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Table 1 Explanation and value of the various symbols

Parameter Symbol Value
Current injection efficiency 7 0.7
Defect recombination coefficient A 1X10%s 1%
Bimolecular recombination coefficient B, 1X10 “em's "
Bimolecular recombination coefficient B, 1x10 “em’s !
Bimolecular recombination carrier coefficient B, 1x10 Yem ?
Auger recombination coefficient C, 7X10 “em®s
Speed of light in a vacuum ¢ 3xX10 " em s
Optical confinement factor I. 0.1
Group refractive index n, 3.5
Spontaneous emission factor B 1x10 "1
Side-length of square microcavity a 15 pm
Thickness of the active region d, 100 nm
Internal loss Qyy 10 cm ™ #
Linewidth enhancement factor a 3
Q factor of cavity 2.5 10
Gain width A, 40 nm
Material gain parameter 2 1200 cm "
Carrier density at transparency (at 1490 nm) N, 1.7X10% ecm ™"
Logarithmic gain parameter N, 0.092 N, cm "
Self-gain suppression coefficient € 2.8X10 7 cm™"
Cross—gain suppression coefficient € 3.3X107" em?
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Numerical Simulation of Noise Characteristics for WGM Microcavity
Lasers (Invited)
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XIAO Jinlong"”?
(1 State Key Laboratory of Integrated Optoelectronics, Institute of Semiconductors,
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(2 Center of Materials Science and Optoelectronics Engineering , University of Chinese
Academy of Sciences, Beijing 100049, China)

Abstract: In this paper, by establishing a tri-mode rate equation model with a gain spectrum model and
Langevin noise sources, the relative intensity noise, frequency noise and linewidths of a WGM microcavity
laser are investigated numerically, and the influence of the mode competition on noise characteristics of the
microcavity lasers is mainly studied.

The steady—state characteristics of the microcavity laser are simulated by the tri-mode rate equation
model including carrier densities, photon densities and mode phases. The mode skipping due to the thermal
effect caused by the injection current is simulated. As the temperature increases due to the current injection,
the lasing wavelength of the microcavity laser redshifts and the mode skips with the increase of the injection
current. The effect on the optical power, relative intensity noise, frequency noise and linewidths are studied
by inducing Langevin noise sources to the rate equations. When the microcavity laser is at a single-mode
lasing state, the relaxation oscillation peaks of the relative intensity noise and frequency noise spectra both
move to the high frequency with the increase of the injection current, and the whole relative intensity noise
and frequency noise decrease. Relative intensity noise refers to the ensemble average of the fluctuations of
the laser power relative to the average power squared. The relative intensity noise approaches the standard
quantum limit of ~165.5 dB/Hz at a high bias current of 115 mA, a long integral time of 50 ps and a short
time step of 1 ps. The frequency noise of the laser refers to the random fluctuation of instantaneous mode
frequency, which comes from the natural phase noise of the laser caused by the spontaneous emission, and
phase noise caused by carrier fluctuation. And the linewidth of the microcavity laser, which is the full-width
at half-maximum of the single-mode spectrum, is determined from the low—frequency of the frequency
noise spectrum. By averaging the frequency noise at the low—{requency of the frequency noise spectrum, a
low linewidth of 85.6 kHz for the microcavity laser could be obtained with I=115 mA and Q=2.5%10",
which is smaller than the measured laser linewidth.

Furthermore, the fast Fourier transform is proposed to simulate the laser spectrum using the mode
electric field expressed by the mode photon density and the mode phase. When the injection current is 115
mA and the integral time is 50 ps, the optical spectrum of the laser line shape is obtained and the simulated
linewidth of the microcavity laser by Lorentz fitting is 77.2 kHz, which is about 10% smaller than that
obtained from the frequency noise spectrum.

When the microcavity laser is dual-mode lasing, the relative intensity noise and the frequency noise of
each mode increases obviously at the low—frequency due to the mode competition. When the injection
current 1s 51 mA, the microcavity laser is dual-mode lasing at modes M1 and M2. The relative intensity
noise at low—frequency increases by 25 dB/Hz, and the linewidths of the two modes with output powers of
3.33 mW and 1.63 mW, calculated from the frequency noise spectrum at low frequency, are 1.5 times and
6 times of the linewidth at single-mode lasing state with the same output power. The linewidths of the dual-
mode lasing state are significantly widened, which is consistent with the experimental results. The mode
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electric field is also analyzed with the help of the fast Fourier transform and the laser linewidths obtained
from the lasing mode spectra are in agreement with those obtained from the frequency noise spectra. The
dynamic change process of the frequency noise and the linewidth at dual-mode lasing state are studied when
the injection current varies from 50 to 52 mA. When the side-mode suppression ratio is less than 20 dB,
the laser linewidth begins to widen. The frequency noise at low—frequency of the high power state mode
rises faster than that at high—frequency, and the frequency noise at low—frequency of the low power mode
falls slower than that at high—frequency, which makes the frequency noise at low—frequency of the
microcavity laser always in a high state and widens the linewidth of the microcavity laser .

Key words: Semiconductor microcavity lasers; Relative intensity noise; Phase noise; Frequency noise;
Linewidth
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