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Fig. 2 Calculated and simulated values of threshold current. (a) Threshold current versus volume of active region; (b) threshold current

versus quality factor
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Fig. 3 Structural diagram of GaN photonic crystal surface-

emitting laser
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Table 1 Structure and parameters of GaN photonic crystal surface-emitting laser

Parameter

Content

Composition of photonic crystal layer

Thickness of photonic crystal layer /nm

p-GaN layer thickness /nm

p-AlGaN layer thickness /nm

Composition of GaN/InGaN quantum well layer
Thickness of GaN/InGaN quantum well layer /nm

n-GaN layer thickness /nm

Active zone volume V' /pm’

Resonant wavelength A /nm

Quantum well restriction factor I"

Quality factor Q

Hole radius of 60 nm and 30 cycles for core region,
hole radius of 52 nm and 130 cycles for cladding region

20
80
35
9 pairs GaN/InGaN
10/3
100
2.1206
452.823
0.13
7076
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Fig. 4 Experimental results. (a) 3 dB modulation bandwidth; (b) output power versus injection current; (¢) energy consumption versus

injection current
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Table 2 Comparison of reported laser characteristic data

Maximum 3 dB

Minimum

Laser Threshold . . Output
modulation sending energy
Laser volume / current / . . power / Research type
m mA bandwidth /  consumption / W
. GHz (f7-bit ")

Proposed laser 2.1206 1.76 42 62780 0.795 Theoretical prediction
GaAs-based dual-lattice PESELs'"" 0.5 41.85 Theoretical prediction

LEAP™ 0.18 5.5 13 0.44 Experiment
Photonic crystal nanobeam lasers'™"! 0.01 0.00049 20.5 0.06 Theoretical prediction

VCSELs! 0.14 20 286 10 Experiment

LEAP™ 0.04725 0.0041 1 Experiment

Si-based DFB lasers™™ 160 27 000 17 Experiment
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Abstract

Objective  With the development of a new generation of electronic communication technology, data traffic for transmitting
information is increasing, thereby driving the development of optical communication technology for higher speed, larger capacity, and
lower power consumption. Photonic crystal surface-emitting lasers (PCSELs) are the key devices in this field that have a wide range of
potential applications. PCSELSs exhibit outstanding features, such as large-area single-mode excitation, arbitrary beam shaping and
polarization, and high power. Simultaneously, GaN compounds can be flexible and adjustable to cover any wavelength band from
ultraviolet (UV) to green, thereby the laser based on this is complementary to the mature GaAs- and InP-based lasers. Using a
photonic crystal heterostructure design can improve the performance of a laser, particularly for achieving large bandwidths. In this
study, the expressions for the threshold current, 3 dB modulation bandwidth, and output power of PCSELSs are derived using the rate
equation model, and the fundamental and modulation performances of a GaN-based photonic crystal surface emission laser are
analyzed and compared with those of other reported lasers. This investigation lays the foundation for the design of blue-light lasers
with large modulation bandwidths.

Methods In this study, we first derive expressions for the threshold current, 3 dB modulation bandwidth, and output power of
PCSELs using the classical rate equation model to lay the foundation for subsequently writing the code in MATLAB. GaN-based
PCSELs are selected for modulation analysis, and the core parameters of the laser are derived after strict finite-domain difference
(FDTD)-based calculations and verified using the ensemble wave analysis method (RCWA). The MATLAB codes are written using
the derived equations and the laser parameter values are substituted into this code to obtain a plot in which the 3 dB modulation
bandwidth, output power, and minimum energy consumption are indicated. The relationship between the calculated and simulated
values of the threshold current is investigated by changing a single parameter using the control-variable method. Finally, properties
such as the modulation bandwidth are compared with those of vertical cavity surface-emitting, wavelength-level active region buried
photonic crystal defect, nanobeam, and Si-based distributed feedback lasers to highlight the advantages of GaN-based heterostructure
PCSELs.

Results and Discussions We first derive the expressions for the threshold current, 3 dB modulation bandwidth, and output
power of PCSELs. The calculated and simulated values of the threshold current can be obtained by changing the volume of the active
region of the laser, and the values show good agreement. When the quality factor (Q) of the laser increases, the calculated and
simulated values of the threshold current decrease, and when Q increases further, the calculated and simulated values of the threshold
current converge to remain constant (Fig. 2). Subsequently, the FDTD calculations of the PCSELs (Fig. 3) yield a threshold current
of 1.76 mA for the laser and a minimum data transmission energy consumption of 62.78 pJ/bit for direct modulation at 2.4 mA bias
current when the 3 dB modulation bandwidth is 6.166 GHz and the output power is 0.795 mW. With an increase in the injection
current, the 3 dB modulation bandwidth peaks at 42 GHz (Fig. 4). Finally, the threshold currents, maximum modulation bandwidths,
minimum energy loss values, and output powers of various types of lasers that have been reported (Table 2) are listed to compare their
advantages and disadvantages with those of PCSELs, and it is observed that GaN-based PCSELs can make up the shortcomings of

the current laser applications.

Conclusions This study focuses on the modulation, threshold, and output power characteristics of PCSELs. We first derive the
expressions for the threshold current, 3 dB modulation bandwidth, and output power of the PCSELSs based on the rate equation model
theory of the laser. Subsequently, the fundamental performance and modulation bandwidth performance of a GaN-based photonic
crystal surface emission laser are analyzed, and the threshold current of 1.76 mA, the maximum 3 dB modulation bandwidth of
42 GHz, and the minimum data transmission energy consumption of 62.78 pJ/bit are obtained by simulation, thus demonstrating the
fundamental performance and high-speed modulation characteristics of the proposed GaN-PCSEL with the studied structure
parameters. This study provides the basic performance and high-speed modulation characteristics of the laser and the comparisons with
other reported lasers. In this study, a methodology for simulating and analyzing the fundamental and dynamic modulation
characteristics of semiconductor lasers is developed, which provides a theoretical basis and guidance for the design of PCSELs with

excellent high-speed modulation characteristics.
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