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This work compares the four-wave mixing (FWM) effect in epitaxial quantum dot (QD) lasers grown on silicon
with quantum well (QW) lasers. A comparison of theory and experiment results shows that the measured FWM
coefficient is in good agreement with theoretical predictions. The gain in signal power is higher for p-doped QD
lasers than for undoped lasers, despite the same FWM coefficient. Owing to the near-zero linewidth enhancement
factor, QD lasers exhibit FWM coefficients and conversion efficiency that are more than one order of magnitude
higher than those of QW lasers. Thus, this leads to self-mode locking in QD lasers. These findings are useful for
developing on-chip sources for photonic integrated circuits on silicon. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.448082

1. INTRODUCTION

Photonic integrated circuits (PICs) on silicon can significantly
advance the level of component integration and performance
for both conventional and quantum information processing
[1]. The advantages of silicon-based PICs are the availability
of manufacturing approaches using modern nanofabrication
techniques as well as the potential for miniaturization and in-
tegration of optoelectronic components with complementary
functionalities [2]. In this situation, quantum dot (QD) nano-
structures are a highly promising semiconductor material that
can be integrated either monolithically or heterogeneously on a
compact and scalable platform [3–6]. As a direct consequence
of the size-confinement effect of the trapped electrons and
holes, QD-based photonic devices have shown remarkable
properties. In particular, epitaxial QD lasers directly grown
on silicon have recently led to record performance such as
ultra-low threshold currents, high temperature continuous-
wave operation, very long device lifetimes, as well as high yield
[3]. In addition, the use of p-doping significantly improves
their thermal stability and reliability [7]. It also reduces the line-
width enhancement factor (α-factor), resulting in reflection
insensitivity, which is of vital importance for isolator-free
PICs [8,9]. Extending these advances to integrated photonics

technologies will lead to silicon platforms with on-chip non-
classical light sources, large versatile photonic logic, quantum
information storage, and highly efficient detectors [10].

Four-wave mixing (FWM) is useful in optical communica-
tions for all-optical signal processing and for wavelength-
division multiplexing (WDM) systems, which are key compo-
nents in coherent communication technologies [11–13]. FWM
is known to drive the phase and mode locking properties ob-
served in comb QD lasers [14–16]. Therefore, our interest in
FWM coefficients involves QD lasers, where mode locking is
possible with both single- and multi-section diode lasers
[14,17]. In the case of WDM systems, a single-mode-locked la-
ser producing a frequency comb can potentially replace the large
number of lasers presently necessary for the task. A single-section
mode-locked laser using self-mode locking amplifies the advan-
tages even further. However, there are serious challenges because
with self-mode locking, the gain medium alone has to produce
the multimode lasing that leads to a broad emission bandwidth,
and the FWM that contributes to locking the frequencies.
Within the inhomogeneously broadened distribution of QDs,
the optical nonlinearities of light–matter interactions give rise
to both mechanisms. To control self-mode locking in QD lasers
to the extent that it can be employed in applications, such as
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WDM, a deeper understanding than we have presently of
the intricate interplay of physics associated with mode competi-
tion and FWM is required. Our laser experiments and accom-
panying theoretical analysis are designed with exactly that goal
in mind.

Within a nonlinear gain medium that has third-order non-
linear susceptibility, the beating between two co-polarized fields
at different frequencies results in the occurrence of wave-mixing
and the generation of two new fields. Both highly nonlinear
optical fibers and high-Q micro-ring resonators are reliable sol-
utions for efficient wave-mixing conversion. However, their
limitations for monolithic integration must be addressed.
For instance, the long interaction length of several meters
and the strong pump power requirement make the nonlinear
optical fiber not the ideal solution for a PIC [18,19]. In addi-
tion, high fabrication costs of micro-ring resonators may be an-
other issue compared with more compact devices, such as a
semiconductor optical amplifier (SOA) or semiconductor laser
sources [20–22]. In the latter case, the FWM is essentially
driven by carrier density pulsation (CDP), which reinforces
the wave-mixing conversion efficiency; nevertheless, the nano-
second time scale of the carrier recombination lifetime leads to
a slow response speed [23]. In this context, as compared to bulk
and quantum well (QW) semiconductors, QD gain material is
spectrally broader, and the fast carrier dynamics along with the
lower α-factor improves conversion efficiency [24]. Prior work
concentrated on QD SOAs [25,26] and lasers [27,28] grown
on lattice matched substrates. In the former, although higher
conversion efficiency can be achieved through the larger linear
gain in SOAs, the inherently stronger amplified spontaneous
emission noise limits the optical signal-to-noise ratio.

This paper aims at understanding FWM in QD lasers epi-
taxially grown on silicon, taking into account their enhanced
cavity resonances and reduced amplified spontaneous emission
noise. For QD systems, the basic understanding of FWM is
limited by the conventional investigation method, which con-
centrates on the FWM coefficient measured with SOAs [25].
This work addresses this weakness by performing laser experi-
ments to account for all optical nonlinearities contributing to
the FWM signal. In our investigation, we measured and ana-
lyzed the optical nonlinearity contributions resulting in mode
competition, gain saturation, carrier-induced refractive index,
α-factor, and creation of combination tones, all of which have
roles in self-mode locking. The experiments were performed on
epitaxial QD lasers with inhomogeneous broadening below
10 meV, similar to ones that we used to achieve frequency
combs with RF linewidth less than 100 kHz and mode-locked
pulse below 500 fs [14]. The present motivation is to build on
prior results and to confirm that the contributing nonlinearities
in general combine to provide a strong mechanism of self-mode
locking. To this end, we compared undoped and p-doped epi-
taxial QD lasers on silicon as well as a GaAs-based QW laser.
GaAs-based QW lasers on Si perform poorly, so we compared
to QW lasers on GaAs. A comparison with first-principles-
based multimode laser theory indicates measured FWM con-
version efficiencies that are close to the theoretical limit. An
advantage over earlier studies and crucial to confidence in the
results is the quality and reproducibility of state-of-the-art QD

lasers. They make possible the detailed study of conversion
efficiency over a broad parameter space, and identification of
the importance of p-doping. Results reported reveal that the
gain in signal power is higher for lasers with p-doped active
regions than those with undoped active regions, despite the
same value of FWM coefficient. Furthermore, owing to the
near-zero α-factor, the measured FWM coefficient and conver-
sion efficiency of the QD laser are more than one order of mag-
nitude higher than those of the QW laser. This leads to stable
self-mode locking in QD lasers [29]. The net FWM bandwidth
of the QD laser is also twice larger than that of its QW counter-
part. Overall, these findings highlight the crucial role of light
emitters made with QDs for mode-locked pulses and optical
frequency comb generation as well as integrated WDM tech-
nologies on silicon in future photonic integrated systems.

2. LASER DESCRIPTION

Fabry–Perot (FP) QD lasers were grown on on-axis (001)
GaP/Si substrate using molecular beam epitaxy (MBE). Further
details of the epitaxial growth are available elsewhere [3,7,10].
The laser structure shown in Fig. 1 includes five periods of QD
layers. The dot-in-a-well QD layer composed of InGaAs QWs
asymmetrically encompasses the InAs dots with a 2 nm prelayer
below and a 5 nm capping layer on top. Each QD layer is
separated by a 37.5 nm GaAs spacer. For p-doped QD lasers,
a 10 nm p-GaAs layer at a target hole concentration of
5 × 1017 cm−3 (10 extra holes per QD) is sandwiched between
a 10 nm undoped GaAs layer and a 17.5 nm undoped GaAs
layer. We note that the gain is temperature sensitive in intrinsic
QD lasers due to the thermal spreading of holes. To this prob-
lem, we introduce p-doping in the GaAs spacers. The inclusion
of p-doping brings many advantages for laser devices. On one
hand, p-doping can ease the thermal spread of holes and lead to
rather temperature-insensitive characteristics such as threshold
current, α-factor, relative intensity noise, and optical feedback
resistance [11,30,31]. On the other hand, it can also eliminate

Fig. 1. Epitaxial structure of the QD laser on silicon.
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gain saturation and gain broadening, hence improving the
high-frequency response of QD lasers [32,33]. The undoped
laser has a threshold current of 6 mA at 293 K, while the
p-doped laser has a larger threshold current of 27 mA due
to the high free carrier absorption caused by the large number
of holes. Both QD devices emit on the sole ground state tran-
sition close to 1300 nm. Furthermore, the optimized growth
conditions contribute to a narrow photoluminescence full-
width-at-half-maximum below 30 meV, which transforms an
inhomogeneous broadening width below 10 meV [8]. The cav-
ity length is 1.1 mm (1.4 mm) for the undoped (p-doped) laser,
which corresponds to a free spectral range (FSR) of 38 GHz
(30 GHz). Both devices have a ridge waveguide width of
4 μm. The output facet has a facet coating of 60% power re-
flectivity while the rear facet has a value of 90%. For the QW
laser counterpart, the threshold current is about 14 mA and
optical gain peak is at 1277 nm. The FP cavity length is
400 μm, corresponding to a 100 GHz FSR.

3. FOUR-WAVE MIXING EXPERIMENT

The FWM experimental setup is depicted in Fig. 2 with an
optical injection locking configuration. Two narrow linewidth
tunable lasers are used as the drive laser and probe laser, the
light of which is incorporated by a 90/10 coupler and then in-
jected into the QD or QW laser using an optical circulator and
lens-end fiber. The drive laser is used to lock the gain peak
mode of FP modes, while the probe laser is used to generate
the FWM with locked FP modes. Polarization controllers
are applied to align the polarization of two tunable lasers with
a QD or QW laser for realizing maximum conversion. The
FWM optical spectrum is recorded from the optical circulator
by an optical spectrum analyzer (OSA) with a 20 pm resolu-
tion. The working temperature of the QD or QW laser is kept
at 293 K throughout the experiment using a thermoelectric
cooler.

The probe–drive injection frequency detuning Δ is defined
as the frequency difference between the drive laser and probe
laser. The drive laser is used to lock the longitudinal FP mode at
the gain peak while the side modes are deeply suppressed, hence
generating the drive signal for wave mixing. Within the stable
injection-locked regime, the frequency of the probe laser is then
tuned to have the probe signal coincide with one of the sup-
pressed FP cavity modes to obtain maximum conversion.
Upconversion (downconversion) refers to the frequency of
the converted signal being higher (lower) than that of the drive
laser, and Δ is negative (positive). Figure 3 shows typical

upconversion FWM spectra recorded for an undoped laser with
Δ � −114 GHz and for the p-doped laser withΔ � −89 GHz
as well as for QW laser with Δ � −110 GHz. The middle peak
represents the FP mode locked in the gain peak at the drive laser
frequency with deeply suppressed sidemodes. The left peak is
the probe signal mode while the right one is the wave-mixing
induced converted signal mode. The different colored curves in
Fig. 3 show that signal power increases with the increasing
probe signal power. The FWM conversion efficiency is
expressed as [24]

ηCE � PSignal

PProbe

, (1)

with PSignal the optical power of the converted signal and PProbe

the probe signal power injected into the laser. In the experi-
ment, these modal powers are obtained from the measured op-
tical spectrum. The laser–fiber coupling loss is estimated by
calculating the ratio between laser free-space output power
and the laser power coupled in the lens-end fiber. Total losses
include coupling loss and fiber loss, which are considered in the
spectra in order not to over-estimate the value of ηCE. The value
of ηCE is expressed in logarithmic scale (in dB) in this paper.

In the first set of measurements, we keep the probe power
constant, adjust the probe frequency by multiples of FSR,
and record the resulting maximal ηCE for each FSR. Figure 4

Fig. 2. Optical injection locking setup used for the four-wave
mixing experiments.

Fig. 3. Optical spectra from a four-wave mixing experiment for
(a) undoped QD laser with upconversion frequency detuning of
−114 GHz (probe–drive mode number difference Δm � 3);
(b) p-doped QD laser with upconversion frequency detuning of
−89 GHz (probe–drive mode number difference Δm � 3) and
QW laser with upconversion frequency detuning of −110 GHz
(probe–drive mode number difference Δm � 1). The different col-
ored lines indicate signal power increases with increasing probe power.
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compares the measured ηCE for undoped QD, p-doped QD,
and QW lasers as a function of probe–drive injection frequency
detuning. The maximal ηCE is found at −13 dB for the un-
doped laser and −4 dB for the p-doped laser when the probe
laser is injected into the first longitudinal mode next to the
drive signal. These results are consistent with a native InAs/
GaAs QD laser, while the maximal ηCE is a bit larger due to
the high QD uniformity and reduced threading dislocation
density [24,30]. For the undoped laser, ηCE is kept above
−35 dB for upconversion with frequency detunings up to
1 THz and up to 760 GHz for downconversion. The frequency
detunings for ηCE above −35 dB in the p-doped laser are larger
than those of the undoped laser, which are up to 1.4 THz for
upconversion and 1.2 THz for downconversion. The larger
maximal ηCE and frequency detuning bandwidth in the p-
doped laser are due to the increased material gain because p-
doping reduces gain saturation and gain broadening [34]. It
is noted that the static conversion at a low-frequency detuning
region is determined by CDP, which is directly caused by the
probe–drive beating. For larger frequency detunings, carrier
heating (CH) and spectral hole burning (SHB) become the
dominant mechanisms occurring within sub-picosecond time
scales [26]. Although ηCE are higher at low-frequency detuning,
hence increasing third-order nonlinear susceptibility, the very
large frequency detuning bandwidth provided by CH and
SHB remains very promising for broadband wavelength con-
version. The different bandwidth between up- and downcon-
version is attributed to the asymmetry in the gain profile
leading to a non-zero α-factor. In theory, with a zero α-factor,
the bandwidths are perfectly symmetric. Although the α-factor
is small in epitaxial QD lasers, destructive interferences still per-
sist due to the phase condition arising between the different
nonlinear processes (e.g., CDP, CH, and SHB). In addition,
the profiles between upconversion and downconversion are
found to be more symmetric in p-doped lasers than in undoped
ones, which is due to a lower α-factor. As previously demon-
strated, the α-factor of the p-doped laser is found to be as low as
0.1 at the gain peak, which is lower than that of the undoped
laser with α-factor of 0.3 [30]. Compared with QD devices, the

maximal ηCE of a QW laser is about −30 dB, which is 17 dB
lower than that of an undoped laser and 26 dB lower than that
of a p-doped laser. In addition, the measured FWM bandwidth
of the p-doped QD laser is twice larger than that of the QW
device, owing to its stronger SHB mechanism [26]. These re-
sults reveal that utilizing QDs as the active region is beneficial
for providing sufficient optical nonlinearities for a laser source
applied to PICs.

4. EXTRACTING FOUR-WAVE MIXING
COEFFICIENT

Due to their fast carrier–carrier and carrier–phonon scatterings,
QDs have shown large optical nonlinearities, and fast FWM
conversion has been achieved in QD SOAs as a result of fast
carrier scattering inducing deeper spectral holes [34]. The op-
tical nonlinearities of epitaxial QD lasers on silicon and QW
lasers are analyzed based on a microscopic level model contain-
ing quantum mechanical electron–hole polarization. A detailed
description of QD and QW models can be found in
Refs. [35,36]. Along with fitting to experimental data, we com-
puted the signal–drive ratio using a first-principles multimode
laser theory [37,38]. The signal–drive ratio ηsd is defined as the
ratio of signal power to drive power, while the probe–drive ratio
ηpd is the ratio of probe power to drive power. The theory gives
the active medium nonlinearities contributing to gain satura-
tion, mode competition, and multiwave mixing. In particular,
it provides an analytical formula for the FWM coefficient:

ξ � c
2νd nB

�
P
2ℏγ

�
2

Γ�kd , kp, ks�
jΛ�3��νd , νp, νs�j
Re�Λ�1��νd ��

, (2)

where ξ ≡ χ�3�sdpd∕gs, with χ
�3�
sdpd the three-order nonlinear suscep-

tibility and g s the material gain. c is the speed of light in vac-
uum, nB is the background refractive index, P is the GaAs bulk
dipole matrix element, and γ is the dephasing rate. Entering
into Eq. (2) is spatial hole burning, including the creation
of a spatial population grating, via Γ�kd , kp, ks�, where kn is
the wave vector (n � d , p, s for drive, probe, and signal fields,
respectively). Also in Eq. (2) are the contributions from SHB
and population pulsation, via Λ�3��νd , νp, νs�, where νn repre-
sents the field frequencies. The magnitude of Λ�3� depends on
the dephasing and population scattering rates. Last, Λ�1� is the
spectral component of the linear susceptibility. Contained in
Λ�1� and Λ�3� is a sum over the inhomogeneous QD distribu-
tion for the case of a QD active medium, or a sum over con-
duction and valence band states for a QW active medium. The
detailed expression for the contribution to ξ and its input
parameters are described in an earlier paper [35]. Last,
Eq. (2) shows the convenience of using the FWM coefficient,
because it depends only on the electronic structure and broad-
enings associated with carrier scattering. Its generality arises
from being independent of the laser configuration, i.e., inde-
pendent of confinement factor, QD density, heterostructure
layer thicknesses, and injection current. The input parameters
for the model are determined by anchoring computed laser
behavior to measured ones such as free-running laser light–cur-
rent curves and lasing spectra, as well as injection-locked laser
spectra. We note that the higher intracavity absorption and

Fig. 4. Conversion efficiency of four-wave mixing for p-doped QD,
undoped QD, and QW lasers as a function of probe–drive frequency
detuning.

Research Article Vol. 10, No. 5 / May 2022 / Photonics Research 1267



defect loss rate with p-doping are consistent with previous stud-
ies on p-doping effects [34]. The p-doping changes linear and
nonlinear gain properties through state filling and carrier scat-
tering induced dephasing, and alters the defect loss and intra-
cavity absorption [34]. These effects are taken into account in
the model.

We repeat the measurement giving the spectra in Fig. 3 for a
range of probe powers. The points in Fig. 5 summarize the
experimental results and show ηsd as a function of ηpd. For
a fair comparison, the probe–drive injection frequency detun-
ing for the three lasers is fixed between 110 and 120 GHz. The
dashed curves are calculated from multimode laser theory
indicating the corresponding FWM coefficient. The model
simulations are in good agreement with experiment results.
A comparison of theory and experiment indicates that the
FWM coefficient from our samples is consistent with theoreti-
cal predictions. The FWM coefficient is found at 4.75 ×
10−21 m3 V−2 for the p-doped QD laser and 4.93 ×
10−21 m3 V−2 for the undoped QD laser. Within the variance
of measured data, both undoped and p-doped lasers have ba-
sically the same values for ξ. However, as shown in Fig. 5, the
gain in signal power with increasing probe power (slope of
data points and curves) indicates higher net FWM gain with
p-doping. Owing to the near-zero α-factor, the ξ and ηsd of
QD lasers are more than one order of magnitude higher than
those of the QW laser with ξ of 2.92 × 10−22 m3 V−2. This high
ξ results in self-mode locking of QD lasers, which was not ob-
served for QW lasers [29].

5. CONCLUSION AND PERSPECTIVES

In conclusion, we investigated the nonlinear optical properties
of QD lasers directly grown on silicon and QW lasers. Our
experiments show the roles of different optical nonlinearities
contributing to the demonstration of self-mode locking in QD
lasers fabricated for use in silicon-based PICs. Gain saturation,

mode competition, and multiwave mixing are connected
through active region third-order optical nonlinearities arising
from photogenerated carriers [35]. These results emphasize the
need to consider linewidth enhancement effects, gain compe-
tition, and χ�3�sdpd on equal footing and under similar experimen-
tal conditions when evaluating mode-locking performance.
Hence, caution should be exercised when drawing conclusions
using only χ�3�sdpd measured in SOA experiments. Rather, mea-
surements should be made directly with lasers with configura-
tions closely resembling the lasers attempting mode locking. In
contrast to SOA experiments, probe–drive laser measurements
provide valuable insight into the intricate interplay of optical
nonlinearities during device operation. We show that the gain
in signal power with increasing probe power produces a much
higher net FWM gain, the latter being even further magnified
owing to p-doping. Consequently, the laser experiments pro-
vide clear differences from the SOA ones because of the gain
saturation by the drive and probe intracavity fields [36]. In both
theory and experiments, our results demonstrate that the opti-
cal nonlinearities in a QD gain medium are more favorable to
self-mode locking. Our experiments indicate an increase of
more than one order of magnitude in conversion efficiency
and FWM coefficient compared to the QW device. The mea-
sured FWM bandwidth of the p-doped QD laser is twice larger
than that of the QW device. Such findings provide valuable
insight to understand the self-mode-locking mechanism ob-
served from QD lasers that exclude the saturable absorber sec-
tion. From a technical perspective, QD lasers exhibit unique
properties for realizing self-mode locking through FWM by
providing sufficient optical nonlinearities to overcome the
dispersion within the laser cavity.

While epitaxial QD lasers on silicon are already strong
building blocks of on-chip integrated quantum photonic cir-
cuits [39,40], further analysis could possibly extend this work
to semiconductor-based quantum information systems. For

Fig. 5. Signal–drive ratio ηsd as a function of probe–drive ratio ηpd for p-doped QD, undoped QD, and QW lasers. The lasers are biased at twice
threshold current. The data points are from the experiment with probe–drive injection frequency detuning Δ and probe–drive mode number
difference Δm as indicated. The dashed curves are calculated from multimode laser theory indicating the corresponding FWM coefficient.
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instance, the high χ�3�sdpd can be used for light squeezing to re-
duce noise below the standard quantum limit [41,42].
Squeezed states can be generated by using an FWM source
made with epitaxial QDs [43,44]. Overall, these results allow
us to present new insights into third order nonlinearity for the
mode-locking mechanism of the QD comb laser.
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