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Quantum dot lasers on silicon have gained significant interest over the past decade due to their great potential as
an on-chip silicon photonic light source. Here, we demonstrate multi-wavelength injection locking of InAs/GaAs
quantum dot Fabry—Perot (FP) lasers both on GaAs and silicon substrates by optical self-injection via an external
cavity. The number of locked laser modes can be adjusted from a single peak to multiple peaks by tuning wave-
length dependent phase and mode spacing of back-injected light through a Lyot filter. The multi-wavelength
injection locked laser modes exhibit average optical linewidth of ~20 kHz, which are narrowed by approximately
three orders of magnitude from their free-running condition. Furthermore, multi-wavelength self-injection lock-
ing via an external cavity exhibits flat-top optical spectral properties with approximately 30 stably locked channels
under stable operation over time, where the frequency detuning is less than 700 MHz within 40 min. Particularly,
FP lasers by direct epitaxial growth on silicon substrates are self-injection locked as a flat-top comb source with
tunable free spectral range from approximately 25 to 700 GHz. The reported results emphasize the great potential

of multi-wavelength injection locked lasers as tunable on-chip multi-wavelength light sources.
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1. INTRODUCTION
Optical frequency combs (OFCs) have large bandwidth and

massive wavelength channels, making them a promising candi-
date for terabit/s wavelength division multiplexing (WDM)
transmission [1—4] and microwave photonics applications [5].
Micro-ring-resonator (MRR)-based Kerr soliton combs have
been extensively explored over the past few years, which provide
outstanding properties, such as narrow linewidth, ultra-broad
bandwidth, and high conversion efficiency [6-8]. In the case
of WDM communications, recently, there has been a strong
surge of spectral flat-top comb lasers, which has also brought
significant attention to active optical comb sources such as semi-
conductor mode locked lasers (MLLs) [3,4,9]. For the Si pho-
tonic integration perspective, MLLs on a Si substrate via either
bonding method or epitaxial growth appear to be the technical
trend to achieve on-chip compact comb sources [10-17].
Furthermore, in order to achieve laser sources with great tuna-
bility and narrow linewidth, self-injection locked lasers based
on a high-Q external cavity are regularly incorporated [18].
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Recently, semiconductor lasers with ultra-narrow linewidth have
been demonstrated by self-injection locking via an ultra-high-Q
Si nitride ring resonator [19-24], which could be a holy grail of
achieving compact narrow-linewidth comb lasers. In general,
external cavity injection locked lasers are implemented on dis-
tributed feedback (DFB) lasers, which could only achieve single
wavelength injection locking. With the multi-wavelength Fabry—
Perot (FP) laser diode, which is an inexpensive solution, injection
locking of multiple frequencies appears to be a great challenge.
The ideal concept is to injection lock multi-wavelength FP
lasers by including external cavity filters, which would provide
wide tunability, narrow optical linewidth, and flat-top muldi-
wavelength comb lasers.

In this work, we demonstrate multi-peak injection locking
of an InAs/GaAs quantum dot (QD) FP laser directly grown on
both GaAs and Si (001) substrates with buried (111)-faceted Si
sawtooth structures [13]. To note, QD lasers on GaAs and
Si substrates behave differently during the multi-wavelength in-
jection locking scheme, which will be discussed in detail in the
main context. By self-injection locking through an external
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fiber cavity with a Lyot filter, multiple modes of the FP laser are
individually injection locked with narrowed optical linewidch
of approximately 20 kHz for all selected modes. The injection
locked mode spacing in the GaAs-based comb is discretely
adjustable from 75 to 750 GHz by tuning the birefringence
of the Lyot filter [25]. For the Si-based comb laser, the injection
locked comb lines exhibit enhanced flat-top spectra with 10 dB
bandwidth of 13 nm, while its comb spacing can be tuned from
25 GHz towards 700 GHz. Compared with electro-optic (EO)
modulation generated OFCs, the injection locked OFC is
capable of achieving larger free spectral range (FSR) and nar-
rowed optical linewidth. Furthermore, different from the large
energy variation in single comb lines with a sech?-shaped sol-
iton comb generated in MRRs, the advance of relatively small
power variation among comb channels makes injection locked

combs desirable for WDM applications [26].

2. DEVICE DESIGN AND EXPERIMENTAL
ARRANGEMENTS

Conventional two-section MLLs with saturable absorbers are
strongly dependent on amplitude modulation (AM) to modify/
shape comb spectra. In contrast, frequency modulation (FM)
is usually observed in fast gain media, e.g., QD lasers and
quantum cascade lasers (QCLs) [27-29]. Fast gain dynamics
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normally lead to spatial hole burning and phase modulation
[30-32], which can effectively trigger phase locked comb gen-
eration. Although both AM and FM locking techniques have
their own repetition rates, AM locked lasers produce narrow
pulses, while FM locked lasers generate quasi-continuous sig-
nals. The single-section QD FP laser is normally considered as
an FM locked comb laser [33]. But, the drawback of imple-
menting a QD FP laser diode as a comb laser source is that
the mode spacing or so-named repetition rate regularly depends
on the cavity length, which has no accessibility to mode spacing
tuning once the device dimension is determined. Thus, the
comb spacing of semiconductor MLLs is regularly limited
within 100 GHz [4,34,35]. Therefore, to achieve a flat-top
comb source with tunable comb spacing and narrow optical
linewidth, an external cavity with wavelength dependent phase
tuning ability and mode filtering is desired.

Here, we have examined two different types of InAs QD FP
laser diodes epitaxially grown on GaAs and Si substrates, where
the individual device structures are shown in Figs. 1(b) and
1(c). The FP laser chips are mounted on a thermoelectric cooler
at room temperature to achieve stable comb operation for sub-
sequent self-injection locking. The QD FP lasers on both a
standard GaAs substrate (chip 1) and a Si substrate (chip 2)
are separately butt-coupled into a lensed fiber followed by a
polarization-maintained ~ fiber (PMF)-based Lyot filter
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(a) Schematics of two types of lasers (InAs QD laser on GaAs/chirped InAs QD laser on Si) self-injection locked into multiple wavelengths

via a PM-fiber-based external cavity. (b) Structure layout of InAs QD laser grown on standard GaAs substrate. (c) Structure layout of chirped

InAs QD laser epitaxially grown on Si (001) substrate.
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[36—40], and then directly fed back to the laser itself, as shown
in Fig. 1(a). Here, the Lyot filter consists of a PMF with fixed
length, PMF circulator, and polarization controller (PC), where
it has one half-wave plate sandwiched by two quarter-wave
plates, which together provide an arbitrary phase shift from
0 to 27.

The QD laser on GaAs substrate (QDLGS) is a standard
commercial QD laser structure that generates a Gaussian shape
comb spectrum. The InAs QD laser directly grown on Si sub-
strate (QDLSI) exhibits a broader and flatter optical spectrum,
contributing to the strain induced chirped InAs QDs. By as-
sistance of a Lyot filter, comb lines with tunable FSR are
fed back into the original laser cavity for multi-wavelength
injection locking.

3. MEASUREMENTS AND DISCUSSION

Starting with standard InAs QD laser on GaAs, the laser diode
is directly coupled into the Lyot fiber filter, acting as an external
cavity for self-injection locking. The initial launching power is
approximately 1.5 mW at a central wavelength of 1302 nm.
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Fig. 2.

The original comb spectrum of QDLGS [Fig. 2(a)] has rela-
tively large optical linewidth of approximately 16 MHz for
individual comb lines, measured by the self-heterodyne line-
width measurement method.

By coupling the initial Gaussian shape comb spectrum
[Fig. 2(a)] into a fiber loop, the comb spectrum is re-selected
by the Lyot filter with mode spacing of 300 GHz, which is the
fourth order of the original 75 GHz comb spacing. The FSR of
Lyot filter is created by the phase shift I'(=2xBL/1) between
two orthogonal polarization modes of PMFs [36], where B and
L are the Lyot filter birefringence and PMF length, respectively.
The FSR can be successfully tuned by introducing additional
phase shift between 0 to 27, which is achievable via adjusting
waveplates of the PC; that is, varying the birefringence of the
Lyot filter. The filtered comb spectrum is then back-injected
into the laser cavity with wavelength dependent phase tuning.
As shown in Fig. 2(b), the initial 75 GHz comb is self-injection
locked while converting into a 300 GHz comb. Most impor-
tantly, four self-injection locked comb lines now exhibit a flat-
top spectrum instead of the previous Gaussian-shaped comb
spectrum. Now, the power variation among all comb lines is
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(a) Optical comb spectrum of free-running InAs/GaAs QDLGS. Inset: measured single-channel optical linewidth. (b) Optical comb

spectrum of self-injection locked InAs/GaAs QDLGS with narrowed optical linewidth. Insets: measured optical linewidth of self-injection locked
comb lines. Optical spectra of (c) single peak injection locked, (d) second-order injection locked, (e) third-order injection locked, and (f) fifth-order
injection locked lasers. Insets: zoom-in spectra of different orders of injection locked conditions, which match the y scale of the main panel.
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Fig. 3. (a) Optical comb spectral evolution of InAs/GaAs QDLGS from free-running condition into multi-peak injection locking states (single

peak to five peaks). Spectral mapping of FP laser diode under different feedback levels (-35 dB to ~10 dB) for (b) dual-peak injection locking state,

(c) three-peak injection locking state, and (d) four-peak injection locking state. (e) Spectral mapping of multi-peak injection locking states.

smaller than 3 dB. All other sidemodes are strongly suppressed
after multi-wavelength injection locking, as the injection locked
comb lines are more strongly phase locked than other modes.
The phase tunability here is triggered by a quarter-wave plate of
an external PC, which will be explained in the later section.
Moreover, in the inset of Fig. 2(b), the optical linewidths of
four injection locked comb lines are simultaneously narrowed
to an average value of approximately 20 kHz by almost three
orders of magnitude from the original single sideband (SSB)
comb line.

Here, the Lyot filter has been investigated as PMF loop mir-
ror filter (PMF-LMF) [40]. By tuning the effective PMF length
or PC, the variation of the birefringence B can lead to corre-
sponding tunability of FSR. Here, the comb spacing and number
of injection locked comb lines can be controlled by adjusting the
angle between the TE mode and PM fiber, PM fiber length,
polarization state of the PC, and feedback power level.

By selecting different comb spacing, we could achieve a
multi-peak injection locked comb from second-order to tenth-
order mode spacing. The optical spectra from the second order
to fifth order are shown in Figs. 2(b)-2(e), where the higher-
order spectra can be provided upon request. To note, the single
peak injection locking condition [Fig. 2(c)] is achieved when
the Lyot filter modulated FSR is broader than the entire laser
bandwidth. Though, tunable comb spacing from 150 to
750 GHz can be realized in this experiment.

Beside the tunability of comb spacing, the number of comb
channels can also be adjusted by varying the birefringence of
the external cavity, as shown in Fig. 3(a). By tuning the wave-
plates of the PC, we could achieve from single peak injection
locking towards five peaks injection locking continuously. It is
difficult to achieve an additional number of peaks as they are

basically out of the gain bandwidth of InAs QDs on GaAs.
Furthermore, in order to measure the critical back-injection
power required for multi-wavelength injection locking, a var-
iable optical attenuator (VOA) is included inside the external
cavity. Here, as shown in Figs. 3(b)-3(d), the FP laser diode
requires approximately -15 dB feedback level to achieve the
stable multi-wavelength injection locking condition for all dif-
ferent locking states. Multi-wavelength injection locked comb
state mapping is displayed in Fig. 3(e).

Although a very wide comb spectrum could be achieved
on QDLGS in Ref. [41], QDLGS normally exhibits limited
gain bandwidth between 4 and 6 nm, so it is challenging to
obtain multi-wavelength injection locked comb lines with more
comb channels. Due to the broader size distribution of InAs
QD:s directly epitaxially grown on a GaAs/Si template, it pro-
vides a strained template to grow chirped QDs (leads to varied
QD sizes) with enlarged gain bandwidth. In Fig. 4(a), a chirped
InAs QD laser on Si initially operates in dual modes at a low
injection current of 75 mA. Under an effective PMF length
of 6 m [Fig. 1(a)], by carefully tuning the modal phase of
back-injected light through the coupling distance or PC, we
could achieve 10 self-injection locked modes at comb spacing
of 75 GHz (third-order), as shown in Fig. 4(b). Note here, due
to limited phase tuning precision of the PC, a single comb line
at a wavelength of 1297 nm is more weakly injection locked
than the others. The optical linewidths of each comb line is
selected through an optical bandpass filter (OBPF) and mea-
sured by the self-heterodyne linewidth measurement method.
The injected multi-peaks have optical linewidth ranging
from 24 to 50 kHz from their original value of 14.6 MHz
[Fig. 4(c)]. The intermodal suppression ratio is roughly be-
tween 25 and 30 dB in Fig. 4(b). As previously mentioned,
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Fig. 4. Self-injection locking of chirped QDLSI. (a) Original optical spectrum of InAs QD laser on Si operated at injection current of 75 mA.

(b) The multi-wavelength injection locked comb spectrum with 75 GHz comb spacing. Average optical linewidth of each comb line is approximately
20 kHz (red line). (c) The measured optical linewidth spectra of the original laser modes (top) and self-injection locked comb lines (bottom) via self-
heterodyne method. The original optical linewidth of 14.6 MHz is narrowed to 23.93 kHz via the multi-wavelength injection locking technique.
(d) The optical spectrum of InAs QD laser on Si operated at higher injection current of 125 mA with merged dual modes. (¢) The multi-wavelength
injection locked comb spectrum with 50 GHz comb spacing. Optical linewidth of each comb line ranges from 50 to 80 kHz (red line). (f) The
measured optical linewidth spectra of original laser modes (top) and self-injection locked comb lines (bottom) both at driving current of 125 mA.
The optical linewidths are 19 MHz and 53 kHz, respectively. (g) The optical spectral mapping against varied PMF loop length showing the relation-
ship between FSR and effective PMF length. (h) RIN spectra of injection-locked comb source (blue) and injection-locked SSB up to 25 GHz.

the inhomogeneous nature of chirped InAs QDs on Si intends
to introduce dual-mode operation, as indicated in Fig. 4(a). At
an increased injection current of 125 mA, the dual modes in-
tend to merge into a broader continuous spectrum, as shown in
Fig. 4(d). Here, the filtered SSB of the free-running comb laser
is measured with a linewidth of 19 MHz, which is relatively
higher than the low-current operated InAs QD laser on Si
due to carrier induced linewidth broadening. But, the number
of injection locked comb lines is also increased to 30 peaks from

10 peaks at an operating current of 75 mA. The -10 dB band-
width measured here is approximately 13 nm. Overall, with
third-order injection locking, the Si-based laser is self-injection
locked at 75 GHz mode spacing from their free-running FSR of
25 GHz at both 75 and 125 mA operating current. Here, the
FSR under multi-peak injection locking conditions can also be
tuned via effective birefringence of the Lyot filter from 25 to
300 GHz, as shown in Fig. 4(g). Under a fixed position of
waveplates, the comb spacing is inversely proportional to the



Research Article - “ - @ Vol. 10, No. 8 / August 2022 / Photonics Research 1845
| — -

b (© _
—— Unstable Dual Peak Injection Locked —— Unstable injection locking £ 8
Q 6
£ 50 o 4
o ? 5
3-65 t
B (o}
3 < 2
70 o) w W
P ° ,
& 75 s S .
; -8} Unstable Injection Locked SSB
-80 ;'10 0 200 400 600 800 1000
1296 1298 1300 1302 0 1 3 4 5
Wavelength (nm) Frequency (GHz) Time (s)
@ © . 0)
——— Stable Dual Peak Injection Locked ——— Stable injection locking £ 6
E _ 2 4
—_— E-GO -
£ [ o 2
o 3_55 £ o0
T = o
-
- q;’ c 2
g o 70 D 4
o o s
QL 6
s wo7s ] o 23
o 5 -8} Stable Injection Locked SSB
| =-10
-80
1206 1208 1300 1302 0 1 3 4 5 0 500- 1000 1500: 2000 :2500

Wavelength (nm)

Frequency (GHz)

Time (s)

Fig. 5. (a) Optical spectrum, (b) RF spectrum, and (c) wavelength stability diagram of unstable dual-peak injection locked QDLSI. (d) Optical
spectrum, (e) RF spectrum, and (f) wavelength stability diagram of stable dual-peak injection locked QDLSI.

effective length of the PMF. In Fig. 4(h), the relative intensity
noise (RIN) is measured with an average RIN value of
-135 dB/Hz for the SSB comb line, where the entire injection
locked comb exhibits lower average RIN value of -145 dB/Hz
within a 25 GHz span.

Furthermore, by tuning the FSR and wavelength dependent
phase within the external cavity, we manage to achieve a dual-
peak injection locked condition for QDLSI, as shown in Fig. 5.
In order to verify the stability of multi-wavelength injection lock-
ing, a comb laser operating under both unstable and stable in-
jection locking conditions is examined here, by fine tuning the
waveplates of the PC into a dual-peak injection locking state.
As shown in Fig. 5(a), multiple peaks exist on each partially
locked mode, which is considered an unstable injection locked
condition. By measuring the radio frequency (RF) spectrum in
the range from 0 to 5 GHz [Fig. 5(b)], periodic chaotic
oscillations are observed here, indicating that the comb laser
is weakly or partially injection locked. The filtered SSB is then
fed into a wavelength meter (Thorlabs OSA203) for stability

measurements over time, as shown in Fig. 5(c), where there
is approximately 14 pm (2.4 GHz in frequency) variation within
1000 s before moving into fully chaotic operation. In compari-
son, under stable dual-peak injection locking conditions, the op-
tical spectrum exhibits two individual modes with FSR of exactly
700 GHz [Fig. 5(d)]. While measuring the RF spectrum, as
shown in Fig. 5(e), strong chaotic resonance also disappears cor-
respondingly. By taking a further wavelength stability test on sta-
bly injection locked QDLSI, here, we obtain less than 4 pm
wavelength variadon (700 MHz in frequency) for a much
longer period of 2500 s, which indicates a reasonably good sta-
bility of dual-peak injection locking on QDLSI, as shown in
Fig. 5(c).

Many narrow-linewidth comb sources on the Si platform
have emerged recently [11,12,42,43] as potential on-chip
optical sources for WDM communication, including hetero-
geneous passive MLLs and self-injection locked semiconductor
lasers through an external high-Q MRR cavity, as shown in
Table 1. Heterogeneous integrated III-V-on-Si/SiN passive

Table 1. Performance Comparison of Si-Based Comb Lasers

10 dB
Optical Bandwidth

Operation Principle Configuration Linewidth Comb Spacing (nm) Ref.
Passive mode-locking I1I-V-on-Si with extended Si cavity 400 kHz 100 MHz-1 GHz 12 [11]
Passive mode-locking I1I-V-on-Si with extended SiN cavity 200 kHz 755 MHz 3.27 [12]
Passive mode-locking I1I-V-on-Si with extended Si cavity N/A 15.5 GHz 25 [44]
Mono-wavelength self-injection locking lI-V DFB laser/SiN ring resonator 1.2 Hz 30 GHz 4 [19]
Mono-wavelength self-injection locking -V EP laser/SiN ring resonator 370 Hz 12.5 GHz N/A [31]
Mono-wavelength self-injection locking III V FP laser/SiN ring resonator 186 kHz 1.2 THz N/A [21]
Mono-wavelength self-injection locking lI-V DFB laser/SiN ring resonator 1.1 kHz 25 GHz N/A [22]
Mono-wavelength self-injection locking External cavity laser/lll-V DFB laser 20 kHz 14 GHz N/A (23]
Multi-wavelength self-injection locking 1II-V QD FP laser on Si/external 20 kHz 25-700 GHz 13

(this work) Lyot filter

(tunable)
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mode locked comb lasers appear to be the most compact
solution to generate on-chip comb sources, but a relatively long
external cavity leads to dense comb generation with low rep-
etition rate. In comparison, self-injection locking with the as-
sistance of a high-Q SiN MRR provides significantly narrowed
optical linewidth, even towards the range of the hertz scale.
In this case, it normally requires a narrow-linewidth seed laser
(below 100 kHz), such as the external-cavity diode laser
(ECDL). In this work, by implementing a simple QD FP
laser diode epitaxially grown on Si with Lyot filter back-
injection, a narrow-linewidth flat-top comb laser with tunable
FSR and large 10 dB bandwidth is demonstrated. To the best of
our knowledge, it is the first report of a multi-wavelength self-
injection locked InAs QD FP laser on Si substrate with tunable
FSR and large 10 dB bandwidth.

4. CONCLUSIONS

In general, we have demonstrated a multi-wavelength injection
locking method of InAs QD laser on Si. Simultaneous multi-
frequency locking with narrow linewidth is achieved from fil-
tered back-injection with adjusted modal phase. There are
maximum of 30 wavelength channels injection locked here,
while the linewidth of each individual comb line is narrowed
by three orders of magnitude from its original linewidth. This
result paves a way towards compact and cost-effective narrow-
linewidth comb sources for microwave photonics, photonic
sensor systems, and quantum information applications.
Additional improvements beyond the results are also pro-
posed here. For an integration perspective, the PMF-LMF
can be replaced by lithium niobate on insulator (LNOI)-based
multi-wavelength filters. As anisotropic material, lithium nio-
bate exhibits optical birefringence [45], which makes it a de-
sirable on-chip PC and tunable phase shifter [46,47]. We could
precisely tune the birefringence of thin-film lithium-niobate-
based Lyot filters with wavelength dependent phase control,
therefore, achieving phase matched multi-wavelength injection.
In next step, we will couple the comb light into Si waveguides
on the chip-to-chip level to perform a more precise study.
Meanwhile, we are also working on the monolithic integrated
laser with Si waveguides. The integrated multi-wavelength in-
jection locked laser on Si could enable the great potential of
ultra-stable on-chip comb sources with tunable FSR for WDM
telecommunication and microwave photonic applications.
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