10P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
13 July 2024

REVISED
28 September 2024

ACCEPTED FOR PUBLICATION
11 October 2024

PUBLISHED
22 October 2024

Original Content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

J. Phys. Photonics 6 (2024) 045021 https://doi.org/10.1088/2515-7647/ad8616

Journal of Physics: Photonics

PAPER

Improvement of optical noise in optical-injection-locked quantum
dot lasers epitaxially grown on silicon by reducing external carrier
noise

Luochen Qu"*, Qi Chu"*®, Wenlu Wang', Zhiyong Jin', Shihao Ding’ ), Cheng Wang’, Xiaochuan Xu',
Jiawei Wang' and Jianan Duan"*

! National Key Laboratory of Laser Spatial Information, Guangdong Provincial Key Laboratory of Integrated Photonic-Electronic Chip,

School of Integrated Circuits, Harbin Institute of Technology, Shenzhen 518055, People’s Republic of China

College of Integrated Circuits and Optoelectronic Chips, Shenzhen Technology University, Shenzhen 518118, People’s Republic of
China

School of Information Science and Technology, ShanghaiTech University, Shanghai 201210, People’s Republic of China

These authors contributed equally to this work.

Author to whom any correspondence should be addressed.

3
4

*

E-mail: duanjianan@hit.edu.cn and wangjw7@hit.edu.cn

Keywords: quantum dot laser, semiconductor laser, spectral linewidth, relative intensity noise

Abstract

This study theoretically investigates the impact of external carrier noise from pumping sources on
the optical noise of epitaxial quantum dot (QD) lasers on silicon. The findings indicate that the
spectral linewidth and relative intensity noise (RIN) of silicon-based QD lasers using a quiet pump
are significantly reduced. At 5.5 times the threshold current, the spectral linewidth decreases from
337.2 kHz to 213.2 kHz, and the RIN decreases from —141.3dB Hz~! to —168.8 dB Hz . This
reduction is attributed to the lower external carrier noise level of the quiet pump, which also
suppresses the spectral linewidth rebroadening effect at a high bias current. Moreover, when
external optical injection locking is applied, the spectral linewidth further decreases to 24 kHz at an
injection ratio of —70 dB and to 1.8 mHz at 0 dB. The RIN also slightly decreases to —172.4 dB
Hz ! with an injection ratio of 10. These results demonstrate that using a quiet pump is an
effective and manageable strategy for significantly reducing both the spectral linewidth and RIN of
QD lasers, thereby facilitating their application in next-generation photonic integrated circuits,
continuous-variable quantum key distribution, quantum computing and ultra-precise quantum
sensing.

1. Introduction

The emergence and development of quantum communication, optical computing, optical interconnects, and
artificial intelligence are driving the further advancement of photonic integrated circuits on silicon, which
has become the obvious choice due to its superior optical properties and compatibility with mature
complementary metal-oxide—semiconductor technology [1-3]. However, as an indirect bandgap material,
silicon has very low light emission efficiency. The traditional III-V materials used for making semiconductor
lasers have issues such as lattice mismatch and different polarities with silicon materials, leading to high
dislocation densities during the fabrication of silicon-based lasers [4, 5]. This inevitably reduces the light
emission efficiency and output quality of the devices, resulting in larger spectral linewidth and relative
intensity noise (RIN) [6]. Consequently, the development of on-chip light sources has lagged far behind
other silicon-based optical components, becoming a bottleneck for the further development of silicon
photonics [1, 7]. In semiconductor lasers, photon fluctuations affect both the intensity and phase of the
optical field, resulting in intensity and frequency noise. Quantum well (QW) lasers exhibit spectral
linewidths in the MHz range and possess larger RIN, which reduce the signal-to-noise ratio and increase the
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bit error rate, thereby posing challenges for applications such as lidar and precision optical measurements. In
contrast, the discrete distribution of quantum dot (QD) materials provides several advantages over QW
materials. Particularly, QDs are more tolerant to defects in epitaxial growth, effectively deflecting or clamping
defects to prevent loop formation, and localizing carriers to inhibit lateral diffusion and non-radiative
recombination. This significantly mitigates the impact of dislocation defects on the optical properties of the
laser [8, 9]. As a result, silicon-based QD lasers exhibit long lifetimes [10], high thermal stability [11],
near-zero linewidth enhancement factors (LEFs) [12], high tolerance to optical feedback [13] and spectral
linewidths that can reach the kHz level [14], making them ideal candidates for on-chip light sources [15, 16].

External optical injection locking scheme is an effective technique to further reduce the spectral
linewidth and RIN of epitaxial QD lasers on silicon, which can achieve significant linewidth squeezing at very
low injection ratios [17]. Moreover, the optical-injection-locked QD lasers exhibit significantly improved
dynamic characteristics, such as enhanced modulation bandwidth [18] and reduced frequency chirping [19].
Additionally, optical injection locking is also an effective method for generating photonic microwaves in QD
lasers [20, 21]. However, QD lasers with optical injection locking exhibiting excellent linewidth
characteristics demand high quality of the injected master laser with narrow linewidth [22]. QD lasers, when
used as slave lasers, exhibit spectral linewidth rebroadening [14, 23, 24]. The three-dimensional quantum
confinement effect in QDs can lead to discrete energy levels, causing the LEF to increase due to gain
compression [23], thermal effects [24], and longitudinal spatial hole burning [14]. These factors contribute
to the spectral linewidth rebroadening effect observed at high bias currents in QD lasers. Since optical
injection must occur before linewidth rebroadening to effectively reduce the spectral linewidth, this
requirement restricts the pumping current range of QD lasers, thereby limiting their applicability [14, 23, 24].

The spectral linewidth and RIN of QD lasers are significantly influenced by external carrier noise. Prior
works have demonstrated that controlling external carrier fluctuations can effectively reduce RIN and
spectral linewidth [25-27]. This effect is primarily attributed to the distinct electrical pumping mechanism
of semiconductor lasers, distinguishing them from other types of lasers. While optical pumping relies on
photon absorption governed by a Poisson point process and is constrained by shot noise, electrical pumping
in semiconductor lasers, driven by injection currents through a circuit, deviates from a strict Poisson point
process due to Coulomb interactions. Consequently, it is feasible to transform a Gaussian distribution of
carriers into a sub-Poisson distribution, thereby introducing regularization elements into the electron
stream. By reducing the external carrier noise originating from the external pumping sources, a more
regularized excitation of atoms is achieved. This regularization subsequently manifests in the photons
emitted by these atoms, leading to a reduction in spectral linewidth and RIN [26].

This paper presents a robust and straightforward approach to reducing the spectral linewidth and RIN of
silicon-based QD lasers under optical injection locking by mitigating external carrier noise from the
pumping source. The investigation includes simulations examining the effects of a normal pump with a
Gaussian carrier distribution and a quiet pump with a sub-Poisson carrier distribution on spectral linewidth
and RIN. The results demonstrate a substantial reduction in both spectral linewidth and RIN when using a
quiet pump compared to a normal pump, attributed to the lower carrier noise level of the quiet pump.
Specifically, at 5.5 times the threshold current, the spectral linewidth decreases from 337.2 kHz to 213.2 kHz,
and the RIN decreases from —141.3 dB Hz ! to —168.8 dB Hz™!. Furthermore, with external optical
injection locking, the spectral linewidth is further reduced to 24 kHz at an injection ratio of —70 dB, and the
RIN also slightly decreases to —172.4 dB Hz~! at an injection ratio of 10. Remarkably, at an injection ratio of
0 dB, the suppression bandwidth reaches 33.6 GHz, achieving an ultra-narrow linewidth of 1.8 mHz,
demonstrating excellent linewidth reduction effects. Notably, by reducing external carrier noise, the
linewidth rebroadening effect of the QD laser is suppressed, significantly expanding the range of pumping
current values under optical injection and enhancing applicability. This provides high-performance light
sources for classical optical applications such as optical detection, lidar ranging, and optical communication
[28-30], as well as for quantum photonics applications such as quantum computing, continuous-variable
quantum key distribution (CV-QKD), and ultra-precise quantum sensing [31-33].

2. Rate equation model of optical-injection-locked QD lasers epitaxially grown on
silicon

Figure 1 shows a model of an epitaxial InAs/GaAs QD laser on silicon under optical injection, illustrating two
pumping sources with different external carrier noise: a normal pump with a Gaussian carrier distribution
and a quiet pump with a sub-Poisson carrier distribution. A tunable laser operates as the master laser for
optical injection, while the QD laser serves as the slave laser. The enlarged inset illustrates the electronic
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Figure 1. Schematic diagram of the electronic structure and carrier dynamics of a silicon-based QD laser for normal and quiet
pumping conditions.

structure of the QD laser and the carrier dynamics in the active region. The numerical model assumes that
the active region, which contains a 5-layer QD structure, includes only a single QD ensemble. Therefore, it
only considers the effects of homogeneous broadening, while neglecting the inhomogeneous effects caused
by QD size distribution. Furthermore, the QDs consistently remain in a neutral state, wherein electrons and
holes form electron—hole pairs (excitons) rather than existing independently, resulting in a system composed
solely of excitons. The exciton model of the QD laser comprises a two-dimensional carrier reservoir state
(RS), a fourfold degenerate excited state (ES), and a twofold degenerate ground state (GS). Upon injection of
the pump current, carriers are first captured from the RS to the ES with a capture time of 71y, then relax
from the ES to the GS with a relaxation time of TGS, and finally, stimulated emission occurs in the GS to
generate the laser. Due to thermal excitation, carriers can escape from the GS to the ES and from the ES to
the RS, with escape times of 752’ and 753, respectively. This process is controlled by the Fermi distribution in
a quasi-thermal equilibrium state. In addition to stimulated emission, carriers also undergo spontaneous
emission, with the spontaneous emission times for each energy state being 5 > Toe > and 7o
respectively. It is noteworthy that, due to the lattice mismatch between silicon and III-V materials, the model
includes non-radiative recombination time 7sgy caused by the Shockley—Read—Hall (SRH) process.
Therefore, the rate equations describing the carrier numbers Ngs, Ngs, Ngs, the photon number Sgg, and the
optical field phase ¢ are represented as:

dNrs  nI = Ngs Ngs Nrs  Ngs
=—+ 55— s (] —PEs) — —spor — —— + Frs (1)
dt a TR TEs s (1= pes) - oo TSRH K
dNEs (NRS NGS) NEs Ngs  Ngs  Ngs
- 208 ) (1= ) — B (1 = ) — S B VES 2)
T AR AN R
dNgs  Ngs Ngs Ngs  Ncs
= —5 (I —pas — pes) — 'pve8asSas — —pon — —— + Fos (3)
ar g U Pos) g ()~ DoviosSos = g = L0
dSgs 1
O Tyvegas — Sas + ﬁsp spon + 2kc+/SinjScs cos ¢ + Fs (4)
Tp
do 1 .
- EFpVg (gasasy + gesafy + grsvyy) — Awinj — key/Sinj/Sassing + Fy (5)

where 7 is the injection efficiency, I is the pump current, g is the electron charge, I'; is the optical

confinement facto(r, vg)is the group velocity, and f3, is the spontaneous emission factor. The coupling

2 LVR
reflectivity of the laser facet, and L is the cavity length of the QD laser. The injection ratio is expressed as

Rinj = SS—:), where Sy is the photon number injected from the master laser into the slave laser and S, is the
steady-state photon number of the free-running slave laser. Awyy; is the frequency detuning, representing the
frequency difference between the master and slave lasers. grs, grs, and ggs are the material gains for each
energy state, respectively:

coefficient k., = describes the power coupling from one laser cavity to another, where R is the

D
8RS = aksvfRS (2prs — 1) (6)
RS
N,
8Es = aEsz (2pes — 1) (7)
B
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_Gos N (2pes — 1) (8)

8Gs = 14 ESG VB

where the parameters ags, ags, and ags are the differential gains of the material, Dgg is the total number of
states in the RS, and Vs is the volume of the RS region, Nj is the number of QDs in the active region, V is
the volume of the active region, € is the gain compression factor. The occupation probabilities of the carriers
in each energy state, prs, pgs, and pgs, are given by PRs = gﬁi » PES ﬁf,; ,and pgs = N‘” . The contributions
of each energy state to the LEF (ay), denoted as o, aff, and o, are given by the expresswns.

QRS _ was (wrs —wgs) Tp
Wrs 1+ (UJRS — wGs)z T2D
QS _ was (wes —was) Tp

= 200 (10)
WES 1 —+ (UJES — wGs) TD

9)

where Tp, is the dephasing time, and wgs, wgs, and wgs are the angular frequencies of the respective energy
states. Carrier noise and spontaneous emission noise are characterized by Langevin noise sources. Fgs, Fgs,
and Fgs represent the carrier noise sources for the RS, ES, and GS states, respectively. Fs and F, represent the
photon noise source and the phase noise source of spontaneous emission, respectively. Both carrier noise and
spontaneous emission noise are white noise, and the noise sources are delta-correlated with each other:

(FEF (")) =Uis(t—t") (11)

where the indexes i and j refer to RS, ES, GS, S, and ¢. The diffusion coefficients Uj; are given by:

I Ngs  Ngs Nrs  Ngs
Ursrs = Lt ey + =5 (1= pEs) + —spor + —— (12)
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TEs TGs
GS
Ugss = — <2/Bsp —spon 9GS — vaggGSSGS> (19)
TGs
Other unlisted cross-correlation strengths are zeros. Through the small-signal analysis of the rate
equations (1)—(5), the linear rate equations in the frequency domain are represented in (20), with the
elements of the matrix given in (21).
mtjw =72 0 0 0 ONgs Frs
Y1 Yt =723 0 0 ONEs Fgs
0 —V2 YW~V 0 O0Ngs | =| Fas (20)
0 0 Va3 st —Yas 0SGs Fs
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In small-signal analysis, the gain compression effect is represented by a, and can be expressed as
0gas = adNgs — a,0Sgs. Using Cramer’s rule, the small-signal variations in photon number §Sgs and phase
d¢ can be determined. The RIN and FN can be expressed as:

2

RIN (w) = ‘(SSZSGEW) (22)
. 2

FN (w) = ’%5;?) (W)‘ (23)

where Sgs is the number of photons during the stable operation of the laser, and w is the angular frequency.
The Schawlow—Townes linewidth Avgr of the QD laser can be extracted from the high-frequency part of the
FN spectrum as Avsy = 27 FN|¢—100GHz> While the spectral linewidth Avp; can be extracted from the
low-frequency part of the FN spectrum as Avoy = 27 FN|f—1 mu,. The spectral linewidth of the QD laser is
broadened beyond the Schawlow—Townes linewidth by a factor of vy, and can be expressed as:

AI/OL = AI/ST (1 + OL%_I) (24)

where Avgr is determined solely by spontaneous emission, while Avp; depends not only on spontaneous
emission but also on the additional carrier fluctuations induced by ayy. To facilitate a comparative analysis of
the impact of different external carrier noise on laser performance, the QW model, as referenced in [34], is
also examined. Table 1 lists all material and optical parameters used in the simulation. The free-running QD
laser in the model exhibits a threshold current of I, = 55 mA. When pumped at 5.5 times this threshold
current, the photon number in the laser cavity reaches 6.9 x 10°. The steady state of the QD laser is derived
from the time-integrated sequence of photon numbers.

3. Results and discussion

The related diffusion coefficient Ugsgs is a key parameter linking the optical noise of laser and external
carrier noise. When the QD laser is driven by a normal pump, a noise term 2 s added to the Ugggs term to
account for the impact of external carrier noise on the active region of the QD laser. Conversely, when the
QD laser is driven by a quiet pump, the noise term 2 is removed from the Ugsgs term, assuming that
external carrier noise has no effect on the laser. Based on the above assumption, the FN spectra and spectral
linewidths of both QD lasers and QW lasers are obtained. Figure 2 illustrates the FN and spectral linewidth
of silicon-based QD and QW lasers operating at 5.5 times the threshold current. In figure 2(a), it is evident
that the FN of QD lasers displays a noticeable resonance peak around the relaxation oscillation frequency
(ROF), which is approximately 7 GHz. Above this resonance peak, the FN stabilizes at a constant level,
whereas below the peak, external carrier noise significantly impacts the FN. Notably, silicon-based QD lasers

5
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Table 1. Material and optical parameters of the QD laser.

Symbol Description Value

Egrs RS energy level 1.19 eV

Egs ES energy level 1.03 eV

Ecs GS energy level 0.95 eV

e RS to ES capture time 6.3 ps

& ES to GS relaxation time 2.9 ps

TIESS ES to RS escape time 29.6 ns

G GS to ES escape time 34.5 ps

T RS spontaneous emission lifetime 0.5 ns

T ES spontaneous emission lifetime 0.5 ns

Toa GS spontaneous emission lifetime 1.2 ns

Tp Photon lifetime 4.1 ps

Tp Polarization dephasing time 0.1 ps

TSRH Nonradiative recombination lifetime 1ns

Bsp Spontaneous emission factor 1.0x 107

€ Gain compression factor 2.0 x 107" cm?®
r, Optical confinement factor 0.06

acs GS Differential gain 5.0 x 10~ cm?
ags ES Differential gain 1.0 x 10~ cm?
ags RS Differential gain 2.5%x 107" cm?
ol GS contribution to ag-factor 0.50

N3 Total dot number 1.0 x 107

Dgs Total RS state number 4.8 x 10°

Vs The volume of active region 5.0 x 107" cm?®
Vrs The volume of RS region 1.0 x 107" em?
ke Injection coupling coefficient 10 x 10"%s7!

using the quiet pump exhibit a lower FN compared to those using the normal pump. Figure 2(b) shows that
QW lasers have a resonance peak around 32 GHz, indicating a much higher ROF and superior modulation
characteristics compared to QD lasers. However, the peak amplitude of QD lasers is significantly lower than
that of QW lasers, suggesting a larger damping factor in QD lasers, which is advantageous for low-noise
applications [14]. Additionally, in QW lasers, the FN of the two pumping sources nearly coincides at
frequencies below the resonance peak, suggesting that external carrier noise has minimal effect on the
low-frequency FN. However, for QD lasers, simulations confirm that carrier noise significantly impacts the
overall FN of the laser. To further illustrate this, figure 2 demonstrates that when all external carrier noise,
including noise from the RS, ES, GS, and noise from the pump current, is eliminated (as depicted by the red
dashed line), the FN slightly decreases compared to lasers using the quiet pump. Using equation (17), the
spectral linewidths as a function of normalized bias current for QD lasers and QW lasers are extracted from
the FN spectrum to further illustrate the impact of external carrier noise on these lasers. As shown in

figure 2(c), the spectral linewidth of the QD laser is significantly narrower under the quiet pump compared
to the normal pump. The difference in linewidth between the two pumping conditions becomes more
pronounced with increasing pumping current due to the linewidth rebroadening effect occurring at high
currents under normal pumping conditions. In addition to the spectral linewidth rebroadening
phenomenon shown in figure 2(c), QD lasers at high pump level can also encounter issues such as reduced
quantum efficiency, degradation of optical quality, rollover of I — V characteristics [35], and catastrophic
facet degradation at the highest power levels, which are more obvious in the silicon-based QD lasers [36].
Although the semi-classical rate equation model employed in this paper does not account for these factors,
the qualitative conclusions drawn from the subsequent simulations remain unchanged. At 5.5 times the
threshold current, the spectral linewidth of the QD laser under the normal pump is 337.2 kHz, while it is
reduced to 213.2 kHz under the quiet pump. This behavior is attributed to the increase in external carrier
noise at high currents under normal pumping conditions. Notably, the quiet pump also suppresses the effect
of spectral linewidth rebroadening. Even at high pumping currents, specifically at 10 times the threshold
current, the spectral linewidth continues to decrease with increasing bias current, and the spectral linewidth
of the QD laser under the quiet pump is 131 kHz, which is only a quarter of that under the normal pump.
The inset in figure 2(c) further elucidates the different behaviors of the spectral linewidth under the two
pumping conditions. As the pumping current increases, the influence of carriers in the ES on the GS
becomes more significant under the normal pump, causing an increase in oy and consequently an increase
in spectral linewidth. Quiet pump suppresses the influence of carriers in the ES on the GS, resulting in ay
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Figure 2. FN spectrum of (a) epitaxial QD laser on silicon and (b) silicon-based QW laser under normal and quiet pumping
conditions. The spectral linewidth as a function of normalized bias current for (c) epitaxial QD lasers on silicon and (d)
silicon-based QW lasers under normal pump and quiet pump. The inset of (c) shows the dependence of ayy on the bias current of
the QD laser.

remaining almost unchanged with increasing pumping current, thereby preventing spectral linewidth
rebroadening. Figure 2(d) demonstrates that the different external carrier noises associated with various
pumping sources have almost no effect on the linewidth of the QW laser [37]. In practical applications, the
choice of pumping source does not significantly affect the optical noise properties of the QW laser.

The above results illustrate that for QD lasers, using quiet pump with low external carrier noise is crucial,
as the reduction in carrier noise significantly improves laser noise performance. The impact of external
carrier noise on the RIN of QD lasers is also examined. Figure 3(a) compares the RIN spectra at 5.5 times the
threshold current under normal and quiet pumping conditions. When quiet pump is employed, the
low-frequency RIN value notably decreases from —141.3 dB Hz ! to —168.8 dB Hz !, compared to normal
pump where the laser exhibits overdamping. It can also be observed that the laser exhibits under-damping,
and the peak amplitude of the QD laser using the quiet pump is significantly higher than that of the laser
using the normal pump. This observation indicates that the quiet pump enhances the modulation efficiency
of the laser, which is beneficial for high-speed communication applications. Figure 3(b) presents the
low-frequency RIN of QD lasers under the normal and the quiet pump as a function of normalized bias
current. It shows that, for both pumping conditions, the RIN decreases with increasing pumping current.
However, the RIN under quiet pump remains consistently around 30 dB lower than under normal pump.
This reduction in RIN demonstrates that the quiet pump mitigates the adverse effects of external carrier
noise, leading to improved laser performance and reduced noise levels. Consequently, quiet pumping sources
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Figure 3. (a) RIN spectrum of epitaxial QD lasers on silicon under normal pump and quiet pump. (b) Low-frequency RIN of
epitaxial QD lasers on silicon versus normalized bias current under normal pump and quiet pump.

prove to be stable and reliable in lowering the RIN of QD lasers, effectively reducing output power
fluctuations.

The impact of external carrier noise on silicon-based QD lasers under optical injection locking is now
being investigated. Figure 4(a) illustrates the FN spectrum of the QD laser at various injection ratios and zero
frequency detuning with a quiet pump set at 5.5 times the threshold current. This specific current level is
selected for optical injection locking because, as demonstrated in figure 2(c), the QD laser achieves its
minimum linewidth before the linewidth rebroadening at 5.5 times the threshold current under normal
pump conditions. The goal is to further reduce the optical noise of the laser through this method. Due to the
strong low-frequency phase locking between the master laser and the slave laser, the FN at low frequencies
significantly decreases with increasing injection ratio. Figure 4(b) shows the spectral linewidth extracted
from the FN at 1 MHz as a function of the injection ratio under both normal pump and quiet pump
conditions. Compared to normal pump, the spectral linewidth of lasers using quiet pump is slightly
narrower at all injection ratios. Under quiet pump, the spectral linewidth sharply decreases from 213.2 kHz
to 24.3 kHz at a low injection ratio of —70 dB. An ultra-narrow linewidth of 1.8 mHz is achieved at an
injection ratio of 0 dB. Notably, the spectral linewidth of the optical-injection-locked QD laser is controlled
solely by the FN of the master laser and no longer follows the Schawlow—Townes limit of the free-running
laser. To measure the low-frequency range of phase locking between the master and slave lasers, the
suppression bandwidth is defined. Within this bandwidth, the FN is reduced by —3 dB compared to the FN
of the free-running QD laser. Consequently, the FN below the suppression bandwidth is primarily
determined by the master laser, while the FN above the suppression bandwidth is predominantly influenced
by the slave laser [22]. Figures 4(c) and (d) provide a mapping of the suppression bandwidth as a function of
injection ratio and frequency detuning under normal and quiet pumping conditions. The results show that,
for both pumping conditions, the suppression bandwidth increases with the injection ratio at a given
frequency detuning, reaching its maximum at zero frequency detuning. Under normal pump, the maximum
suppression bandwidth is 14.1 GHz, while under quiet pump, it reaches 33.6 GHz. By comparing figures 4(c)
and (d), it is evident that within the injection space defined by the injection ratio and frequency detuning,
the QD laser under the quiet pump has a larger stability area and a greater suppression bandwidth. This
indicates that using a quiet pump significantly enhances the performance of the epitaxial QD laser on silicon
under optical injection locking. From a practical application perspective, although optical injection is an
excellent method for suppressing spectral linewidth, it requires a high-quality master laser with a narrow
linewidth. Figures 4(c) and (d) show that by improving the quality of the pump source, the requirements on
the master laser can be reduced, thereby enhancing the effectiveness of optical injection.

It has been found that a very low injection ratio can significantly reduce the spectral linewidth of the
laser. Consequently, the injection ratio is typically expressed in decibels (dB) when describing the FN of QD
lasers. However, in this section, the injection ratio is converted back to a dimensionless value when
describing the RIN. Figure 5(a) shows the RIN spectrum of a silicon-based QD laser using the quiet pump at
5.5 times the threshold current under different injection ratios and zero frequency detuning. As the injection
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Suppression bandwidth with the variation of injection ratio and frequency detuning under (c) normal pump and (d) quiet pump.

ratio increases, the RIN decreases across the entire frequency range, with the resonance peak frequency
shifting higher and the peak RIN amplitude decreasing. This occurs because the number of photons in the
steady state increases with the injection ratio, leading to an increase in the damping factor [17]. Since the
modulation characteristics and the RIN spectrum of the QD laser are governed by the same dynamic
processes within the laser [38], figure 5(a) also demonstrates that the modulation characteristics of the laser
improve with increasing injection ratios. Figure 5(b) shows the variation of low-frequency RIN at 1 MHz for
different injection ratios under various pumping conditions. As the injection ratio increases, the
low-frequency RIN values of QD lasers decrease, regardless of the pumping source used. Under normal
pump, the low-frequency RIN value decreases from —145.2 dB Hz ! at an injection ratio of 1 to —150.4 dB
Hz~! at an injection ratio of 10. In contrast, under quiet pump, the low-frequency RIN value decreases
slightly from —169.5 dB Hz ™! at an injection ratio of 1 to —171.9 dB Hz™! at an injection ratio of 10.
Notably, the low-frequency RIN value under quiet pump is consistently about 20 dB lower than that under
normal pump. Notably, similar to the FN, the RIN of the QD laser, when injection-locked, is also dominated
by the master laser [22]. Figures 5(c) and (d) respectively show the mapping of low-frequency RIN variations
with injection ratio and frequency detuning under normal and quiet pumping conditions. It is evident that
the RIN of the QD laser using a quiet pump is lower across the entire injection space defined by frequency
detuning and injection ratio. At the maximum injection ratio of 10, the RIN of the laser under quiet
pumping reaches —172.4 dB Hz ™!, which is approximately 10 dB lower than that under normal pump.
Additionally, outside the stable locked area, the negative detuning area is more chaotic than the positive
detuning area, due to the smaller vy factor at shorter wavelengths compared to longer wavelengths [39, 40].



10P Publishing

J. Phys. Photonics 6 (2024) 045021 LQuetal

-140 : - =
— Solitary Ri“j=4 _Rinj=8 (a) EE-'I 40 A (b)
R =2 __R =6__ R _=10 ) A
Aasof— - = i Adaa,,
= Z-150 A A4
T o
@160 6o}
- g
(V4 ]
7ok 5170 i ® 2o 0000000 o0
é i A Normal Pump
3'180 ® Quiet Pump
180 . ; : : . \ \
10-2 100 102 0 2 4 6 8 10
Frequency (GHz) Injection Ratio
20 -110 20 -110
N (c) Normal N (d) Quiet
I -120 I -120
9,10 g10
_E’ 130 _g‘ 130 —
- £ £ I
=] ‘4008 2 <140 o
D [
a0 T 8¢ 2
> 450 £ > 450 =
10} . -10 R
= 160 = 160
@ (1]
= £
IS 170 T8 ) -170
20 -20 =
0 2 4 6 8 10
Injection Ratio Injection Ratio

Figure 5. (a) RIN spectra at different injection ratios and zero frequency detuning under quiet pump. (b) Low-frequency RIN at
different injection ratios and zero frequency detuning for different pumping conditions. Low-frequency RIN with the variation of
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4, Conclusions

This paper theoretically investigates the impact of reducing external carrier noise from the pumping source
on epitaxial QD lasers on silicon under optical injection locking. The presence of external carrier noise
increases the optical noise and reduces the stability of the lasers. These results indicate that by using the quiet
pump, the spectral linewidth and RIN of QD lasers can be effectively reduced, and the suppression
bandwidth can be increased. Through quiet pump, an ultra-narrow linewidth of 1.8 mHz and a suppression
bandwidth of 33.6 GHz can be achieved at an injection ratio of 0 dB. Additionally, quiet pump can achieve a
RIN as low as —172.4 dB Hz ™! at an injection ratio of 10, which is a reduction of 10 dB compared to normal
pump at the same injection ratio. This improvement is beneficial for achieving amplitude-squeezed states
and can serve as a light source for quantum communication. Quiet pump has an optimization on the LEF
and RIN of QD comb lasers [41], and the linewidth of QD lasers can also be reduced by using quiet pumping
[26], as the existing experimental results are consistent with the conclusions that have been obtained in this
study. Consequently, quiet pump provides an effective and simple method for advancing quantum
communication systems based on QD lasers [42]. Overall, this work demonstrates epitaxial QD lasers on
silicon with extremely narrow linewidths and very low RIN, making them suitable for a wide range of
applications, including coherent detection, radar monitoring, optical communication, and cutting-edge
quantum photonics applications such as CV-QKD and quantum computing.

Data availability statement
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