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Abstract: A new method proposed to enhance the optical confinement of the terahertz band in a
vertical cavity surface emitting laser involves introducing a square-lattice photonic crystal structure.
This structure’s filling factor was optimized by computing the energy band structure and optical
band values of the photonic crystal. The optimal optical band value is 0.436-0.528 a/A. At a specific
carrier concentration, the real part of dielectric constant of GaAs/AlGaAs materials will gradually
increase with the increase of Al elements. By adjusting the length of the resonant cavity, a vertical
cavity surface emitting laser with two wavelengths can be created without utilizing current injection.
Additionally, the photonic crystal structure’s control effect on the transverse mode of the vertical
cavity surface emitting laser and the release effect of the PN junction light confinement were analyzed.
Numerical calculations indicated that incorporating a cubic photonic crystal structure in the vertical
cavity surface emitting laser resulted in a 2x increase in the difference frequency intensity and a
6.33x increase in the optical field intensity.

Keywords: vertical cavity surface emitting laser; square-lattice photonic crystal structure; dielectric
constant; terahertz wave; optical field intensity

1. Introduction

In recent years, terahertz wave, with a wavelength in the range of 0.03-3 mm between
microwave and far-infrared wave and a frequency of as high as 0.1-10 THz, has been
widely studied as a core technology for terahertz optical imaging, ultra-high-speed wireless
communication, next-generation homes, and other applications [1,2]. With its advantages
of low energy consumption, strong penetration, wide bandwidth, and narrow pulse [3],
terahertz waves have broad application prospects in frontier technical fields such as optical
communications systems [4], speed sensors [5], environmental monitoring [6], optical
interconnect [7], biomedicine [8], and national defense technology [9]. The frequency
band of terahertz determines that the generation of terahertz waves is a key subject in its
development and application. Two traditional methods for generating terahertz waves are
photonics and electronics [10]. In general, the photoconductive method generates terahertz
waves with a higher intensity, while the optical rectification method provides a wider
bandwidth. However, the optical rectification method can also obtain higher intensity
in some cases, such as accelerator and germanium photoconductive antennas [11-13].
In other words, different terahertz sources also have different characteristics. Terahertz
quantum cascade lasers have the advantages of considerable power, small size, compact
structure, and adjustable frequency points [14]. The optically pumped far-infrared laser
has higher power and a wider frequency band, but it also has the disadvantages of low
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operating temperature, low efficiency, and large volume, which hinder its popularization
and application [15]. In addition, the nonlinear difference frequency generation method
has attracted wide attention because of its merits such as high power, low cost, and normal
temperature operation, and the rapid development and in-depth exploration of photonic
crystal provide more and better solutions for this method [16].

Therefore, Dr. Kitada’s laboratory [17] has reported the development of a real-
temperature cascade laser that emits a two-wavelength laser in the mid-infrared region
and generates terahertz light by producing a different frequency in the resonator. The
structure of this laser includes two resonators located in the high reflection region, which
create terahertz waves through the frequency difference between them. However, this
laser type has issues such as a high threshold current, heat generation, and low power
conversion efficiency, which reduces device life and stability. Therefore, this study aims
to address these problems by introducing a photonic crystal structure. By utilizing doped
semiconductors in the photonic crystal, the absorption of terahertz waves is increased,
and the second-order nonlinear optical effect is generated. Then, the improvements in the
efficiency of terahertz generation and greater output were verified at the same time.

Photonic crystals play an essential role in the study of terahertz bands with the
advantages of losslessness, low dispersion, and transparency [18]. As a new physical
concept, the first photonic crystal fiber (PCF) was manufactured [19], and then a variety of
new PCFs continued to emerge [20]. For example, an eight-channel C-band demux based
on multicore photonic crystal fiber [21] and a 1 x 16 power splitter based on the structure
of variable multicore photonic crystal fiber [22].

The first photonic bandgap PCF with a periodic structure in the cross-section was
successfully developed, and the optical transmission was quickly proved to be guided
based on the internal total emission refractive index. The invention and preparation of
the band gap fiber for transmitting light in the air have been realized the optical trans-
mission with ultra-low loss, ultra-low nonlinearity, and ultra-low dispersion [23]. Then,
researchers created the highly birefringent PCF made of lead-bismuth-gallium silicate glass
with anomalous dispersion characteristics, which enabled the supercontinuum spectrum
to be obtained from the near-infrared to the mid-infrared (700-2500 nm) [24]. The rapid
development of PCF theory and performance has driven their practical application [25]. Ad-
ditionally, the decagonal PCF without complex cladding demonstrated high birefringence,
low loss, and dispersion shift [26]. Meanwhile, a dual-wavelength laser in the mid-infrared
region that works at room temperature was studied [27], which can obtain a terahertz
optical quantum cascade laser through the difference frequency generated in the cavity.

Conventional surface-emitting lasers usually have multiple transverse and longitudi-
nal modes, which limits the output efficiency of the hole-coupled output cavity to 50% in
the terahertz band. A lot of research is focused on improving the coupling output efficiency
and achieving wide-spectrum tunable output to meet the needs of high-density wavelength
division multiplexing and dual-wavelength measurement. In this study, a new method
of improving the optical confinement of the excitation light for THz and generating THz
light was proposed by introducing a square-lattice photonic crystal structure into a vertical
cavity surface emitting laser. The finite-difference time-domain method [28] was used
to analyze the control effect of the photonic crystal structure on the transverse mode of
the vertical cavity surface emitting laser and the release effect of light confinement of PN
junction [29]. Finally, the simulation calculations were performed to enhance the optical
confinement and increase the efficiency and output power of terahertz waves.

2. Theoretical and Computational Analysis
2.1. The Basic Structure of the Square-Lattice PhC-VCSEL

The photonic crystal vertical cavity surface emitting laser (PhC-VCSEL) with the
square-lattice photonic crystal structure that consists of various layers stacked from top
to bottom, including a p-type distributed Bragg reflector (DBR), an oxide layer, multiple
quantum well (MQW), n-type DBR, GaAs cavity, undoped DBR and bottom contact [30].
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The schematic diagram of a three-dimensional (3D) PhC-VCSEL is shown in Figure 1, and
the laser is emitted from the surface of the photonic crystal structure, which contains a
periodic air hole square lattice. The structure’s refractive index difference is determined
by its period and duty cycle, and the influence of the aperture and period of the photonic
crystal defect on the visible light intensity must be considered. Using a 0.4 um aperture and
an 85 nm depth, with a duty ratio of 0.2 and a period of 1 um, a single defect structure of
the square photonic crystal can be achieved, as shown in Figure 1, where the polarization
direction of the light is parallel to the X-axis.

Emission aperture Photonic crystal

Figure 1. Schematic diagram of three-dimensional PhC-VCSEL.

Regarding the oxide layer, it is composed of AlAs and Al,O3, represented by red and
pink materials, respectively. Specifically, the material composition of the other parts of the
structure is listed in Table 1.

Table 1. Photonic crystal vertical resonator surface-emitting laser thickness.

Layer Thickness (nm) Material Number of Plies
p-DBR 8/17 AlGaAs/GaAs 28 pairs
Oxide layer 30 AlAs/Al,O3 -
. 16.8/3.6 GaAs/InGaAs 3 pairs
MQW cavity 16/4.4 GaAs/InGaAs 3 pairs
n-DBR 8/17 GaAs/AlGaAs 12.5 pairs
GaAs cavity 3/2A GaAs -
Undoped-DBR 8/17 AlGaAs/GaAs 34 pairs
Bottom contact - GaAs (113) B substrate -

In the case of a short cavity length, the light propagates perpendicular to the substrate
with almost no unidirectional gain, which requires the light to reciprocate multiple times
in the cavity to control the direction of the photons. In order to improve the photoelectric
conversion efficiency, it is not only necessary to match the resonant wavelength of the
resonant cavity, the maximum gain wavelength of the active area, and the reflection
wavelength of the resonator mirror but also the lattice constant of the mirror material and
the active area must be matched. In the vertical light distribution of the PhC-VCSEL, the
maximum of the standing wave light intensity distribution appears at the quantum well
position in the active region. So, the maximum optical gain can be obtained by rationally
optimizing the position and number of quantum wells [31]. In addition, the single-defect
structure of the photonic crystal can introduce mode loss into the transverse mode of
the device, and the different positions of the transverse modes of different orders will
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also make the different losses introduced by the VCSEL [32]. The high-order transverse
modes will be suppressed due to the introduction of larger transverse losses, while its
fundamental transverse modes are prone to lasing by introducing smaller losses. Therefore,
the introduction of photonic crystals can effectively control the VCSEL to work in the
fundamental transverse mode. Accurately, a square lattice photonic crystal structure was
innovatively introduced into the vertical cavity surface emitting laser surface to improve
the lateral-direction confinement of lasing light in near infrared in the above model.

2.2. Design of the Square Lattice Photonic Crystal Structure

The characteristics of photonic crystals make it possible to control the light propagation
direction and realize light confinement in the vertical cavity surface of the laser [33]. Further,
it can generate greater light intensity in regions with nonlinear optical characteristics, and it
can be expected that the difference frequency can generate terahertz waves more effectively.
To analyze the mechanism of the square photonic crystal structure, the periodically arranged
hexagonal and quadrangular two-dimensional photonic crystal structures were designed,
and the two types of photonic band gaps were investigated by the plane expansion method.
In Figure 2, the profile, TE mode, and TM mode photonic band gap of the hexagonal
lattice photonic crystal are represented by (aj), (az), and (a3), respectively. Likewise,
the profile, TE mode, and TM mode photonic band gap of the square lattice photonic
crystal are represented by (b1), (b2), and (b3), respectively. The structures in Figure 2
are square photonic crystals and hexagonal photonic crystals with a size of 7 x 7, and
their defects are located in the middle part, that is, point defects. The photonic bandgap
characteristics of a photonic crystal rely on several parameters, such as the refractive index
of the cylinder n, = 1, the lattice constant a = 1, and the radius of the cylinder r = 0.22. Most
importantly, the refractive index of the background medium 7, was set to 3.52 to calculate
the two-dimensional photonic crystal band gap of periodic cylindrical pores in a GaAs
semiconductor thin film.

The photonic band gap of the photonic crystal structure is indicated by the blue bar.
Obviously, different photonic crystal structures with the fixed filling factor correspond to
different energy band structures. For the hexagonal type, the band gap of the photonic in
TE mode is 0.346-0.352 a/ A, but the band gap of the photonic band gap in TM mode is
0.203-0.212 a/ A. However, the photonic bandgap of the square lattice photonic crystal can
be obtained in a broader range. In the TE mode, the photonic bandgap is 0.436-0.528 a/ A,
and in the TM mode, the photonic bandgap is 0.216-3.3 and 0.406-0.486 a/A. As shown
in Figure 2, the square photonic crystal can have a wider band gap, and it is easier to
produce a complete forbidden band. According to the needs of the actual device, set the
lattice constant of the photonic crystal, r/a = 0.2, so that the complete band gap can be fully
utilized. As a result, a square lattice crystal with the filling factor of r/a = 0.2 is selected in
the subsequent numerical calculations.
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Figure 2. The calculated result of the photonic band gap in TE and TM mode. (a1) hexagonal photonic
crystal structure, (az) the calculated result of the hexagonal photonic band gap in TE mode, (a3) the
calculated result of the hexagonal photonic band gap in TM mode, (b1) square photonic crystal
structure, (by) the calculated result of the square photonic band gap in TE mode, (bs) the calculated
result of the square photonic band gap in TM mode.

3. Dielectric Constant Analysis of GaAs and AlxGal-xAs

The dielectric constants of GaAs and Al Gaj_,As are important parameters for design-
ing and analyzing the terahertz band devices, and free carrier absorption plays a significant
role in the terahertz optical properties of Al,Gaj_yAs film materials [34]. The free carrier
optical properties of GaAs and the dielectric constant response function of thin film samples
can be reasonably described using the Drude model [35] and the Lorenz-Drude model [36].
The optical properties of p-type Al,Gaj.As epitaxial film with beryllium and carbon dop-
ing concentrations of 10'8-10' cm~3 have been investigated by far-infrared reflectance
spectroscopy in the frequency range of 1.5-15 THz [37]. Figure 3 shows the optical layout of
GaAs and Al,Gaj.,As, and the three-layer air/film/substrate model was used to calculate
the dielectric constant and analyze the optical properties of the film. Here, the complex
refractive index of air, thin film, and substrate are set to n, ny, and n;, respectively.

n=1
Ry
GaAs d

" /\X ‘ ‘

AlGa, As

Figure 3. Optical layout of GaAs and Al,Gaj.,As.
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The GaAs in the layout above has an undoped concentration, and its dielectric function
can be expressed by Lorentz resonance as

w? — w?
€Gans(W) = eoo (1 +— LO e, 1)

w2 —
Wi — W= —iyw

where the e« is the metal dielectric constant at infinite frequency, w is the terahertz fre-
quency, v is the damping factor, wj o and wrp are the vertical and horizontal optical phonon
frequencies, respectively. Specifically, the real and imaginary parts of the dielectric function
near the phonon frequency of GaAs optical are shown in Figure 4, and the values of each
parameter are listed in Table 2.

Change curve of e-w
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Figure 4. Optical properties of GaAs without carrier concentration (the bule line is real part, the red
line is Imaginary part).

Table 2. Dielectric function parameter of GaAs [35].

€0 wro wTo Y
11 292.1 em™1 268.7 cm ! 24 cm™!
11 34.24 ym 37.22 pm 4166.67 pm

On the other hand, when there is a doping concentration in GaAs, its dielectric
function [30] is expressed as

2 2 2
_ EoolWp eoo(Wio — Wio)
€Gans(W) = €oo — w(

2

wHiy) Wiy —w?—ivw

where wj, is the plasma frequency. Further, the dielectric function of the Al;Gaj_,As film
can be represented as follows

2
EooWp 2 Sp(wip — wip)

£ W) =€x — T + ;
AlGuAs( ) w(w I l’y) k:zl w%olk — w2 iw

®)

where wrp is the transverse optical TO phonon frequency, and Sy is the TO phonon
intensity.

From previous research, the plasma frequency of Al,Gaj.,As is approximately linear
with its effective mass [38]. This means that the plasma frequency will decrease with the in-
crease of Al content in the case of the same carrier concentration, and Equation (3) indicates
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that when the plasma frequency of a semiconductor exceeds the frequency of a terahertz
wave, the dielectric constant for the terahertz wave becomes negative. Consequently, the
terahertz surface plasma wave excited by Al,Gaj.,As can be propagated on the surface of
the semiconductor. In addition, under the carrier concentration of 3.0 x 10'® cm—3 and
4.7 x 1018 cm—3, the influence of Al content on the dielectric constant of Al,Gaj.,As was
analyzed. It can be seen from Figure 5 that at the same frequency with the increase of Al
content, the increase of the real part of the Al Gaj.,As dielectric constant is accompanied by
the decrease of the imaginary part. To broaden the range of terahertz wave frequencies, the
p-type contact layer was heavily Be doped, the Al content was selected to be 0.01, and the
carrier concentration was set to 3.0 x 10'® cm~2 in the follow-up simulation experiments.

Real part of &
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Figure 5. The influence of Al content on the dielectric constant of AlL,Gaj.,As. (a) The carrier

concentration is 3.0 x 1018 cm~3, (b) The carrier concentration is 4.7 x 108 cm—3.

4. Simulation Method and Calculation Model of VCSEL

As shown in Figure 6a, a 3D simulation model of the PhC-VCSEL was established,
and the device size was set as 20 um X 20 um x 20 um in the Fullwave software. The
refractive index profiles without and with photonic crystal are exhibited in Figure 6b,c,
respectively. In numerical calculation, the symmetric boundary conditions can be used to
reduce the simulation area to 1/4 of the original size, and the mesh accuracy exceeds 1/10
of the wavelength, which can ensure the accuracy of the data. In addition, there are more
layers in the Z direction of the device, and the light intensity distribution is concentrated, so
the grid division needs to be more compact. The device is designed with a calculation area
containing photonic crystal defect holes on the XY plane, a photonic crystal pore structure,
and the thickness in the Z direction. Among them, the lattice constant of the holes arranged
in a square lattice is 1 pm, and the radius r is 0.2 um. In fact, the hole defect placed in
the center is to form holes in the lateral molecules of the PN junction and prevent carriers
from being injected into the active layer to form a flow. Therefore, the PN junction can
excite the laser from the surface to the active layer. In this simulation device, a monitor
was also set up to detect the electric field strength E? inside the entire device. Meanwhile,
the center wavelength of the pulse wave source, pulse width, and polarization direction
were set to 920 nm, 100 fs, and 90°, respectively. In addition, since the light intensity is
mainly distributed in the multi-layer structure in the Z direction, the grid division of the
calculation area needs to make the grid in the Z direction denser.
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Figure 6. Simulation model and refractive index profile. (a) Schematic diagram of the device structure,
(b) Cross-sectional view of the refractive index distribution without the photonic crystal structure,
(c) Cross-sectional view of the refractive index distribution of the square photonic crystal structure.

5. The Influence of Photonic Crystal on the Optical Confinement of VCSEL

The resonant wavelength information on the device was detected by the monitor to
analyze the influence of the photonic crystal on the optical confinement of the VCSEL in
the terahertz band. In the absence of a photonic crystal structure, the resonance spectrum
characteristics obtained by the Fourier transform of the time-varying curve of the electric
field intensity are shown as the blue line in Figure 7. The blue line indicates that the peak
of the electric field intensity lies between the wavelengths of 0.88 pm and 0.99 um, which
indicates that two wavelengths oscillate simultaneously in the vertical direction.

The red line in Figure 7 describes the resonant wavelength obtained by the monitor
with a photonic crystal structure. The peak intensity appears between 0.83 um and 1.05 pm,
indicating that the two wavelengths not only oscillate simultaneously in the vertical direc-
tion but also have a larger difference frequency compared with devices without photonic
crystal structure. The reason is that the unrestricted emission spectrum of photonic crystals
has a side mode, the emission spot is distributed over the entire emission surface, and the
oscillation mode is mainly limited by the oxidation holes. However, VCSELs are mainly
limited by photonic crystal defects. In the PhC-VCSEL, two wavelengths are oscillated
concurrently to generate a frequency difference through nonlinear optical effects, then a
terahertz wave can be stimulated, and there is an adjustment range of 0.22 pm to control
the difference frequency between the two wavelengths.

9

Without PhC
With PhC

8

Monitor Value (a.u.)

v

L8]

-~
PO T T NN SN NN S (N TN ST SN TN T N

0 e B e e LA S B e s o e s e s e
05 06 07 08 09 10 1.1 12 13 14 15 16
Wavelength (pum)

Figure 7. Resonance wavelengths of devices with or without photonic crystal structures. (red line)
Without photonic crystal structure, (blue line) With photonic crystal structure.
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In the terahertz band, the effects of photonic crystal and carrier concentration on the
light confinement of the VCSEL are researched. Without the photonic crystal structure, the
frequency f was set to 10 THz, and the wave source was placed in the active layer to deter-
mine the electromagnetic field distribution. First, the influence of the carrier concentration
on the intensity of the outgoing photoelectric field in the terahertz region was analyzed.
When the carrier concentration in GaAs and Al,Gaj_,As was set to 3.0 x 10'® cm 3, and
the dielectric constant £51G,45 Was set to 11 + 3.2 x 1073, The simulation results can be
seen from Figure 8 that the penetration depth of light is about 4 mm, which has exceeded
the size of the device, then the emitted terahertz light is weakened by the absorption of
carriers. The absorption coefficient « is calculated as follows

2w 2x2x3.14x10 x 10'? x 0.0006
fErE 3 x 108

=25x10°m™! (4)

where « is the extinction coefficient of AlGaAs, and c is the velocity of light.
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Figure 8. The E? distribution at the terahertz wave source without a photonic crystal device, and
the carrier concentration in GaAs and Al,Gaj.,As is 0. (a) The XY cross-section, (b) E2 in the A-A
direction, (c) The XZ in the B-B cross-section, (d) E? in the C-C direction.
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In addition, when the carrier concentration in GaAs and Al,Gaj.,As is 0, the electric
field distribution at the terahertz wave source without and with photonic crystals is exhib-
ited in Figures 8a and 9a, respectively. On the one hand, in the case of VCSELs without
photonic crystals, the electric field intensity in the Y-axis direction is shown in Figure 8b,
and its peak value is 1.1. It can be seen from the XZ cross-section of Figure 8c and the C-C
direction of Figure 8d that the electric field intensity of the light emitted in the terahertz
region is 1.69 x 1073 and the half-width of the beam is 3.24 um. On the other hand, in the
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case of VCSELs with photonic crystals, the electric field intensity in the Y-axis direction is
shown in Figure 9b and its peak value is 4.8, which is 4.36 times that of devices without
photonic crystal. Similarly, the XZ cross-section of Figure 9c and the C-C direction of
Figure 9d demonstrate that the electric field intensity of the light emitted in the terahertz
region is 7.6 X 103 and the half-width of the beam is 1.06 um. In other words, the peak
electric field intensity of PhC-VCSEL is 6.33 times the peak electric field intensity of the
device without the photonic crystal structure in the X-axis.

(a) | Contour Map of E, at Z=0.078125 i (b 03

L 0.0
0.3
06 F
-2

--0.9 5
L -1.2

(15

8 6 4 2 0 2 4 6 8

8 6 4 2 0 2 4 o6 8
X (pm)

Figure 9. The E? distribution at the terahertz wave source with a photonic crystal device, and the
carrier concentration in GaAs and Al,Gaj_As is 0. (a) The XY cross-section, (b) E2 in the A-A
direction, (c¢) The XZ in the B-B cross-section, (d) E2 in the C-C direction.

When the carrier concentration in Al,Gaj_,As was set to 3.0 x 10'® cm =3, the frequency
and the dielectric constant e5jg,as Were set to 10 THz and 11 + 3.2 x 1073, respectively. The
optical confinement of VCSEL without and photonic crystal are shown in Figure 10. From
the results without photonic crystals in Figure 10a,b, it can be seen that the penetration
depth of light is about 4 mm, which has exceeded the size of the device, and the emitted
terahertz light is weakened by the absorption of carriers. Similarly, the absorption coefficient
is « = 2wi/c = 2.5 x 102 m~L. Furthermore, in the case of Figure 10c,d containing photonic
crystal structures, the generated terahertz wave will not be emitted outside the device in
this simulation.
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Figure 10. The E2 distribution at the terahertz wave source with (down) and without (up) a photonic
crystal device, the carrier concentration in AlyGaj_,As was set to 3.0 x 108 cm—3. (a) E2 distribution
on the XY plane, (b) E2 in the A-A distribution on the XZ plane, (c) E2 distribution on the XY plane,
and (d) E? in the A-A distribution on the XZ plane.

6. Conclusions

In this paper, a new method of introducing a square-lattice photonic crystal structure
into the vertical cavity surface emitting laser was proposed to improve the optical confine-
ment of the terahertz band. The mechanism is to use photonic crystal defects to form a
light-limited resonant cavity. The cavity Q value can be maximized to form a single-mode
cavity by changing the structure and arrangement of the photonic crystal. By using the
total internal reflection of the air interface, the photon will be limited, and the output power
will be increased in the vertical dimension of the defects. A three-dimensional model of a
VCSEL with a photonic crystal structure was established, and the theoretical analysis was
carried out to verify that this new structure can output and oscillate two terahertz laser
beams in the vertical plane.

By calculating the energy band structure and optical band value of the photonic crystal,
the filling factor of the square-lattice photonic crystal structure was optimized, and the
optimal value of the optical band value was found to be 0.436~0.528 a/A. Analysis of
the optical properties of semiconductor materials in the terahertz band showed that the
dielectric constant decreases with increasing free carrier concentration. The incident light
wave in the terahertz band from 30 pm to 300 pm, the light in the photonic crystal vertical
cavity surface emitting laser, will be confined in the DBR structure. In addition, the control
effect of the photonic crystal structure on the transverse mode of the vertical cavity surface
emitting laser and the release effect of the PN junction light confinement were investigated.
The numerical calculation results illustrate that the difference in frequency intensity and
optical field intensity of the vertical cavity surface emitting laser with the cubic photonic
crystal structures can be increased by 2 and 6.33 times, respectively. In future research
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work, the photonic crystal structure will be prepared by chemical vapor deposition and
femtosecond laser two-photon technology to improve the performance of VCSEL.
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