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Resonators of IR lasers based on two-dimensional photonic crystals
for organization of surface output of radiation
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Within the AlGaAs/GaAs/InGaAs heterostructure, the output losses were calculated for resonators based on
2D photonic crystals with square symmetry lattice, which nodes formed in the upper cladding layer of the laser
waveguide by holes of different symmetries. It is shown theoretically that, in contrast to photonic crystals formed by
holes with C, symmetry, characterized by the presence of high-Q modes with zero output losses, photonic crystals
formed by holes in the shape of isosceles right triangles or equilateral trapezoids demonstrated the greatest mode
discrimination between the two lowest-threshold modes with non-zero output losses. Calculations of output losses
show that the most preferable designs with holes characterized by a large depth, leaving a thin (> 0.1 microns)
residual layer between the photonic crystal region and the waveguide, and the final optimization of the output loss
value should be performed with a known value of internal optical losses in a specific heterostructure.
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1. Introduction

Semiconductor lasers emitting from the surface of a
chip with a resonator based on a two-dimensional (2D)
photonic crystal (PC) are of considerable interest for
modern photonics and optoelectronics, since they allow
obtaining an output laser beam of large area and small
symmetrical divergence [1-6] directed along the normal
to the heterostructure surface. A symmetrical radiation
pattern with a small divergence angle makes it possible to
significantly increase the efficiency of laser radiation input
into optical fibers or to form new areas of direct application
of high-power semiconductor lasers. Modern LiDAR (Light
Detection and Ranging) systems used in unmanned vehicle
control may be one of the most sought-after applications for
such lasers. The 2D-PC band structure also forms spectral
selection, which makes it possible to obtain single-mode
coherent radiation [7,8] with a narrow spectrum, which is
in great demand in optical communication systems in free
space. The geometric parameters of the PC (the shape and
dimensions of the air holes forming the PC; the size of the
radiation aperture) determine, among other things, the opti-
cal output losses (Q factor of the resonator), the polarization
and the radiation pattern of the outgoing beam [9-11].

The great potential of surface-studying lasers based on
2D photonic crystals requires the development of models in
order to optimize the design parameters of the resonator
and photonic crystals for various applications. These
calculation models should demonstrate the relationship
between the design parameters of photonic crystals, such
as the geometric shape and symmetry of the holes, with the
characteristics of the resonator and its radiative efficiency.
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The Finite-Difference Time-Domain (FDTD) [12-14] and
the Three-Dimensional Finite Element Method (3D FEM)
are among the most popular methods for calculating such
complex structures as PC [15-17]. However, both methods
have a number of disadvantages related to the requirement
of significant computing power, especially for calculating
large-area structures (on the order of hundreds of lattice
periods of PC), which are commonly used in real surface-
emitting lasers.

Therefore, a number of semi-analytical methods for
calculating the characteristics of a resonator formed by PC
were previously developed based on the Coupled Wave
Theory (CWT) [18,19]. The Sakai’s initial two-dimensional
calculations [20,21] assumed that the field distribution along
the axis of growth of the heterostructure is a plane wave,
which does not reflect the actual waveguide properties of
the laser heterostructure. A solution to this problem was
proposed in Ref. [22] based on the Strafer technique [19]
for lasers with one-dimensional distributed feedback (DFB).
The essence of the method consists in separating variables
and decomposing the electromagnetic field according to
Bloch’s theorem, thus, the resulting fields are represented
as the product of the fundamental mode of a multilayer
waveguide heterostructure, depending only on z-coordinates
and related PC modes, depending on X-, y-coordinates.

In this paper, we consider a model of an infinite 2D-PC
with square symmetry and transverse electric polarization as
part of a four-layer waveguide laser structure. We performed
the calculations specifically for an infinite crystal, since
real surface-emitting lasers use structures of the order of
hundreds of periods of the PC lattice, which is necessary to
increase the optical output power. The study of infinite
PC allows obtaining fundamental patterns between the



110 V. Oreshko, V.V. Zolotarev, S.O. Slipchenko, A.E. Kazakova, N.A. Pikhtin

PC parameters and the characteristics of a semiconductor
laser resonator. This approximation makes it possible to
significantly simplify calculations by eliminating boundary
conditions and reducing the system of differential equations
to a system of ordinary linear equations.

The 3D-CWT method developed in Ref. [22] was used for
calculating photonic crystals. This method allows calculating
the photonic crystals of square symmetry with an arbitrary
shape of the holes. The condition for the applicability
of this method is a small coupling coefficient (kA < 1,
where k is the coupling coefficient, A is the period of the
photonic crystal), in which the period of energy exchange
of two coupled waves is much longer than the period of
the photonic crystal, which corresponds to our case. Unlike
the authors of Ref. [22], we introduce a significant structural
difference, assuming that the PC is surface (unprotected),
i.e, a layer with periodic changes in dielectric constant
is formed in the upper plate of the laser waveguide
(p-emitter). This choice of design is attributable to the
greater simplicity of the technological implementation of the
calculated structure, since it eliminates two-stage epitaxial
growth. This study focuses on the analysis of output losses
as a critically important parameter that is used to optimize
the power and threshold characteristics of semiconductor
lasers, as well as form the requirements for the core design
(material gain, optical limitation factor). The results were
obtained for PC with different shapes of air holes with
different symmetries (circle, triangle, rectangle, trapezoid).
Optical output losses and wavelengths for various modes
were calculated for all types of holes, and losses were
analyzed depending on the depth of etching of the holes.

2. Calculation method

2.1. General provisions

One of the most important features of surface-emitting
lasers based on two-dimensional photonic crystals is the
possibility of strictly vertical laser beam output. This
advantage is realized by meeting the conditions of the
2nd order Bragg diffraction. For wavelengths corresponding
to the Bragg condition, 4 = 2n.zA/N, where 1 is the wave-
length emitted by the laser, negs is the effective refractive
index of the heterostructure waveguide mode, and N =2
is the diffraction order; distributed feedback is formed in
the plane of the waveguide layer, which determines the
resonator properties of the PC and diffracted laser radiation
propagating orthogonally to the crystal plane (optical output
power).

In our paper, we consider 2D-PC with simple square
symmetry. Structurally, it consists of air holes etched into
the material of the p-emitter of the laser heterostructure
(Figure 1). Thus, the difference between the dielectric
permittivity of the emitter e, and the air 5 creates a two-
dimensional photonic crystal lattice, which is characterized
by an average dielectric constant s, = feq + (1 — f)ep,
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Figure 1. Schematic representation of a laser structure with a PC
region formed on the surface of the p-emitter.
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Figure 2. Photonic band structure of a square-symmetrical PC
formed by holes shaped like an isosceles right triangle.

where f — fill factor, a dimensionless parameter deter-
mined by the ratio f = Sygje/Seen, in Which Sy is the area
of the air hole, depending on its geometry, and S, = A2 —
PC lattice cell area.

The 2D-PC square lattice has a characteristic band
structure with three extreme points — I, X, and M
(Figure 2) attributable to its symmetry [23,24]. T-point of
the 2nd order in the center of the Brillouin zone corresponds
to the Bragg condition with N =2 in which distributed
feedback and radiation diffraction occur in the direction
normal to the surface of the structure. In the general case,
we observe 4 dispersion frequency branches corresponding
to 4 modes — A, B, C, and D for the considered PC
symmetry at the point I' for the field polarization. The
emissivity of these modes is characterized by optical output
losses, which in turn depend on the parameters of the
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geometric shape and symmetry of the air hole, as well as its
size. One of the main goals of our calculation is to analyze
the effect of these factors on the emissivity of PC and
determine which of the modes will emit most effectively.

2.2. Formulation of the model

This paper is focused on the consideration of the TE-
polarization of the field, the electric field is distributed
strictly in the PC plane. This choice is attributable to the ac-
tive region, which for near-IR lasers (950—1100 nm) is most
often formed by an elastically stressed InGaAs quantum
well, for which stimulated recombination is characterized
by TE polarization.

The fundamental method of our calculation is the idea,
standard for periodic structures, of decomposing the electric
field inside the PC into individual harmonics in accordance
with the Bloch theorem [25], according to which the
amplitude of the field inside a structure with translational
symmetry should have the same periodicity:

E (F’) — Z Eimn(z) - e Mocmboy) - —x y (1)
mn

where E;j mn is the distribution of the electromagnetic field
along the axis of growth of the heterostructure, waveguide
mode; Bo = 2mr/A is the component of the reciprocal lattice
vector PC, m and n are arbitrary integers. Due to the fact
that PC is a periodic structure, the refractive index in the
PC layer can also be represented as a Fourier series:

X, Y) =M+ Y &nn-e W) ()
m£0,n#£0

where n% = &gy is the average dielectric constant PC, &mpn —
are the amplitudes of the Fourier expansion. This expression
is executed only in the PC layer. The amplitudes of
the Fourier decomposition are zero outside the region of
the photonic crystal; inside the PC, the amplitudes of
the Fourier decomposition are determined by the integral
relation:

bmn = (1/A%) - [[ An? . &Mosvgxdy,  (3)
PC

where An? = ¢, — ¢, is the difference of PC dielectric
permittivities. The integration is carried out over a primitive
cell (coinciding with the Wigner-Seitz cell) and the integral
is normalized to its area — A2, PC is the area corresponding
to the geometric shape of the hole of the photonic crystal.
Thus, the limits of the double integral depend on the
geometry and symmetry of the air opening and affect such
characteristics of the PC-based resonator as optical output
losses and resonant wavelength.

The solution of Maxwell’s equations and the transition to
a system of coupled mode equations are presented in detail
in Ref. [22], so we will not repeat it here, but we will note
a number of characteristic results. The decomposition of
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the electromagnetic field in expression (1) is divided into
groups depending on the magnitude of the wavenumber
in the PC plane: basic waves — /(m? + n?) = 1, high-
order waves — /(M +n?) > 1 and radiative waves —
V/(m? +n?) = 0. The basic waves are waves corresponding
to the four propagation directions +/ — X and +/ — Y, for
which the distribution of electromagnetic radiation along
the axis of growth of the heterostructure corresponds
to the fundamental waveguide mode calculated from the
approximation of the absence of PC (PC is replaced by a
continuous layer with € = &5, ):

Ey10=0(z) R, E _10=0(2)-S,,

Ex,O,l = @(Z) . Ry, Ex,O,fl = @(Z) . Sy (4)
An emissive wave with a wave vector in the PC plane
equal to zero (Kxy = 0) generates output radiation from
the crystal surface. For the case of infinite PC, the values
(Rx, Sk, Ry, Sy) are not functions of coordinates (X, Y),
which allows the system of differential equations of coupled
modes to be transformed into a system linear equations with
respect to the amplitudes of the base waves:

(PqV = CsumV, (5)

where ¢@q is the eigenvalues of the matrix Cyym,
V= (R, S. Ry, Sy)t is the mbox4-dimensional vector
whose components are the amplitudes of the base waves,
Csum = C1800 + Craq + Chighorder — matrix 4 x 4 of integral
coupling coefficients. The form of the matrices Cigpo, Crad,
Chighorder 1 also described in detail in Ref [22]. C180°
matrix expresses a one-dimensional relationship between
two waves propagating in the PC plane (for example, Ry,
Sy), its elements are similar to the coupling coefficients for
a one-dimensional optical laser obtained in Ref. [19]. The
matrix C,,q consists of coefficients linking the base waves
and the radiative wave. The matrix Chighorder Characterizes
the relationship of higher-order waves (with a wave vector
in (1) with \/(m? +n*) > 1). Generally speaking, in (1)
the summation of m and n occurs from minus infinity to
plus infinity, however, our preliminary calculations showed
that as the harmonic number increases, its contribution to
the solution is (5) it gets smaller and smaller, and the values
of the eigenvalues of the matrix Cg,, almost stop changing.
In our calculation of the matrix Chighorder, SUmmation took
place for —10 <m, n < 10, i.e. 21 x 21 harmonics was
used.

The complex-valued eigenvalues of the matrix Cgyp,, With
a dimension of cm™!, determine the optical output loss
and deviation from the Bragg wavelength for each of the
four modes at the I'-point of the 2nd order (A, B, C,
or D). The imaginary part of the eigenvalues corresponds to
optical output losses (in the approximation of the absence
of internal optical losses), the real part corresponds to the
deviation of the wave vector of the mode from the Bragg
wave vector, from which the wavelength of the mode can
be determined from the ratio

ﬂ,q = 2ﬂneﬁ/ (Re ((,Dq) +ﬂBragg)- (6)
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Laser heterostructure parameters

Layer Thickness, microns | Refractive index
n-Emitter 2 3.385
Waveguide 0.3 3.449
p-Emitter 2 3.385
PC area 1.9 VeEav

The eigenvector V contains the amplitudes of the base
waves for each mode, and it can be used to find amplitudes
of higher orders and, thus, construct the distribution of the
electric field in the PC plane. Thus, the problem of finding
fields inside a PC is reduced to the problem of eigenvalues
and eigenvectors of the matrix operator Cgyp,.

3. Description of the calculated laser
structure

As a starting point for calculations, we use a classical
laser heterostructure based on a symmetrical 3-layer optical
waveguide with air holes etched in the upper emitter that
form a PC (see Figure 1). A strained InGaAs quantum well
has been formed in the center of the waveguide, which is
a source of laser radiation generation with a wavelength
of ~ 1.045microns. We assume that the size of the
quantum well (~ 8nm) is extremely small in comparison
with the wavelength of the radiation, therefore, its refractive
index cannot be taken into account when calculating the
waveguide. The materials of the emitters and waveguide
are a semiconductor solid solution AlyGa;_yxAs, in which
the proportion of Al is 25% for the emitters and 10 % for
the waveguide. PC lattice period is chosen in such a way
as to comply with the condition of the 2nd order Bragg
diffraction, and is ~ 0.305 microns.

The refractive indices of the emitters and waveguide were
calculated using a simplified model of interband transitions
for materials with a zinc blende type lattice [26]. The
calculated refractive indices of the layers for the Bragg
wavelength and layer thickness are shown in the table. The
refractive index of the photonic crystal region corresponds
to the average permittivity €,, which depends on the
transverse dimensions of the air holes.

4. Simulation results and discussion

4.1. The effect of the shape of the air holes
on the output loss at a fixed etching depth

The output losses determine the threshold conditions for
mode generation and the efficiency of laser radiation. The
generation threshold conditions are primarily met for the
mode with minimal output losses, thus, one (or two, in
the case of degeneracy) of the four modes has priority
for generation. The greater the mode discrimination
between the mode with the lowest output loss and the

second mode following it, the more stable the single-mode
regime will be maintained over a larger range of pumping
currents. If the output losses turn out to be zero, then
the emission of such a mode into free space becomes
impossible. This mode characterizes a resonator with a
high quality factor (assuming low internal optical losses),
but it does not allow achieving high optical output power.
Each of the modes (A, B, C, D) is characterized by its own
optical loss.

In addition to the symmetry of the lattice, losses also
significantly depend on the shape and size of the air
hole itself. Initially, we calculated and analyzed how
the magnitude of output losses changes with a change
in the lateral dimensions of the hole, with the etching
depth fixed at 1.9 microns, i.e., the waveguide and the
PC are separated by a residual layer of the p-emitter
with a thickness of 0.1 microns. For the convenience of
comparing dependencies corresponding to different types of
geometries, loss graphs were constructed depending on the
fill factor.

Figure 3,a shows the dependences of the output loss on
the fill factor for the PC formed by round holes for four
modes. A pairwise degeneracy of modes is observed owing
to symmetry, modes C and D have the same losses and are
radiative, the losses of modes A and B are not only equal,
but are also equal to zero. The laser radiation will practically
not leave the crystal during laser generation in a resonator
of this design, since the threshold conditions of generation
will be met primarily for modes A and B. Thus, PC with
round holes is well suited for tasks that require a resonator
with a high quality factor, and is not suitable for high-power
injection lasers.

Degeneracy is eliminated for holes with the shape of
an isosceles right triangle (Figure 3,5) and an equilateral
triangle (Figure 3,¢), and all modes have nonzero output
losses at high values of the fill factor. The priority mode
is mode B in case of a right-angled triangle (Figure 3, ),
up to a fill factor of 25%, mode A becomes the priority
mode with an increase in the fill factor. There will be a
mode competition with the fill factor ~ 25%, while the
wavelength of the modes A and B does not match, there
is no degeneracy, which will cause a multimode generation
mode. Thus, this point is not suitable for a single-mode
resonator for high-power semiconductor lasers. Mode B is
the priority mode for an equilateral triangle (Figure 3,¢) up
to the maximum value of the fill factor of 40 %. However,
the mode discrimination in absolute value is less than for a
right-angled triangle.

To determine the fundamental causes of the appearance
of zero-loss modes, we performed calculations of PC with
rectangular holes (Figure 3,d) and holes with two bends
(in the shape of a rectangular letter Z) (Figure 3, ¢). These
shapes are chosen based on considerations of symmetry.
The rectangle has a symmetry of C, and a specular
reflection. Two modes with zero output losses are also
observed for this design. To separate C,-symmetry and
specular reflection, calculations were performed for Z-shape

Semiconductors, 2025, Vol. 59, No. 2
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Figure 3. Output losses of a PC-based resonator with holes of various shapes at an etching depth of 1.9 microns, depending on the fill
factor: a — circle, b — isosceles right triangle, ¢ — equilateral triangle, d — rectangle, e —Z-shape, f — equilateral trapezoid.

holes that do not have a specular reflection, but have
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Calculations were also performed for the trapezoidal
C,-symmetry. However, the presence of two zero-loss shape of the holes (isosceles trapezoid, Figure 3,f), which
modes remains, which allows drawing a conclusion that it demonstrated results similar to a right-angled triangle, which
is the presence of C,-symmetry in the shape of the holes has the same symmetry group. Figure 4 shows patterns of
forming the PC that determines the presence of high-Q the electric field strength (arrows) and its intensity (color)
modes in the resonator. in the PC plane for trapezoidal holes with a fill factor of
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33.5%, which is characterized by the fact that the output
loss for mode A is almost zero. The spatial distribution
of light intensity has a symmetry of PC lattice. The light
intensity has the highest values in the area of air holes.

4.2. The effect of trapezoidal hole deformation
on output losses

The variation of output losses during the transition from
holes with symmetry C,, which generate zero output losses
to holes without symmetry C,, was studied by calculating
PC formed by an equilateral trapezoid, whose small base
varies in size from zero to the magnitude of the large
base. Thus, the geometry of the hole varied from an
isosceles triangle to a rectangle with a symmetry of C,.
Figure 5 shows the results obtained for two modes — A
and B, which have the lowest losses. The calculation was
made for the dimensions of the large base and the height
of the trapezoid, corresponding to the fill factor of 26 %
in Figure 3,7 However, the output losses decrease and

Output losses, cm™!

0 L 1 L 1 L 1 L 1

0 0.2 0.4 0.6 0.8 1.0
Short base to long base ratio

Figure 5. Output losses of a resonator based on PC with

trapezoidal holes with an etching depth of 1.9 microns, depending

on the ratio of the length of the small base to the length of the

large base.
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Figure 6. Dependence of the output loss on the etching depth of the air holes in the shape of an isosceles right triangle: @ — mode A,

b — mode B.

approach zero in case of transition from a trapezoid to
a rectangle, as expected. The mode B is low-threshold
over the entire range of the parameter. At the same time,
modes A and B behave significantly differently. Mode A
has a pronounced maximum at the values of the small
base of the trapezoid ~ 50% from the large one. Mode
discrimination increases dramatically in this area, and the
threshold conditions for mode A increase significantly,
which makes this design the most suitable for single-mode
generation.

4.3. Effect of the etching depth of air holes
on the outlet loss for holes of the isosceles
right triangle type

We considered the dependence of the change in output
losses on the etching depth of air holes for a surface 2D-PC,
which provides a significant technological advantage due to
the absence of two-stage epitaxial growth, with holes in
the shape of an isosceles right triangle. The calculations
were carried out at 3 different etching depths — 1.35, 1.6
and 1.85 microns. The results obtained were compared with
the data on output losses for the initial etching depth —
1.9 microns. Since the A and B modes have minimal
output losses, the loss dependences on the fill factor at
different etching depths were analyzed specifically for them
(Figure 6).

As can be seen in Figure 6, the nature of the depen-
dencies does not change. The losses are simply scaled
relative to the ordinate axis. At the highest etching depth
(1.9 microns), maximum output losses are observed. This
phenomenon is explained by the fact that with a decrease
in the thickness of the residual layer (the emitter layer
separating the PC region from the waveguide region),
the optical restriction factor in the photonic crystal region
increases, thus a large proportion of optical radiation from
the waveguide penetrates into the PC region. On the
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other hand, it could be expected that the PC layer, which
has a lower dielectric constant, at greater etching depths
will ,squeeze out “ the waveguide mode towards the
n-emitter and, thus, reduce its own optical limitation factor.
However, calculations of this particular PC design and the
double heterostructure (DHS) have demonstrated that this
effect does not occur at reasonable etching depths (there
is no etching into the waveguide layer), which makes it
possible to optimize the amount of resonator output losses
by the etching depth parameter. The final optimization
of the amount of output losses will be performed at a
known amount of internal optical losses in a particular
DHS. Thus, it can be concluded that etching of deep
holes (~ 1.8—1.9 microns) with a very thin (~ 0.1 microns)
residual layer between the crystal and the waveguide is the
most effective, which should ensure the best coupling of the
waveguide mode with the FC region.

5. Conclusion

Calculations of optical output losses for a PC-based
resonator formed by air holes of various geometric shapes in
the AlGaAs/GaAs/InGaAs heterostructure demonstrated the
relationship between hole symmetry and the dependence
of loss values on the fill factor. 2D-PC with holes having
symmetry C, form a high-Q resonator unsuitable for the
tasks of creating high-power injection semiconductor lasers.
The calculation for a structure with holes in the form
of an isosceles right triangle and an isosceles trapezoid
demonstrated similar dependencies. At the same time,
the trapezoid has another geometric parameter that can
be independently changed, which allows you to control the
mode discrimination between two low-threshold modes A
and B. It is important to understand that as the geometric
shape of the holes becomes more complex, the requirements
for the technological processes of lithography and etching
significantly increase. The calculation of the change of
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output losses depending on the etching depth shows that
it is preferable to etch holes of great depth, leaving a thin
(~ 0.1 microns) residual layer between the PC area and
the waveguide, providing the most effective coupling of the
waveguide mode with the PC. The design of the DHS affects
both external and internal optical losses, which makes it
possible to effectively optimize the value of the external
differential quantum efficiency of the laser by adjusting the
thickness of the waveguide and the depth of the holes.
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