the scope of a computational experiment, high-contrast gratings (HCG) formed on a silicon-
on-insulator (SOI) platform within vertical-cavity surface-emitting lasers (VCSELs) were studied
for multispectral laser sources. A simulation model for spectral characteristics calculation is pro-
posed, which includes two heterogeneously integrated parts of the VCSEL: 1) the lower output
mirror based on a HCG grating in the silicon layer of the SOI surrounded by air cavities to en-
hance the contrast of the HCG; 2) the semiconductor VCSEL structure with an air aperture for cur-
rent and optical confinement. Comparative analysis results of the spectral characteristics of
VCSEL-SOI structures for zeroth, first, and second-order modes, which can be excited in the air
aperture of the VCSEL, are presented. It is demonstrated that the HCG, acting as one of the cavity
mirrors, effectively discriminates the VCSEL higher-order modes. An algorithm for calculating
HCG parameters that ensure the maximum reflectivity at a fixed thickness of the silicon layer of
the SOI is developed.
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Introduction

Vertical-cavity surface-emitting lasers (VCSELs) are
compact laser sources with low heat dissipation, low
threshold current and high efficiency (>60%). In the
conventional design, the VCSEL chip is based on a
planar heterostructure that determines the desired
operating wavelength, while the lateral waveguide
structure, formed through post-growth operations,
determines the modal content of the output beam. At the
same time, there are certain applications that require
photonic integration where the emitters operate at
specified wavelengths while maintaining single-mode
operation. These applications include LiDAR systems for
autonomous vehicles, optical transceivers for local area
networks and data centers [1]. The challenge of creating
the desired multispectral laser sources can be addressed by
utilizing VCSEL  designs  implemented  through
heterogeneous integration techniques, where one of the
VCSEL's cavity mirrors is formed within an SOI chip
[2,3]. To use the SOI platform as a photonic waveguide,
the VCSEL wavelength is selected within the range where
silicon introduces minimal optical loss, specifically in the
telecommunication wavelength range from 1260 nm (be-
ginning of the O-band) to 1675 nm (end of the U-band).

The SOI platform provides the advantage of
leveraging advanced silicon technology to fabricate
complex planar photonic elements. The heterogeneous
integration of A3B5 and SOI addresses the challenge of
creating an efficient and readily available laser source

integrated with SOI-based photonic integrated circuits
(PICs) [4]. Conversely, the use of external discrete
semiconductor lasers within PICs has several drawbacks,
including insertion loss, the need for individual precise
adjustment, and increased overall dimensions [5]. In
contrast, the VCSEL design within the heterogeneous
integration approach comprises both a SOI part and an
A3BS5 heterostructure part [6]. The upper mirror of the
VCSEL cavity, the emitting aperture, the lateral
waveguide, and the active region are all fabricated within
the A3BS5 heterostructure part. It is worth noting that if
the material gain spectrum of the A3BS5 part does not
cover the desired spectral range, modification of the
active region in the A3BS5 part will be necessary. In such
cases, selective epitaxy technology is currently being de-
veloped to enable control over the characteristics of the
grown layers in specific localized areas [7—9]. On the
SOI substrate, the output mirror of the VCSEL cavity is
fabricated, along with, if necessary, a layer specifically
designed for outcoupling the light from the VCSEL cavi-
ty into the photonic waveguide of the PIC. The output
mirror of the VCSEL cavity can be either a distributed
Bragg reflector (DBR) [2] or a high-contrast grating
(HCG) [3]. It is worth noting that compared to DBRs,
HCGs offer higher reflectivity over a wider spectral range
[10]. Another advantage of using HCG for forming the
VCSEL cavity mirror is that HCG, unlike DBR, provides
stable linear polarization of the VCSEL [11] and allows
for discrimination of higher-order transverse modes by
selecting the dimensions and positioning of the HCG
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region with respect to the cavity axis [12]. To fabricate it,
lithographic methods such as electron beam lithography,
focused ion beam lithography, deep ultraviolet
lithography, and nanoimprinting are used. It should be
noted that for efficient operation of VCSEL with optimal
laser characteristics, the power reflectivity of the VCSEL
cavity output mirror needs to exceed 98 % [13], which
requires accurate optimization of the HCG parameters.

The first HCG-based mirror, which exhibits a wide re-
flection spectrum and high reflectivity, was proposed in
[14]. The study emphasizes that, like any periodic structure,
the HCG parameters scale with the wavelength. Further-
more, it provides an example of the HCG parameters scal-
ing, at which the reflection spectrum is shifted from the
1.5 pm range to the 10 um range without altering its charac-
teristics. However, it is important to note that the HCG
mirror reflectivity in the VCSEL-SOI heterogeneous
structure depends on the divergence angle inside the cavity,
which is determined by the VCSEL aperture parameters. As
a result, the reflection spectrum of the HCG mirror in the
VCSEL-SOI structure will change with variations in the
wavelength, despite attempts to scale the HCG parameters.
Additionally, it should be noted that experimentally fabricat-
ed gratings may have non-rectangular groove shapes [15,
16]. Consequently, employing advanced analytical
approaches for HCG modeling that primarily describe the
physical principles of its operation [17] becomes
impractical. Therefore, there is a need for the development
of numerical calculation algorithms that allow taking into
account the features of experimental samples.

The present study of HCG spectral characteristics and
its mode-selectivity properties in the VCSEL-SOI hetero-
geneous structure was carried out within a numerical ex-
periment. We propose to use the SOI platform because it
enables the fabrication of HCGs that cover various wave-
length ranges and allows for the creation of multi-spectral
laser sources through A3B5 bonding using a single SOI
substrate. In the “Results and discussion” section, an op-
timization algorithm for HCG parameters is explored for
several spectral ranges to create multi-spectral laser
sources. Unlike prior research, our study introduces the
simultaneous use of two approaches. Firstly, we propose
surrounding the HCG with air regions to increase the re-
fractive index contrast and achieve the maximum reflec-
tivity of the HCG mirror for a given SOI silicon layer
thickness. This approach aims to optimize the perfor-
mance of the HCG structure. Secondly, we suggest selec-
tively etching the SOI substrate along the output beam
propagation path to ensure stable VCSEL operation with-
out feedback from external elements or additional bound-
ary interfaces. This technique enhances the overall per-
formance of the device.

1. Simulation model

Fig. 1a illustrates the design of a single element of a
multispectral source based on a heterogeneously integrat-

ed VCSEL-SOI structure. In the considered
configuration, the emission is extracted from the structure
through the lower HCG mirror, while the upper mirror is
a DBR. The n-type InP layers serve as emitters and
provide current spreading. The multiple quantum well
(MQW) region may also include a tunnel junction,
spacers, and waveguides. An example of the
semiconductor part of the VCSEL structure is presented
in [18]. The developed design is based on the following
assumptions: (1) the transition to the SOI part is realized
through an adhesive layer, which is negligibly thin, since
previous studies [19] have demonstrated that the
thickness of such a layer can be approximately
40 nm=5 nm; (2) a layer of SiO,, referred to as the top
oxide (TOX), is present between the InP layer and SOI,
and its thickness is one of the model parameters; (3) the
SOI substrate has standard thicknesses from the
dimensional series, with the silicon layer being 400 nm,
and the layer of the bottom oxide (BOX) SiO, being
2000 nm; (4) to achieve optimal performance of the
HCG, the region of the TOX layer between the InP layer
and the silicon layer of the SOI substrate that lies along
the path of the laser beam inside the VCSEL cavity is
selectively etched; (5) the BOX layer and the silicon
substrate beneath the silicon layer of the SOI are also
selectively etched in the region along the path of the laser
beam exiting the resonator. While these features,
individually described in (4) and (5), have been proposed
before, their combination here is a novel approach based
on an extensive literature review and patent search. The
selective wet etching technique [6] can be employed to
remove the TOX and BOX layers, as well as the silicon
layer of the SOI substrate. It is important to note that as a
result, the HCG is surrounded by air cavities, which
provide a high reflection coefficient due to the
significantly high refractive index contrast.

Numerical calculations were conducted for the region
delineated by the red dashed line in Fig.1a. The study was
based on the following assumptions: (1) the semiconduc-
tor region of the computational domain comprises the InP
layer and the MQWs region with adjacent air regions for
the lateral optical and current confinement, which defines
the aperture inside the VCSEL cavity; (2) the SOI region
of the computational domain encompasses the SOI area
with the HCG and includes air regions resulting from the
selective etching of TOX and BOX layers that are adja-
cent to the HCG and the etched substrate region.

The computational domain is constructed in Comsol
using the “Electromagnetic Waves, Frequency Domain”
interface of the “Wave Optics” module. Given that both
the fundamental mode and higher-order modes can be ex-
cited at the VCSEL aperture, the calculation of the HCG
mirror reflectivity involves an initial step of determining
the effective refractive indices corresponding to the
modes of interest using the “Boundary Mode Analysis”
interface. In the subsequent step, the electromagnetic
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field with TE polarization (the electric field vector E is
parallel to the HCG grooves) is computed across the en-
tire computational domain. This computation is performed
for a selected mode profile at the aperture, corresponding
to a chosen effective refractive index of the aperture mode.
The reflectivity is subsequently calculated as the square
modulus of the S;; parameter, based on the initial field dis-
tribution at the aperture, which corresponds to the mode
profile obtained in the first step, and the resulting field dis-
tribution at the aperture obtained from the field computed
for the entire computational domain.

DBR

Ar | maws [

n-InP

b)
Fig. 1. (@) Schematic of a VCSEL-SOI structure with an HCG
mirror. The red dashed line delineates the computational domain.
The arrow indicates the direction of the output beam. (b) TE field
distributions for cavity modes of Oth, 1st, and 2nd order upon
reflection from the HCG optimized for maximum of Oth-order mode
reflectivity at a wavelength of 1530 nm in the regions adjacent to
the HCG. The orange dashed line marks the HCG domain

Based on the preliminary analysis, it has been deter-
mined that the HCG mirror reflectivity for modes of vari-
ous orders, such as the 0-order mode, 1-order mode, and
so on, becomes independent of the number of periods
within the computational domain when the number of pe-
riods exceeds 9. Therefore, in the model, 12 periods are
specified. The shape of the grating grooves is chosen to
be rectangular. The refractive index of silicon is taken
from [20] at a temperature of 293 K. The width of the air
aperture and the refractive index of its central part (MQW
region) are arbitrarily chosen as 6 um and 3.27,
respectively. The thickness of the InP layer is 430 nm,
and the refractive index of InP is taken from reference
[21]. The width of the computational domain is 43 um.

After determining the HCG parameters based on the
proposed algorithm, the semiconductor part of the
VCSEL-SOI structure needs to be optimized. This in-
volves calculating the VCSEL-SOI cavity mode profile
and determining the appropriate thicknesses of layers in
the A3BS part of the structure that ensure the following:
(1) the lasing wavelength is matched to the reflection
spectrum peak, (2) a high optical confinement factor in
the active region, (3) the minimum optical confinement
factor within the region of a tunnel p-n junction, (4) the
DBR mirror reflectivity of 99.99% to minimize the
threshold density. The device fabrication process involves

the following steps: (1) deposition of the TOX layer on
the SOI substrate, (2) formation of air holes within the
SOI-TOX structure, involving the creation of voids from
both the substrate side and TOX side, extending all the
way down to the silicon layer sandwiched between the
TOX and BOX layers, (3) HCG formation in the silicon
layer within the air holes, (4) deposition of an adhesion
layer on the InP layer of the A3BS part, (5) adhesive
bonding between the A3BS5 part and the SOI-TOX struc-
ture, (6) formation of the lateral waveguide structure, (7)
formation of ohmic contacts (Fig. 1a).

2. Results and discussion

In this section, we describe the algorithm for searching
optimal HCG parameters in the heterogeneously integrated
VCSEL-SOI structure, ensuring maximum reflectivity.
Below, we will present examples of optimizing HCG
parameters for three wavelength ranges centered at 1300 nm,
1530 nm, and 1570 nm.

For each selected central wavelength and the
fundamental mode excited at the aperture, the first stage of
the optimization process is proposed to involve scanning the
period and fill factor of the HCG. Parametric calculation
results for the central wavelength of 1530 nm are shown in
Fig.2. The inset of Fig.2 illustrates the reflectivity
dependencies for all possible values of the fill factor for
several HCG periods. It is evident that the maximum values
lie approximately at a fill factor of 50%. Therefore, the
boundaries of the search area for optimal parameters can be
chosen close to this value to save overall search time.
Additionally, Fig. 2 reveals that each curve corresponding to
a specific HCG period has a maximum at a certain fill factor,
and the position of the reflectivity maximum shifts towards
lower period values as the fill factor increases. As a result,
the HCG period and fill factor are determined that provide
the maximum reflectivity. For the studied central
wavelengths, the optimal period and fill factor values are
given in Tab. 1.
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Fig. 2. Power reflectivity as a function of fill factor for several
HCG periods. HCG period values are indicated, with a fixed
HCG silicon layer thickness of 400 nm, TOX thickness of
400 nm, and a wavelength of 1530 nm
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Tab. 1. Calculation results using the proposed algorithm for studied central wavelengths with a 400-nm-thick SOI silicon layer,
an effective cavity length of 3.5 um, and a DBR mirror reflectivity of 99.99 %.

Parameter name

Parameter value for a given central wavelength

Central wavelength 1300 nm
HCG period 846 nm

HCG fill factor 48.75%
TOX thickness 390 nm

Oth order mode reflectivity 99.07 %

Ist order mode reflectivity at 1300 nm: 96.89 %)

94.88 % — Rmax@1291 nm
(not at 1300 nm: 92.18 %)
13.5cm™!

36.8 cm™! — Rmax@1296 nm:
97.47 % (not at 1300 nm:
96.89 %, 45.3 cm™")
752 em ! — Rmax@1291 nm:
94.88 % (not at 1300 nm:
92.18 %, 116.5 cm™)

2nd order mode reflectivity

Oth order mode output loss

1st order mode output loss

2nd order mode output loss

In the second stage of the algorithm, the thickness of
the air gap between the HCG and InP layer is scanned us-
ing the optimal period and fill factor values calculated in
the first stage (Fig. 3). The air gap thickness can be varied
by selecting the TOX layer thickness, which is
subsequently selectively removed before heterogeneous
integration. As a result, the optimal TOX thickness is
determined that provides the maximum reflectivity. The
dependence of reflectivity on TOX thickness shows that
the HCG reflectivity exhibits relatively low sensitivity to
changes in TOX thickness. In the vicinity of the peak re-
flectivity obtained at the 1530 nm wavelength, the reflec-
tivity will decrease by no more than 0.1 % to reach 99.63 %
when varying the TOX thickness within + 109 nm from the
optimal value. Fig. 3 also demonstrates how wide the range
of TOX thickness variation is, in which the reflection coef-
ficient changes by only 0.1 %. The TOX thickness values
optimal in terms of the maximum reflectivity for the
selected wavelengths are given in Table 1. However, it
should be noted that in systems where maximum
modulation speed is required, the aim is to minimize the
cavity thickness between the HCG and A3BS structure,
which is determined by the TOX layer thickness, in order
to reduce the cavity mode volume [6].
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Fig. 3. Power reflectivity as a function of TOX thickness.
The peak region is shown enlarged

97.47% — Rmax@1296 nm (IlOt

1530 nm
1055 nm
50.4 %
360 nm
99.73 %
99.09 % — Rmax@1521 nm
(not at 1530 nm: 99.02 %)
98.2 % — Rmax@1520 nm
(not at 1530 nm: 97.96 %)
4 cm™!

13.2 cm ™! = Rinax@1521 nm:

99.09 % (not at 1530 nm:
99.02 %, 14.2 cm™)

26.1cm™! — Rimax@1520 nm:

98.2 % (not at 1530 nm:
97.96 %, 29.6 cm ™)

1570 nm
1091 nm
50.4%
390 nm
99.73 %
99.02 % — Rmax@1566 nm
(not at 1570 nm: 99.00 %)
97.55% — Rmax@1523 nm
(not at 1570 nm: 97.39 %)
4 cm™!
14.2cm™ — Rmax@1566nm:
99.02 % (not at 1570 nm:
99.00 %, 14.5 cm™)
35.6cm™! — Rmax@1523 nm:
97.55% (not at 1570 nm:
97.39%, 37.9 cm™)

The third stage of the proposed algorithm involves the
calculation of reflectivity spectra for the Oth, 1st, and 2nd
order modes using the optimal period, fill factor, and
TOX thickness values obtained in the first and second
stages. As an example, Fig. 4 shows the reflection spectra
computed for modes of the indicated orders in the range,
centered at a wavelength of 1530 nm. The spectral
dependences of the reflectivity for the Oth, 1st and 2nd
order modes exhibit noticeable differences. Specifically,
throughout the entire spectral range, the reflectivity for
the Oth order mode is higher than that of the higher order
modes. Fig. 15 displays TE field distributions in the re-
gions adjacent to the HCG for the cavity modes of orders
0, 1, and 2 as they reflect off the HCG, which parameters
have been optimized to deliver maximum reflectivity for
the Oth-order mode at a wavelength of 1530 nm. The
asymmetry in the TE field distribution is a result of the
computational domain's asymmetry, which does not
impact the calculated reflectivities. Furthermore, it is
worth noting that there is a shift in the reflectivity
spectrum peak towards shorter wavelengths as the mode
order increases relative to the central wavelength within
the calculated range. To analyze the contribution of the
obtained superiority of the Oth order mode reflectivity
over the reflectivity of the higher order modes in
discriminating against them, a calculation was conducted.
This calculation allowed us to determine the extent to
which the output losses for the higher order modes would
exceed those for the Oth order mode. The output losses
that contribute to the lasing threshold condition can be
calculated using the relation —0.5-In(R;-R,)/L, where R,
and R, are the power reflectivities of the mirrors, and L is
the cavity length. For an effective cavity length of
3.5 um, the output losses will increase by approximately
15 cm™! for every 1% decrease in the HCG reflectivity.
This relationship holds true when the power reflectivity
of the output mirror for the Oth mode is above 98 % and
for higher order modes is above 88 %. At 1530 nm, the
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power reflectivities of the higher order modes are lower
by 0.7 % for the 1st order mode and 1.8 % for the 2nd
order mode compared to the Oth mode. This difference in
power reflectivity corresponds to the Oth order mode
having an advantage in the output loss gap of
approximately 10 cm™ and 26 cm™ compared to the 1st
and 2nd order modes, respectively. The calculated
reflectivities and output losses are presented in Table 1.
Based on the results, it can be presupposed that if the
internal optical loss does not depend on the mode order,
lasing of only the fundamental mode will be ensured.
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Fig. 4. HCG reflection spectra for Oth, 1st and 2nd order
modes. The mode order is indicated by the number
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Thus, the presented example demonstrates the algo-
rithm for identifying the optimal HCG parameters in a
heterogeneously integrated VCSEL-SOI structure. At
each iteration, the algorithm identifies the optimal
parameters that maximize the reflectivity. These optimal
parameters are then used in the subsequent iterations,
ensuring that the reflectivity is continually optimized
throughout the process.

Fig. 5 shows reflection spectra for an HCG with a
constant thickness of 400 nm. The spectra are calculated
for three spectral ranges centered at 1300 nm, 1530 nm,
and 1570 nm. These calculations were performed using
the optimal values of HCG period, fill factor, and TOX
thickness determined within the three stages of the
algorithm.

It should be noted that the chosen silicon layer thickness
in which the HCG is formed determines the width and peak
of the reflection spectrum. The selected value of 400 nm is
close to the optimum thickness for the 1.55 pm range.

Conclusion

As noted in the introduction section, the HCG param-
eters scale with wavelength. To maintain the width of the
reflection spectrum and achieve the maximum reflectivity
when transitioning from 1530 nm to 1300 nm, it is neces-
sary to not only reduce the HCG period but also adjust
the HCG layer thickness. This adjustment can be accom-
plished by selectively etching the silicon layer on the SOI
substrate to achieve the desired thickness, particularly in
the case of fabricating multi-wavelength laser sources on

a single SOI wafer. Alternatively, if only a single wave-
length is required, selecting an SOI substrate with a
smaller silicon layer thickness can be a suitable option.
Thus, adjusting the silicon layer thickness offers flexibil-
ity in this regard.
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Fig. 5. Comparison of HCG reflection spectra for a grating
with constant thickness of 400 nm. The reflectivity is calculated
across three different spectral ranges centered at 1300 nm,
1530 nm, and 1570 nm. The indicated optimal values of the
HCG period, fill factor, and top oxide (TOX) thickness
determined from the proposed three-stage optimization
algorithm were used in the calculations

However, an alternative option is also available,
where the silicon layer thickness remains unchanged. It is
worth noting the narrowness of the spectral line centered
at a wavelength of 1300 nm, which exhibits a power re-
flectivity peak above 99 %. This observation suggests the
potential for spectral selectivity in a laser source operat-
ing in close proximity to this particular wavelength. The
results shown in Figure 5 also demonstrate the potential
for utilizing optimized HCG not only for spectral selec-
tion but also for spectrum stabilization, which can be
achieved through a narrower HCG reflection spectrum.

In summary, a novel approach for multispectral
VCSEL-SOI laser sources using optimized high-contrast
gratings is proposed. The gratings are surrounded by air
to maximize reflectivity. Emission through an air gap in
SOI enables stable lasing. An algorithm optimizes grating
parameters for high reflectivity. Effective discrimination
of higher-order modes is demonstrated. The approach can
enhance efficiency and performance of heterogeneous
VCSEL-SOI lasers.
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