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Abstract: Photonic-crystal surface-emitting lasers (PCSELs) have led to amazing results in overcoming
the divergence limitation of semiconductor lasers. However, so far, the physical mechanism behind
this promising control of far-field characteristics is still unclear. Here, we perform a theoretical study
of the mechanism of the influence of photonic crystal (PhC) geometry on the far field of PCSELs. The
perspective from group theory is adopted in our analysis. We explore the function of symmetry in
the formation of the far-field pattern (FFP) and clarify the roles played by various PhC parameters in
this process. Through our analysis, a symmetry criterion to design PCSELs with single-lobed narrow
beams is shown, where an asymmetric in-plane PhC structure, a large vertical confinement factor, and
a sufficient number of periods are required. Our results reveal the physical origin of the narrow beam
of PCSELs, which can even reach 0.1◦ with a PhC cavity size of over 1000 µm at a lasing wavelength
of 940 nm.

Keywords: photonic crystal; laser; far field; symmetry criterion

1. Introduction

Narrow laser beams are required in many applications, such as light detection and
ranging (LiDAR), laser processing, etc. [1,2]. Sometimes, the requirement for divergence
angle is even below 0.1◦ [3,4]. Especially, with the continuous development of autonomous
driving technology, LiDAR is expected to play a major role in the future. A light source
with ultralow divergence angle is vital for improving the spatial resolution of LiDAR. For
example, a divergence angle of 0.1◦ implies a spot size of 17 cm at a detection distance
of 100 m, which is common in autonomous driving applications. However, traditional
semiconductor lasers can hardly meet such requirements. For instance, the divergence
angle of edge-emitting lasers is generally in the range of 10–30◦ [5,6]. Collimation and focus
are necessary in this case. The alignment process is difficult because its accuracy should be
of the order of microns. Moreover, the external lens will inevitably weaken the stability
of the system. Thus, researchers hope to find a solution at the on-chip level. Vertical-
cavity surface-emitting lasers (VCSELs) are good candidates. Although their divergence
angle is also large [7,8], of the order of 10◦, they have better circular spots compared with
edge-emitting lasers. This greatly reduces the difficulty of collimation. In addition, due to
their planar manufacturing process, they can be easily integrated with a microlens [9] or
metalens [10,11], and it is easier to manufacture large-scale chip arrays, although alignment
error is still inevitable.

Photonic-crystal surface-emitting lasers (PCSELs), a novel kind of surface-emitting
semiconductor lasers, retain the above advantages of VCSELs, and fill the blank of a
semiconductor light source with a divergence angle below 10◦ [12–18]. It introduces large
freedom into the design of resonator cavity, which can realize large-area single-mode
resonance. Recently, Noda’s group, the main developer of PCSELs, has experimentally
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achieved an impressive performance with continuous output power of 29 W and divergence
angle of less than 0.4◦ without any lens [19,20]. They also analytically derive the general
conditions for ultra-large-area (3–10 mm) single-mode operation in PCSELs to achieve
100 W to 1 kW lasing [21]. This indeed provides a bright prospect for the development and
application of PCSELs in the future. In the face of such an impressive result, we want to
know why PCSELs can achieve such a low divergence angle, and what factors determine
the far-field patterns. Some important works have been performed on this. Eiji Miya et al.
first demonstrated that the asymmetry of PCSELs is helpful to realize single-lobed FFP and
showed us various tailored beams produced by PCSELs [22]. Liang Yong et al. developed a
three-dimensional coupled wave model to calculate the far field of finite-size PCSELs [23].
Besides, the perspective of group theory is first introduced to analyze resonant modes
of PCSELs by Mitsuru Yokoyama and Susumu Noda [24]. Wang Zhixin et al. recently
utilized group theory to analyze far-field polarization of PCSELs with circular air holes [25].
However, the mechanism of the influence of photonic crystal (PhC) geometry on the shape
of far-field pattern is still not clear, especially for PCSELs with more complicated PhC
geometry. With the further development of PCSELs, more detailed theoretical studies on
these influence mechanisms and their underlying physical origin need to be explored. Our
work will focus on this goal and attempt to achieve control of the far field with adjusted
PhC geometry and symmetry.

In this work, we systematically studied the influence of PhC cavity on the far-field
performance of PCSELs by three-dimensional finite-difference time-domain (3D-FDTD)
simulation. In Section 2, we present the model setup and explain the analysis method we
use. In Section 3, we discuss the obtained results from the perspective of group theory,
including the impact of in-plane PhC structure, vertical epi-structure, and period number
on far field.

2. Calculation Model and Method

The PCSEL model in this paper is shown in Figure 1a. The structure has four layers
of cladding layer I, active layer, PhC layer, and cladding layer II, from top to bottom.
The refractive indices of materials in these layers are 3.2, 3.52, 3.55, and 3.28, respectively,
which are similar to the refractive index of GaAs/AlGaAs. The PhC adopts a square-lattice
structure, and the refractive index of air holes was 1. The red box represents the simulation
region, whose boundaries are set as perfect matched layer (PML) in all directions. Two
frequency-domain field monitors are placed within the center of the PhC layer, and at
the position about 0.6 times the wavelength above the top surface of cladding layer I,
respectively. Magnetic dipoles act as the injection light sources that favor TE polarization.
They are placed at the antinode position in the PhC layer periodically for the selection of
target resonance mode.
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point, including two dielectric bands and two air bands, among which band edge A, as 
shown in Figure 1b, generally has the lowest threshold and will preferentially lase. The 
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Here, we select the fundamental mode operating at band edge A as the studied object in 
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Figure 2 displays the simulation results of the square-lattice PCSEL with circular air 
holes. The magnetic field distribution in PhC layer, as shown in Figure 2a, is directly 
obtained from monitor 2. The field intensity is in the range from 2.5 × 10−4 to 3.4 × 10−2 A/m. 
It clearly illustrates the large-area resonance characteristics in PhC cavities. Moreover, its 
distribution in the single unit cell is very similar to that in slab model [26], indicating their 
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Figure 1. (a) Schematic of the photonic-crystal surface-emitting laser (PCSEL) model adopted in
the simulation. The orange layer represents active layer, below which is the photonic crystal (PhC)
layer. The top and bottom layers are cladding layers. The translucent blue planes represent field
monitors. The red box represents simulation region. The yellow arrow represents light emission
direction. (b) The typical photonic band of the square-lattice PCSEL near Γ2 point. Point A is the
band edge where PCSELs commonly work at.
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For square-lattice PCSELs, the unidirectional vertical light emission can be achieved
at the Γ2 point, corresponding to the lasing mode. There are four band edges near the Γ2
point, including two dielectric bands and two air bands, among which band edge A, as
shown in Figure 1b, generally has the lowest threshold and will preferentially lase. The
controlling of mode threshold has been investigated in detail by Takuya Inoue et al. [21].
Here, we select the fundamental mode operating at band edge A as the studied object in
this paper.

Figure 2 displays the simulation results of the square-lattice PCSEL with circular air
holes. The magnetic field distribution in PhC layer, as shown in Figure 2a, is directly ob-
tained from monitor 2. The field intensity is in the range from 2.5× 10−4 to 3.4 × 10−2 A/m.
It clearly illustrates the large-area resonance characteristics in PhC cavities. Moreover, its
distribution in the single unit cell is very similar to that in slab model [26], indicating their
similarity in the modulation of the electromagnetic field.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 3 of 10 
 

 
Figure 1. (a) Schematic of the photonic-crystal surface-emitting laser (PCSEL) model adopted in the 
simulation. The orange layer represents active layer, below which is the photonic crystal (PhC) layer. 
The top and bottom layers are cladding layers. The translucent blue planes represent field monitors. 
The red box represents simulation region. The yellow arrow represents light emission direction. (b) 
The typical photonic band of the square-lattice PCSEL near Γ2 point. Point A is the band edge where 
PCSELs commonly work at. 

For square-lattice PCSELs, the unidirectional vertical light emission can be achieved 
at the Γ2 point, corresponding to the lasing mode. There are four band edges near the Γ2 
point, including two dielectric bands and two air bands, among which band edge A, as 
shown in Figure 1b, generally has the lowest threshold and will preferentially lase. The 
controlling of mode threshold has been investigated in detail by Takuya Inoue et al. [21]. 
Here, we select the fundamental mode operating at band edge A as the studied object in 
this paper. 

Figure 2 displays the simulation results of the square-lattice PCSEL with circular air 
holes. The magnetic field distribution in PhC layer, as shown in Figure 2a, is directly 
obtained from monitor 2. The field intensity is in the range from 2.5 × 10−4 to 3.4 × 10−2 A/m. 
It clearly illustrates the large-area resonance characteristics in PhC cavities. Moreover, its 
distribution in the single unit cell is very similar to that in slab model [26], indicating their 
similarity in the modulation of the electromagnetic field. 

 
Figure 2. The simulation results of the square-lattice PCSEL with circular air holes. (a) Magnetic 
field distribution inside the PhC layer. (b) Near-field pattern (NFP) and (c) far-field pattern (FFP) of 
the PCSEL. (d) The intensity profile at the center of (c) along x-direction. 

Figure 2. The simulation results of the square-lattice PCSEL with circular air holes. (a) Magnetic field
distribution inside the PhC layer. (b) Near-field pattern (NFP) and (c) far-field pattern (FFP) of the
PCSEL. (d) The intensity profile at the center of (c) along x-direction.

The near-field pattern (NFP), as shown in Figure 2b, is obtained by integrating
the Poynting vector from monitor 1. Its intensity is in the range from 1.8 × 10−8 to
1.3 × 10−4 W/m2. It has a low intensity in the middle, which is caused by the negative
interference originating from its perfect structure symmetry. The corresponding annular
FFP is shown in Figure 2c, which is calculated through the Fourier transform of the near
field, and its intensity profile at the center along the x direction is shown in Figure 2d.
Apparently, the center has zero intensity. This is because vertical radiation decays due to
the negative interference when the in-plane wave vector k is equal to 0. However, the finite
period number of the photonic crystal extends the wavenumber to the periphery of Γ2 [26],
so the annular spot appears. Evidently, PhC with circular holes is not a good choice for the
design of high-power PCSELs with a single-lobed far-field pattern [27,28].

3. Results and Discussion

In this section, we will discuss the impact of in-plane PhC structure, vertical epi-
structure, and period number on the FFP and divergence angle.
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3.1. The Impact of In-Plane PhC Structure

In this part, we adjust the in-plane PhC structure to study its influence on FFP while
keeping the other parameters unchanged. The air filling factor, period number, and hole
depth are set as 20%, 31, and 160 nm, respectively. The air filling factor is defined as the
ratio between the area of air holes and the area of the unit cell. The corresponding FFPs of
these structures are obtained by the aforementioned method and will be analyzed from the
perspective of symmetry later.

From previous investigations on photonic bands, it was shown that the modulation of
light was significantly affected by the optical confinement in the PhC layer [29]. In order to
maximize the influence of in-plane PhC structure on the far field, and avoid interference
from other complicated factors, we use the PhC slab as the calculation model to obtain
the results in Figure 3. In this case, both sides of the PhC layer are air cladded unlike the
epi-structure of PCSEL model in Figure 1a. Thereby, the optical confinement in the PhC
layer is maximized and so is the coupling coefficient.
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Figure 3. The schematic of various in-plane PhC structures and their corresponding electric field, FFP,
and NFP. The period number of PhC is 31.

In Figure 3, we show the FFP and NFP of PhC slabs with various in-plane structures,
including a circle, an isosceles triangle, an isosceles right triangle, and other six structures.
They are grouped into two categories, i.e., single-lattice and multiple-lattice structures. The
latter can be regarded as several single lattices nested within each other. Since the electric
field components determine the final vertical radiation, we calculate their distribution in a
single unit cell at the center of slabs. Among single-lattice structures, when the hole-shape
of a unit cell is a circle, its electric field distribution exhibits all the same symmetries as the
square lattice structure, including rotational symmetry. This leads to negative interference
and eventually results in an annular FFP, as mentioned in Figure 2. When its shape changes
to an isosceles right triangle, the FFP displays a circular single-lobed spot, which is usually
important for a diode laser. This is because the electric field loses the rotational symmetry
and then the negative interference effect degrades. When the shape is an isosceles triangle,
symmetrical about the x-axis, the FFP displays an elliptical spot with a larger divergence
angle in the y-direction than in the x-direction.

Further, we study the FFP corresponding to multiple-lattice PhC structures. This
type of PhC structure is more suitable for controlling the in-plane optical loss and vertical
radiation factor by adjusting the space between nested lattices or adjusting the shape of
holes in each lattice. Thus, some key performances of PCSELs based on them would be
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flexibly designed, such as modal threshold gain and slope efficiency. Here, we select three
double-lattice, two triple-lattice, and one quadruple-lattice PhC structures. The positions of
holes are designed to give the PhC structures specific symmetries as described in Table 1.
For example, in the case of the triple-lattice structures, the spacing between the holes along
both x and y directions are set as half a period. In one of the triple-lattice PhC structures, the
offsets of the upper right hole are reduced by 10%, that is, eventually 0.45 times the period
along both x and y directions. For the sake of distinction, it is referred to as the deformed
triple-lattice structure hereinafter. However, this slight adjustment actually makes the FFP
change a lot, from a ring to a circular single lobe.

Table 1. The symmetry characteristics and far-field performance of various PhC structures.

PhC Structure
Symmetry of PhC

FFP Symmetry
of FFP

Divergence
Angle (o)

E C4 C4
2 C4−1 σx σy σd’ σd” x y

Single
lattice

Circle
√

*
√ √ √ √ √ √ √

Annular C4v 13.4 13.4

Isosceles
triangle

√ √ Elliptical
single-lobed E, σy 11.0 12.1

Isosceles
right

triangle

√ √ Circular
single-lobed E, σd’ 11.0 11.0

Multiple
lattice

Double
lattice 1

√ √ √ √
Double-lobed E, σd’ 13.3 13.3

Double
lattice 2

√ √ √ √
Double-lobed E, σy 14.3 14.0

Double
lattice 3

√ √ Circular
single-lobed E, C4

2 10.3 10.3

Undeformed
triple lattice

√ √ √ √ √ √ √ √
Annular C4v 13.4 13.4

Deformed
triple lattice

√ Circular
single-lobed E 10.8 10.6

Quadruple
lattice

√ √ √ √ Circular
single-lobed E, C4

2 11.3 11.3

* Symbol
√

means that the corresponding symmetry is satisfied.

A square lattice is invariable under eight different symmetry operations, which re-
flects the symmetry characteristics of the lattice. They are E, C4, C4

2, C4
−1, σx, σy, σd’,

σd” [30], all of which belong to the C4v point group. Table 1 shows the allowed symmetry
operations in different PhC structures. They correspond in turn to the structures in Figure 3.
Through seeking the subgroups of C4V point group, all possible combinations of symmetry
operations are considered. Among single-lattice structures, the structure with circular
air holes has perfect symmetry, allowing all symmetry operations. At the same time, the
undeformed triple-lattice one also has perfect symmetry among multiple-lattice structures.
Thus, the FFPs arising from them are both annular. The corresponding divergence angles
are relatively large, being 13.4◦ estimated from the 1/e2 width.

The structures named double lattice 1 and double lattice 2 have the second-highest
symmetry. They can be kept invariant under both rotational and mirror operations. Their
FFPs tend to be double-lobed, with a large divergence angle in the x and y directions. It
can be found that the symmetry of their FFP, σd’ and σy, belongs to the allowed symmetry
operations of their respective structures. This reveals the consistency among them from the
perspective of symmetry.

Further, the other PhC structures have either rotational symmetry or mirror symmetry.
Their FFPs are single-lobed and have a lower divergence angle than aforementioned PhC
structures. Among all structures, the deformed triple-lattice structure has a completely
asymmetric structure and thus obtains a single-lobed far-field spot with low divergence
angle as expected. It should be pointed out that the NFPs tend to render the same symmetry
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characteristic as FFPs, as shown in Figure 3. Thus, their characteristics are not listed
independently in Table 1.

In fabrication, holes with special shapes, such as triangles, are more difficult to process
than circular shapes. In this way, multi-lattice structures with several circular holes reduce
fabrication difficulties compared to single-lattice designs, while achieving the same goal
by tuning the hole positions. However, multiple-lattice structures tend to have smaller
hole diameters, which is a drawback in the exposure and etching processes, but may be an
advantage in the process of retaining air holes during regrowth.

3.2. The Impact of Vertical Epi-Structure

In addition to in-plane PhC structure or hole shape, the air filling factor, hole depth,
vertical epi-structure, and even period number also have effects on the FFP, although they
are not as direct as the hole shape. As shown in Figure 4, when the air filling factor was
reduced from 20% to 13%, the FFP changed from the previous almost-circular single lobe
in Figure 4a to the irregular shape with lower central intensity in Figure 4b. This trend is
very similar to the structure with circular holes, although its FFP is not a ring as unique
as the latter. This illustrates that the decrease in the air filling factor reduces the degree
of asymmetry of the structure and then hence the modulation effect on the optical field.
Therefore, the central intensity is still affected by the negative interference of the electric
field to a certain extent. However, when the hole depth is increased from 160 nm to 320 nm,
the central intensity begins to increase, and the spot is transformed towards a better single
lobe as shown in Figure 4c, while the air filling factor remained unchanged at 13%.
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Figure 4. The FFP and NFP of devices with right isosceles triangular air holes. The former three
groups are PhC slab clad by air, with the same period numbers of 31, but with various air filling
factors and hole depths of (a) 20%, 160 nm, (b) 13%, 160 nm, (c) 13%, 320 nm, respectively. The latter
three groups are PCSELs clad by dielectric layers, with the same air filling factor of 13% and hole
depth of 160 nm, but various period numbers of (d) 31, (e) 61, (f) 101, respectively.

While all parameters in the PhC layer are the same as those of Figure 4b, including
air filling factor, depth, etc., only the air claddings are replaced with an epi-structure as
sketched in Figure 1a. The corresponding results are shown in Figure 4d–f. The only
variable parameter among them is the period number of PhC, which is 31, 61, and 101,
respectively. With the increase in period number, the far field eventually evolves from multi-
lobes to an approximately single lobe, which is similar to the result shown in Figure 4b. The
introduction of epi-structure lowers the optical confinement factor in the PhC layer and
coupling coefficient, and the modulation effect of PhC on electromagnetic field becomes
weaker. This is the reason why similar FFP appears at 101 periods, which is much larger
than that in the PhC slab. This means that a larger period number in the epi-structure is
required if a similar FFP in the PhC slab is wanted.
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3.3. The Impact of Period Number

Figure 5 shows the dependence of divergence angle on the size of the PhC cavity in
the PhC slab and PCSEL. The periods of PhC in both structures are set as 277 nm. The
deformed triple-lattice structure described in Figure 3 is adopted here. After fitting the
data, the following inversely proportional relationship was obtained for both curves:

θ =
mλ

L
, (1)

where θ is the divergence angle expressed in radians, m is the coefficient mainly determined
by the in-plane lattice structure whose value is about 1.87 in Figure 5, λ is the resonant
wavelength in free space, and L is the size of PhC cavity. Note that the difference of the
resonance wavelength corresponding to the two structures leads to two fitting curves that
do not overlap. Based on this relationship, it can further control the shape of FFPs to obtain
different divergence angles in x and y directions by adjusting the period number of PhC in
these two directions, respectively.
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This relationship in Equation (1) can be explained through Fraunhofer diffraction
theory in the following way: each cell of photonic crystal can be regarded as an independent
light emitting unit, and the far field is a result of the coherent superposition of light waves
from all units. Since the resonance occurs at the Γ2 point, we assume all emitting units have
the same initial phase, so the complex electrical field at the far field is:

Ẽfar(α, β) = Ẽ0(α, β)
N1

∑
m=1

N2

∑
n=1

exp[i
2π

λ
((m− 1)a cos α + (n− 1)a cos β)], (2)

where Ẽ0(α, β) is the complex amplitude distribution contributed by a single emitting unit,
and we assume its value is the same for all emitting units for simplicity, N1 and N2 are the
period number along the x and y directions, a is the period, and α and β are the direction
angle of emitting rays along the x and y directions. After simplification, the following
formula can be obtained:

Ẽfar(α, β) = Ẽ0(α, β) exp(iφ)(
sin N1δ1

δ1
)(

sin N2δ2

δ2
), (3)

where:
φ = (N1 − 1)δ1 + (N2 − 1)δ2, (4)

δ1 =
π

λ
a cos α, δ2 =

π

λ
a cos β. (5)
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Through Equation (3), we deduce that the nearest 1/e times amplitude from the central
occurs at directions where:

sin c(N1δ1) ≡
sin(N1δ1)

N1δ1
=

1
N1e

, sin c(N2δ2) ≡
sin(N2δ2)

N2δ2
=

1
N2e

. (6)

Their values approaches zero when N1 and N2 are large. Then,

N1δ1 = π, N2δ2 = π. (7)

Further, assuming their corresponding angles from normal direction, θx and θy, are
small, we obtain:

θx ≈ sin θx = cos α = ± λ

N1a
= ± λ

L1
, θy ≈ sin θy = cos β = ± λ

N2a
= ± λ

L2
(8)

where L1 and L2 are the size of PhC cavity along the x and y directions. Equation (8) is
similar to Equation (1) in expression, and implies that coefficient m in Equation (1) should
have a value of around 2.

In many applications, a very small beam divergence is necessary. For example, when
applied for light detection and ranging and free-space optical communication, laser beams
with a divergence angle less than 0.1◦ or even smaller are needed. According to Equation (1),
we deduce that the size of PhC cavity should be larger than 1000 µm at a wavelength of
about 940 nm, for example, in order to realize a lens-free application in these fields. For a
longer wavelength regime, a larger size is needed.

4. Conclusions

In summary, we have investigated the far-field characteristics of PCSELs using 3D-
FDTD simulation. We analyzed the evolution of FFPs from the perspective of group theory
and demonstrated that the symmetry of FFPs is consistent with that of the in-plane PhC
structure. The symmetry criterion to decrease the divergence angle is increasing the in-
plane asymmetry of PhC. Especially, it will result in a circular single lobe when minimum
symmetry operations are allowed. Further, we found that a reduction in the thickness
of the PhC layer or the introduction of a more complex vertical epi-structure is bad for
the formation of a single-lobed FFP because the modulation effect of the PhC on FFP is
weakened in this case. However, increasing period number could counteract this negative
effect. Moreover, the inverse relationship between the divergence angle and the size of
the PhC cavity is provided analytically. When the size of PhC cavity reaches 1000 µm, the
beam divergence angle will be as low as 0.1◦. We believe that our work will contribute to
revealing the mechanism of the influence of PhC geometry on far field and the physical
origin of PCSELs’ ultralow divergence angle.
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