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Abstract—We present the design of a Si/Si3N4 subwavelength
grating mirror optimized for an integration in mid-infrared
VCSEL. The definition of a quality factor adapted to VCSEL
requirements and maximized by an optimization algorithm al-
lowed us to obtain a polarization selective and high reflectivity
structure. The robustness with respect to fabrication error has
been enhanced thanks to a precise study of the grating dimension
tolerances.

I. INTRODUCTION

Subwavelength grating mirrors (SGM) made of high index

contrast material system can be designed to exhibit very high

performances at the 0-order of diffraction. With only a few

layers, SGMs can achieve a reflectivity as high as 99.9 % and

bandwidths larger than 100 nm together with a strong polar-

ization selectivity between TM and TE mode [1], [2]. Such

characteristics are very interesting for integration in VCSEL

structures where SGM can advantageously replace classical

Bragg mirrors. Currently, the wavelength of emission of mid-

IR electrically-pumped VCSEL is limited close to 2.6 µm
since the necessary semiconductor Bragg mirrors become as

thick as 11 µm impairing the electro-thermo-optical properties

of the device [3], [4]. With a total thickness of less than 2 µm,

the use of SGMs as top mirror should allow VCSEL operation

at larger wavelengths.

In this work, we design a Si/Si3N4 SGM for a VCSEL ap-

plication at 2.65 µm. First, the optical properties that VCSEL

mirrors must exhibit are defined and quantitatively expressed

through a quality factor. The dimensions of the SGM structure

are then adjusted by an optimization algorithm to maximize

the quality factor and meet VCSEL requirements. Finally, the

SGM robustness is enhanced through a precise study of the

tolerance on the physical dimensions, to define an error margin

that the physical growth process must respect.

II. MIRROR DESIGN

Several structures have been designed based on differ-

ent material combination such as Si/SiO2, Si/Si3N4 or

GaAs/AlOx. We present here a Si/Si3N4-based SGM as shown

in Fig. 1. The mirror structure is made of a silicium grating

(n = 3.435) on top of a Si3N4 layer as the low index sublayer

(n = 1.99). The SGM is combined to a Si/Si3N4 quarter

wavelength pair in order to increase the total reflectivity [2].

Contrary to Bragg mirrors, SGM design rules to achieve high

reflectivity are not straightforward. The values of the etched

GaSb Substrate

Λ
Air

Si

λ/4n
λ/4n

n =3.853λ0

Tg
TL

Si n =3.435λ0
n =1.99λ0

LeLf

Si N3 4

Si N3 4

Fig. 1. Scheme of the SGM optimized for λ0 = 2.65 µm exhibiting a
218 nm large bandwidth with Le = 829 nm, Lf = 522 nm, Tg = 899 nm,
TL = 896 nm.

length Le, the filled length Lf , the grating thickness Tg and

the sublayer thickness TL are thus adjusted thanks to an

optimization process to match the expected properties.

The design of mirror for VCSEL application requires to

precisely define the optical properties to exhibit. Due to the

thin gain region of the VCSEL structure, the reflectivity of the

mirror should be as high as 99.5 % for the largest possible

bandwidth in order to create a cavity of sufficient quality for

laser emission. During the conception, a 99.9 % reflectivity

threshold has been chosen to ensure a fabrication security

margin. Moreover, contrary to Bragg mirrors, SGM can show a

polarization selectivity due to their 1D symmetry. By choosing

a minimum reflectivity of 99.9 % for transverse magnetic (TM)

mode and a maximum reflectivity of 90 % for transverse

electric (TE) mode, laser effect should be possible only in

TM polarization and thus should increase the stability of the

emitted beam.

The mirror is simulated by the rigorous coupled wave

analysis method (RCWA) [5], [6] which computes reflection

spectra for TM and TE modes. This method allows us to solve

Maxwell equations in a faster way than finite difference based

methods such as Finite Difference Time Domain (FDTD) but

makes the assumption of a perfectly squared grating with an

infinite number of periods. Through a numerical analysis of

the computed reflection spectra, the quality of a design is

quantitatively evaluated by the use of a quality factor Q [2]:
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Fig. 2. The tolerance map represents the variation range for the (Le, Lf )
couples while keeping Tg and TL at their optimum value. The center of
the largest incircle of the polygon (⋆) indicates the most tolerant point with
respect to the fabrication errors on Le and Lf .

This quality factor is written to take into account the

VCSEL requirements with a polarization selectivity performed

by selecting the range of wavelengths λ around λ0 for which

RTM is higher than 99.9 % and RTE is lower than 90 %. The

centering of the bandwidth around λ0 = 2.65 µm is made by

computing a gaussian weighted average of the RTM values on

the N points of the bandwidth [λ1, λ2]. Finally the influence

of the width of the stopband is expressed by multiplying the

latter average by the bandwidth itself ∆λ = |λ2 − λ1| and

normalized by λ0.

III. OPTIMIZATION

The optimization of the mirror performance is made by

adjusting the grating parameters to maximize the quality factor

Q. However, with its numerous local maxima, its non linearity,

its discontinuity and an unknown derivative, optimizing Q
can only be done using a global maximization method. An

optimization algorithm [7], the Differential Evolution algo-

rithm [8], has been used to automatically find the best set of

parameters which maximizes the mirror quality.

The Si/Si3N4-based structure presented in Fig. 1 has been

optimized under constraints which aim to limit the etching

process difficulties by using large grooves (Lf and Le >
500 nm) with a squared shape (Le/Tg > 0.9). The resulting

optimum grating parameters are Le = 829 nm, Lf = 522 nm,

Tg = 899 nm, TL = 896 nm. This mirror design exhibits a

218 nm large bandwidth with RTM > 99.9% together with

a high polarization selectivity by keeping RTE < 90% and

meets all previously defined VCSEL requirements.

IV. ROBUSTNESS ENHANCEMENT

In order to evaluate the feasibility of the design, a tolerance

study has been performed on the dimensions of the grating.

The tolerance of one parameter is defined as the allowed vari-

ation range of this parameter for which the mirror is enough

performant for a VCSEL application with RTM > 99.9 %
and RTE < 90 %. The tolerance computation of the structure

described in Fig. 1 shows a very robust design with several

percent of tolerance on each optimized length.

The map of the variation range of Le, Lf , the period Λ
and the fill factor FF = Lf/Λ (Fig. 2), indicates the area of

the (Le, Lf ) couples allowed for the design. We only present

here the tolerance study of the parameters related to the grating

etching which is a critical step of the fabrication process. The

optimum point (829, 522) with the largest bandwidth found

by the optimization algorithm is located at the edge of the

tolerance area. Thus, even if tolerances of 8.2 % on Le and

4.6 % on Lf are allowed, the accuracy of the fabrication

process is very critical with a Lf optimum value equals to the

upper tolerance limit. So, in order to enhance the robustness

of the grating with respect to the error of fabrication which

could be made on Le and Lf , a non optimum point located

at the centre of the tolerance area has been chosen.

The resulting design (784, 537), with grooves larger than

500 nm and large tolerance values (5.5 % for Le and 8 %

for Lf ), exhibits a 186 nm large bandwidth and seems to be

well adapted for integration in a 2.65 µm operating VCSEL

device.

V. CONCLUSION

In this work, the design of a Si/Si3N4 subwavelength grating

mirror exhibiting a 186 nm large 99.9 % high reflectivity band-

width is presented. The mirror structure has been automatically

optimized thanks to the definition of a VCSEL mirror quality

factor maximized by an optimization algorithm. The resulting

design tolerance has been evaluated and the grating parameters

were adjusted to enhance the robustness with respect to the

error of fabrication. This mirror, with a thickness of less

than 2 µm, should allow laser operation of VCSEL devices

at 2.65 µm.
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