
8  |  IEEE NANOTECHNOLOGY MAGAZINE  |  APRIL 2021 1932-4510/21©2021IEEE

A
Recent advances and future developments.

YATING WAN, JUSTIN NORMAN, SONGTAO LIU, ALAN LIU, AND JOHN E. BOWERS

Digital Object Identifier 10.1109/MNANO.2020.3048094

Date of current version: 3 February 2021

©SHUTTERSTOCK.COM/SAKKMESTERKE

Quantum  
Dot Lasers and 

Amplifiers on 
Silicon

A SELF-ASSEMBLED QUANTUM 
dot (QD) gain medium has multiple 
favorable material properties over con-
ventional quantum well (QW) structures 
and bulk materials, including a large 
tolerance for material defects, reduced 
ref lection sensitivity, nearly zero line-
width enhancement factor, low transpar-
ency current density, high temperature 
operation, and ultrafast gain dynamics 
useful for semiconductor mode-locked 
lasers and amplifiers. Here, we review the 
recent advances in the field of QD lasers 
and amplifiers with a focus on the direct 
growth on silicon (Si). Si photonics has 
found widespread application, particu-
larly for high volume applications and for 
co-integration with CMOS electronics. 

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on July 15,2021 at 01:04:17 UTC from IEEE Xplore.  Restrictions apply. 



   APRIL 2021  |  IEEE NANOTECHNOLOGY MAGAZINE  |  9

We start with an overview of the field, 
followed by a summary of the device 
performance as well as the fundamental 
physics basis for the improved response. 
A subset of recent advances includes 119 °C 
continuous wave (CW) lasing, near zero 
linewidth enhancement factors, isola-
tor-free stability, extrapolated lifetimes 
of more than 100 years at 35 °C, a CW 
submilliamp threshold in microscale 
ring laser cavities, high on-chip gain  
(39 dB) amplif ication, 4.1-Tb/s trans-
mission using mode-locked lasers with a 
record-low timing jitter of 82.7 fs, and 
tunable lasers with more than 45-dB side-
mode-suppression ratio (SMSR) and a 
16-nm tuning range. Significant progress 
has been made in the last decade, making 
the commercialization of QD technology 
likely for practical III-V/Si photonics.

BACKGROUND
The first demonstration of self-assembled 
QD lasers dates back to the early 1990s 
and was predominantly motivated by the 
theoretical advantages of a gain medium 
with a zero-dimensional density of states 
(DOSs) [1]. However, experimental QD-
based laser characteristics lagged behind 
theoretical expectations and were infe-
rior to that of QW lasers [2]. Since then, 
intense studies have been conducted to 
analyze the fundamental physics of the 
phenomena taking place in the dots 
and how they interrelate with the laser 
performance [3], [4]. 

A real breakthrough occurred with 
the demonstration of the self-assembled 
Stranski–Krastinow growth of indium 
arsenide/gallium arsenide (InAs/GaAs) 
QD lasers [5]–[7]. Compared to the syn-
thesis method based on electron-beam  
lithography patterning [8], focused ion 
beam etching [9], and selective-area 
growth [10], the Stranski–Krastinow 
growth mode relies on a strain relax-
ation-driven process, where islands form 
spontaneously above a certain critical 
thickness to relieve the mismatch strain 
and can easily yield a high density of mid 
1010 cm−2 QDs in a single layer. The 3D 
islands can be grown to be dislocation 
free and coherent with the surrounding 
lattice, with all of the dimensions being 
smaller than the de Broglie wavelength 
of electrons and holes. This gives rise to 

fully quantized electron and hole states 
with delta function-like DOSs and quan-
tization energies on the order of k TB  at 
room temperature.

QD lasers fabr icated with this 
approach conf irmed the predicted 
ultralow threshold current density (Jth  
120 A/cm2) and low temperature depen-
dency (T0 = 350 K at 77 K) [11]. Intense 
worldwide efforts have been devoted to 
further develop control over material 
growth and device fabrication. This has 
led to improved QD laser performance 
that outperforms the best values for QW 
lasers. In terms of ,Jth  InAs/GaAs QD 
lasers hold the lowest values of 10 A/cm2 
with a record-low interna l loss of  
0.25 cm−1 [12]. The historical trend of 
Jth  in semiconductor lasers has been dis-
cussed in [13], [14], demonstrating the 
lower ultimate values of Jth  by reducing 
the dimensionality of the active region 
from double heterostructures to QWs 
and, in the ultimate case, QDs. 

In terms of temperature stabi l-
ity, nearly complete temperature insen - 
sitivity of the threshold current has 
been achieved in a range of 5–70 °C  
[15]. Commercially available 1.3-μm 
QD lasers now produce high-tempera-
ture CW operation up to 220 °C [16]. 
An optical interposer with QD lasers 
has achieved error-free data links at  
20 Gb/s and a high bandwidth density 
of 19 Tbps/cm2 up to 125 °C [17]. A 
low linewidth enhancement factor has 
been demonstrated, which results in low 
reflection sensitivity behavior [18].

In addition to lasers, QDs have been 
extensively investigated for a range of 
devices, including photodiodes, ampli-
fiers, and solar cells, and for a range of 
applications, including data communica-
tions, optical memory, space applications, 
and so on. The fact that the QDs can 
be embedded in a semiconductor matrix 
enables the fabrication of a very wide 
range of QD-based semiconductor devic-
es. QD photodiodes are able to detect 
light in the mid infrared, far infrared, 
and terahertz frequencies with a low dark 
current, an intrinsic sensitivity to nor-
mal incidence light, much longer carrier 
lifetime, and a higher operating tempera-
ture due to the reduced electron–phonon 
scattering [19]–[22]. 

While commercial mercury cadmi-
um telluride detectors and QW infra-
red photodetectors require cryogenic 
cooling to reduce thermal noise and 
obtain a reasonable signal-to-noise ratio 
(SNR), QD infrared photodetectors can 
achieve room temperature operation 
with a peak responsivity of 5.3 A/W 
and a comparably high detectivity of 6 ×  
108 cmHz1/2/W [23]. For telecom wave-
length detection, mainstream InGaAs 
and germanium (Ge) photodiodes have a 
typical dark current density in the order 
of 5 × 10−5 and 1 × 10−2 A/cm2, respec-
tively [24], [25]. As a comparison, more 
than two orders of magnitude lower dark 
current densities have been achieved 
with QD materials in the O-band (3.5 ×  
10−7A/cm−2) [26] and C-band (3.3 × 
10−7A/cm−2) [27]. 

Due to the fast carrier dynamics, low 
confinement factor, and decoupling of 
gain and phase dynamics, QD semicon-
ductor optical amplif iers (SOAs) have 
exceptional device performance rival-
ing what has been achieved through any 
other existing optical amplif iers [28]. 
Native substrates have demonstrated 
more than 25 dB gain, 20-dBm 3-dB 
saturation output power, and 90-nm 
amplif ication bandwidth, and smaller 
than 5-dB noise figures [29]. An almost 
three-fold increase of cross-gain modula-
tion bandwidth has been achieved com-
pared to a commercially available QW 
counterpart [30]. QD-based solar cells 
offer high power conversion efficiency 
with the additional sub bandgap transi-
tion to absorb otherwise wasted lower 
energy photons [31]. A relative efficiency 
improvement of 3.6% over the control 
cell, or an absolute efficiency improve-
ment of 0.5%, has been demonstrated in 
QD solar cells with a short circuit cur-
rent density of 0.02 mA/cm2/QD layer 
and an open circuit voltage loss of 50 mV 
[32]. A comprehensive review of QD-
based device performance and related 
applications is given in excellent review 
works [13], [14], [19].

Among all of the mentioned device 
applications, the most prominent one 
is near-infrared QD lasers. In addition 
to the significantly reduced ,Jth  high-
temperature operation, reduced ref lec-
tion sensitivity, and narrow linewidth 
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discussed, the insensitivity of QDs to 
defects allows for the epitaxial integra-
tion of lasers on Si, providing a much 
lower barrier to entry for Si photon-
ics. This is extremely important for the 
development of optoelectronic integra-
tion with CMOS, which has been limited 
by the lack of availability of monolithic 
Si-based light sources. 

Reviews of various approaches to using 
direct epitaxial growth to integrate InAs/
GaAs QD lasers for Si photonics applica-
tions can be found in [33]–[41]. Research 
in [33] contains results up to 2009 and has 
a laser operation wavelength up to 1.05 µm.  
Results in [34] go up to 2015 and 
showcase the direct comparison with simi-
lar QW lasers grown on Si. Device results 
in [35]–[37] are summarized up to 2019 
and focus on the 1.3-μm wavelength. Dis-
cussions in [38], [39] indicate how QD 
gain medium is utilized for circumvent-
ing crystal defects during III-V/Si hetero-
epitaxy as well as for scaling to ultrasmall 
dimensions in microcavities. Research in 
[40] presents insights into the correlations 
between QD device characteristics and 
crystalline quality of the epitaxial template 
structures on Si. The focus of [41] is on 
the epitaxial growth method of various 
III-V QD lasers with an emphasis on devel-
oping a CMOS-compatible epitaxial plat-
form on (001) Si, where III-V growth can 
be scaled up to 300-mm Si wafers.

LOWER THRESHOLD
A key driver in developing QD lasers 
is the ultralow threshold current den-
sity ( )Jth  [1]. The DOS and gain spectra 
become narrower when decreasing the 
dimensionality of the laser active region. 
This requires fewer states to be filled to 
make the active region transparent, lead-
ing to a reduced transparency current 
and, consequently, a reduced threshold 
current. Theoretical studies suggest that 
the minimum ,Jth  neglecting any cur-
rent leakage, is merely 2 A/cm2 given a 
typical dot size distribution of 10%, a dot 
area density of 4 × 1010 cm2, and a QD 
carrier decay time of 2 ns [42]. This is 
more than one order of magnitude lower 
than that of the best-reported values in 
QW lasers (45 A/cm2) [43].

A significant reduction of Jth  in QD 
lasers was achieved by incorporating a 

dot-in-a-well (DWELL) strain-reducing 
design and by applying p-type doping 
in the QD active region. The DWELL 
design places an InAs QD layer in a 
thin (typically 5–10 nm) InxGa1–xAs  
(x ≈ 10–30%) QW, giving rise to improved 
carrier capture, increased dot density, and 
thus increased material gain. With p-type 
doping, the extra holes reduce the carrier 
density required to achieve a sufficiently 
large quasi Fermi-level separation. These 
combined effects translate into a signifi-
cant improvement in material gain and a 
much-reduced laser transparency point. 

In 2009, the prophecy of low Jth  
became true, with the smallest value of Jth  
attained by QDs being merely 10 A/cm2, 
surpassing any type of semiconductor 
lasers [12]. The historical development of 
QD lasers on Si [44], [45] follows a similar 
learning curve as that of QD lasers grown 
on a native GaAs substrate [13], [14]. A 
record-low threshold current density of 
62.5 A cm−2 has been achieved with a 
3,200 × 50 μm2 broad area laser [45], and 
a record-low threshold current of 6.2 mA 
has been demonstrated with narrow ridge 
waveguide geometry [46].

For the ridge QD lasers grown on a 
Si substrate, a clear trend of lower thresh-
old currents was observed when decreas-
ing the laser ridge widths [Figure 1(a)], 
demonstrating negligible sidewall recom-
bination effects stemming from excel-
lent lateral carrier confinement in QD 
lasers. This spawned intense interest to 
explore a new size regime for microcavity 
lasers, which are motivated by the quest 
for reducing the “footprint” of photonic 
components, thereby affording a larger 
scale of on-chip integration [38], [48]–
[53]. Typically, QW-based microcavity 
devices experience serious sidewall scat-
tering and recombination as the resonator 
size is reduced to tens of microns. This 
issue becomes more prominent with the 
exposure of the active region to the side-
wall, where a deeply etched waveguide is 
required to obtain minimal bending loss-
es. In QDs, the in-plane diffusion length 
is reduced to ~0.5 µm as opposed to that 
of several microns in QWs [54]. There-
fore, QDs efficiently reduce the sensitivity 
to recombination at device sidewalls and 
other surface defects in a similar way as 
they reduce the sensitivity to dislocations.

Under CW optical pumping, QD 
photonic crystal membranes grown on a 
native substrate have yielded an ultralow 
threshold of 25 nW and a high spon-
taneous emission factor of 0.85 [55]. 
QD photonic crystal lasers have exhibited 
single-mode operation with an ultralow 
threshold of ~0.6 μW and a large spon-
taneous emission coupling efficiency up 
to 18% [51]. Meanwhile, through direct 
heteroepitaxy on a Si substrate, subwave-
length QD microdisk lasers as small as 
1 μm in diameter were achieved with a 
threshold of 35 μW and a spontaneous 
emission factor of 0.3 [56]. 

Under electrical injection, QD micror-
ing lasers directly grown on Si have 
achieved submilliamp thresholds by sig-
nif icantly improving the spontaneous 
emission efficiency and modifying the 
electromagnetic field distribution. This 
is one degree of magnitude lower than 
the best edge-emitting QD lasers. As 
expressed in Figure 1(b), for a series of 
QD microring lasers with different outer 
ring radii and a constant ring waveguide 
width of 4 μm, a monotonical decrease of 
threshold current is observed when reduc-
ing the ring diameter. An ultralow thresh-
old current of ~0.5 mA is obtained for the 
smallest dimension with a radius of 5 µm 
and a ring waveguide width of 3 μm. 

While the high aspect ratio of side-
wall/active region volume of the micror-
ing structure and defects arising from 
the III-V/Si heteroepitaxy might induce 
a large ,Jth  the Jth  of QD microrings 
can be reduced as low as 306 A/cm2  

by properly managing the thread-
ing dislocation density (TDD) of the 
GaAs buffer layer and by optimizing 
the etching sidewall [57]. As illustrat-
ed in Figure 1(d) and (e), an atomic 
force microscopy (AFM) image of 
QDs was drawn to scale with a plan-
view ECCI scan. Most device areas 
are “defect-free” considering the four 
magnitudes higher density of QDs (6 ×  
1010 cm−2) versus the TDDs (7 ×  
106 cm−2) and the small footprint of 
the microring devices. As a result, QD 
microrings directly grown on Si can 
be largely unperturbed relative to their 
native substrate counterparts, which is 
ideal for ultradense photonic integration 
with low power consumption.
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HIGHER TEMPERATURE STABILITY
In addition to the ultralow ,Jth  high-
temperature stability is another equally 
important feature expected for QD lasers. 

A full 3D carrier confinement should 
restrict charge carries exclusively to the 
states involved in lasing, independent 
of temperature [1]. However, real QDs 

usually have several excited states that 
may be thermally occupied. The holes 
are inherently much closer in energy to 
each other due to the heavier effective 
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FIGURE 1 The threshold performance for QD laser directly grown on a (001) Si substrate. (a) The threshold current versus device width for QD 
ridge lasers with as-cleaved facets. The dashed line represents a linear fit. Upper inset: the high-resolution lasing spectra taken at two times the 
threshold. Lower inset: a schematic diagram of the device. (b) The threshold current versus device width for QD microring lasers. The dashed line 
represents a linear fit. Upper inset: the high-resolution lasing spectra for various pump currents. Lower inset: a schematic diagram of the device. 
(c) A cross-sectional scanning electron microscopy (SEM) image of the QD ridge lasers with as-cleaved facet. (d) An AFM image of uncapped InAs 
QDs. (e) Plan-view electron channeling contrast imaging (ECCI) showing only two TDDs in the GaAs/Si template over a 14.5 µm × 14.5 µm field 
of view. Inset: An AFM image of the uncapped quantum dots scaled to the size of the ECCI image to illustrate the high ratio of dots to dislocations 
[46], [47]. 
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mass compared to electrons. There is 
a valence band separation of around  
10 meV between the ground state and 
first excited state compared to that in the 
conduction band (~70 meV) [16]. 

With increased temperature, the 
thermal injection of charge carriers 
from the ground state to the excited 
states can cause exponentially increasing 
threshold current, where the thermal 
spread of holes acts as the main mecha-
nism for reduced temperature stability. 
P-type modulation doping to reduce Jth  
is also pivotal for improving tempera-
ture stability [58]. With higher p-dop-
ing, the temperature dependence of the 
gain is increasingly set by the electron 
energy levels that are widely spaced in 

energy. This gives rise to a significantly 
increased temperature stability.

Commercially produced 1.3-μm QD lasers 
are available for operation at extremely 
high temperatures (150–200 °C) [59]. 
Temperature invariant operation )(T0 3=  
in a range of 5–70 °C [15], with a maxi-
mum CW operating temperature up to 
220 °C [16], and an athermal optical 
interposer with error-free data links 
at 20 Gb/s at 125 °C [17] have been 
demonstrated. For QD lasers grown 
on Si substrates, CW lasing up to 119 °C  
and pulsed operat ion up to 130 °C 
have been reported [60]. A f ive times 
improvement in characteristic tempera-
ture ( )T0  is achieved by p-type modula-
tion doping with a hole concentration of 

5 × 1017 cm−3, compared to an undoped 
QD active region [49]. 

A detailed analysis of the importance 
of p-doping for high-temperature stabili-
ty revealed consistent behaviors with pre-
vious studies of 1.3-µm QD lasers grown 
on native GaAs substrates, indicating 
that the high characteristic temperatures 
of QD lasers directly grown on Si are 
barely perturbed relative to their native 
substrate counterparts [61]. Even for 
microcavity lasers where the high aspect 
ratio of sidewall/active region volume 
can seriously deteriorate the temperature 
performance, a CW temperature up to 
100 °C is demonstrated with a T0  of  
197 K between 10 and 50 °C and of  
55 K between 60 and 100 °C, as illus-
trated in Figure 2 [47], [62].

DEFECT INSENSITIVITY
Motivated by the quest to achieve mo -
nolithically integrated Si-based laser 
sources, research has been conducted 
since the 1980s to grow QW-based lasers 
directly on Si. Since the f irst demon-
stration [63], substantial improvements 
have been achieved in terms of Jth   
(214 A/cm2) [64], light output power 
(400 mW/facet) [65], and external quan-
tum efficiencies (87%) [66] that are com-
parable to those obtained on native GaAs 
substrates. However, early aging tests 
showed a very short device lifetime of 
a few seconds, with a rapid increase in 
threshold [67]. Even with an ultralow 
TDD of 2 × 106 cm−2 obtained through 
a time-consuming growth of a 10-µm 
thick Ge/GeSi/Si buffer, CW lifetime 
was merely improved to around 4 h [68].

Degradation mechanisms of the laser 
failures have been heavily researched, 
and dark line defects (DLDs) initiated 
by the presence of TDDs are identi-
fied to be the most critical mechanism. 
Substantial efforts have been made to 
control defect formation in monolithic 
III-V heteroepitaxy on Si via strained 
interlayers, thermal cycling, and selec-
tive area growth [69]–[74]. However, 
further lowering of the TDD below 
106 cm−2 is difficult. Since the interac-
tion between dislocations is the only 
mechanism to filter out dislocations in 
bulk films, with such a low TDD, the 
possibility of two dislocations meeting 
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FIGURE 2 (a) The measured temperature-dependent L–I curves of an electrically injected micror-
ing laser with a radius of 50 µm and a width of 4 µm. Inset: A SEM image of the device. (b) The 
threshold current as a function of temperature. Inset: a schematic of the device [47].
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each other to annihilate is exceedingly 
low [75]. As a result, defect-free III-V/
Si or even defect levels comparable to  
that of state-of-the-art III-V wafers 
(103–104 cm−2) is never available. 

In the end, even one dislocation can 
result in the failure of a QW device, and 
the most prolonged lifetime reported 
among all GaAs-based QW lasers on Si 
is only around 200 h after more than a 
decade of research [76]. The historical 
development of the Jth  and the device 
lifetime for QW-on-Si and QD-on-Si 
lasers is depicted in Figure 3. Despite the 
impressively low Jth  (269 A/cm2), GaAs 
QW lasers failed to achieve sufficiently 
long lifetimes to be fully considered for 
commercial applications.

Meanwhile, ever since the first dem-
onstration of QD lasers grown on Si 
[77], the performance of QD lasers has 
quickly surpassed that of QWs. While the 
lowest Jth  of QDs (62.5 A/cm2) [45] is 
only four times smaller than that of QWs 
(269 A/cm2) [68], the first aging test 
of QD lasers exhibit more than 2,700 h 
of CW operation with no catastrophic 
failures at 30 °C and an extrapolated 
mean time to failures (doubling the ini-
tial threshold) up to 4,600 h [78]. This is 
orders of magnitude longer than any pre-
vious lifetime test of III-V lasers epitaxi-
ally grown on a Si substrate with a QW 
active region. By reducing the TDD from 
3 × 108 to 7 × 106 cm−2, commercially 
promising extrapolated lifetimes of more 
than 10 × 106 h can be achieved despite 
the fact that the TDD is still two orders 
of magnitude higher than that of the 
native substrates (Figure 4) [79].

For QD lasers, one dislocation gener-
ated from III-V/Si heteroepitaxy affects 
a few dots. With a typical TDD on the 
order of 106 cm−2 in optimized buffers 
and a typical QD density of 5 × 1010 cm−2,  
the possibility of charge carriers recom-
bining radiatively within a dot before 
recombining nonradiatively with a dis-
location is very high. By reducing the 
amount of nonradiative recombination 
at dislocations, QDs limit the extent of 
recombination-enhanced dislocation 
climb in the material, which is the most 
critical driving force for the evolution of 
DLDs responsible for rapid device failures 
[80]. Furthermore, QDs act to stiffen the 

lattice and make the material more resis-
tant to defect propagation [81]. This gives 
QDs far less sensitivity to the presence of 
defects than QWs.

In aging tests conducted at Intel Cor-
poration, QD lasers were stressed at 35 °C 

[Figure 5(a)] and 60 °C [Figure 5(b)] 
under CW operation, with driving cur-
rents set at two times the initial threshold 
current. At room temperature (35 °C), 
almost no degradation was observed after 
the initial 200 h of aging, and only an 8% 
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decrease in the slope efficiencies occurred 
during the entire 4,000 h aging peri-
od. This leads to extrapolated lifetimes 
of more than 107 h for all of the lasers 
being aged. At an elevated temperature of  
60 °C, which is important for practical 
applications in data centers or on-chip 
optical interconnects, the extrapolated 
lifetimes are more than 65,000 h. More 
research is ongoing to understand the 
device lifetime behavior and improve reli-
ability [82]–[84].

In addition to the advantages of 
reduced sensit ivity to dislocat ions, 
the use of QDs in place of QWs offers 
reduced sensitivity to thermal f luctua-
tions and radiation damage. Similar to 
the mechanisms of dislocation insensitiv-
ity, the effects of the 3D quantum con-
finement in QDs significantly reduced 
the likelihood of carrier nonradiative 
recombination at radiat ion-induced 
defect centers. As a result, the impact of 
high-energy radiation on the active lay-
ers is less likely to decrease the material 
efficiency. Photoluminescence emission 
from equivalent InGaAs/GaAs QW and 
QD structures have been compared after 
controlled irradiation with 1.5-MeV pro-
ton f luxes [85]. A two orders of mag-
nitude increase in radiation hardness 
has been measured in QDs compared 

to that of QWs of the same composi-
tion and placed at the same depth in the 
structure. The improved radiation hard-
ness translates into the superior per-
formance of irradiated QD lasers [86], 
enabling the successful application of 
QDs in spaceborne applications and 
metrology that require stringent radia-
tion hardness standards.

To fully exploit the relative defect 
immunity of QD lasers for future laser 
growth and processing on full-size Si 
wafers as well as the relative radiation 
immunity of QD lasers for applica-
tions in space and other harsh environ-
ments, extensive research efforts have 
been conducted to explore the physical 
mechanisms responsible for the degrada-
tion of 1.3-µm InAs QD lasers grown 
on Si [87]. QDs can eff iciently con-
fine carriers and prevent defect reactions 
when devices are stressed at low current 
densities or low energy radiation. At 
high stressed conditions, carriers f irst 
recombine on the excited state and then 
escape out of the QDs and migrate to 
the QWs without being spatially con-
fined. The lateral movement of carriers 
within the QW layers stimulates non-
radiative recombination at dislocation/
radiation-induced defect centers located 
in the proximity of the active region. 

Consequently, degradation proceeds 
through recombination-enhanced defect 
reaction, causing performance degrada-
tion and, eventually, device failures. 

The effect of proton bombardment in 
QD material has been quantified, and it 
has indicated that maximizing the QD 
density and capture probability per dot 
can efficiently increase the relative radia-
tion immunity [88]. The effects of TDDs 
and the inclusion of p-modulation dop-
ing in the QD active region have been 
heavily explored [89], contributing to 
rapid progress in the reliability of the 
epitaxially grown QD on Si lasers. This 
improved capability of producing defect 
and radiation immunity of QD lasers 
indicates the great potential of QDs to 
be used in Si photonics applications and 
space applications.

LINEWIDTH ENHANCEMENT 
FACTOR 
The l inewidth enhancement factor 
(LEF) is a key parameter in semiconduc-
tor lasers, determining the spectral line-
width, modulation-induced chirp, and 
sensitivity to optical injection or optical 
feedback [90]. The LEF (also termed the 
a -factor) describes the ratio of changes 
in the real part of the refractive index ( )n  
of the laser medium with carrier density 
( )N  to that of the imaginary part )(ni  
with respect to the carrier density [91]. 
Mathematically, the a -factor can be re-
expressed as a function of measurable 
parameters, as
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where m  is the wavelength, g  is the gain, 
I  is the injection current, and Gnet  is the 
variation of the net modal gain.

Therefore, the a -factor can be 
extracted by tracking the frequency shift 
of the longitudinal Fabry–Perot (FP) 
mode resonances to attain the value of 
the differential index and by measur-
ing the net modal gain in the amplified 
spontaneous emission spectra to attain 
the value of the differential gain [92].
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FIGURE 5 The L–I curves from (a) 30 °C and (b) 60 °C aging tests of QD lasers directly grown on 
Si. The driving currents were set at two times the initial threshold current.
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From the definition, lower values of 
the a -factor can be obtained for mate-
rials with high differential gain and a 
symmetric gain spectrum. Due to the 
delta-like DOSs, the ideal inhomoge-
neously broadened gain spectrum of 
QD lasers assumes a highly symmetric 
Gaussian profile. Therefore, a near-zero 
a -factor can be expected for uniform 
QDs according to the Kramer–Kronig 
relationship, granted that the peak gain 
wavelength stays the same [92], [93]. In 
real cases, self-assembled QD lasers via 
the Stranski–Krastinow growth mode 
have a size variation in dots. The inho-
mogeneous broadening from the dis-
tribution of QD sizes and the higher 
excited state contributions result in a 
finite value of the actual a-factor. 

Still, with highly uniform dot size 
distributions, QD lasers have yielded an 
ultralow a-factor of 0.13, independent of 
the temperature range being measured 
(288–308 K) [92], [94]. The possibility of 
pushing the a-factor into negative values 
has been envisioned with high dot unifor-
mity and sufficient modulation p-doping 
[95]. Since the a -factor increases with 
higher injection, a negative a -factor at 
the subthreshold injection level makes it 
feasible to achieve a truly zero a-factor at 
a particular operating bias.

REFLECTION INSENSITIVITY
The advantages of a low a -factor are 
closely related to feedback susceptibility. 
In any integrated photonic system, unin-
tentional reflections from various refrac-
tive index interfaces will be fed back into 
the laser cavity, inducing increased laser 
relative intensity noise (RIN), linewidth 
broadening, mode hopping, or even total 
coherence collapse. This is particularly 
detrimental to data communication sys-
tems as the increase in laser amplitude 
or phase noise increases the bit error rate 
(BER). Traditionally, external Faraday 
rotation-based optical isolators have been 
used to block the undesired reflections in 
photonic integrated circuits (PICs). The 
inclusion of optical isolators in the laser 
assembly increases the cost and footprint, 
complicates the packaging, and adds 
insertion loss. 

Recently, Si-based on-chip isolators have 
been demonstrated with a maximum 

isolation ratio of 32 dB and only 2.3 dB 
excess loss [96]. The compact integrated 
optical isolator with an electromagnet 
doesn’t require precise positioning of 
a permanent magnet close to the chip, 
thus greatly reducing the packaging 
cost. However, their integration with 
lasers still adds extra process steps with 
increased cost, total chip/system size, 
and total loss within the system. 

Therefore, isolator-free laser source 
operation is desirable to eliminate the 
copackaged/integrated optical isola-
tor while still maintaining the required 
feedback tolerance. The strength of the 
feedback relative to a critical feedback level 
( )fcrit  [91] is defined as the fractional pro-
portion of the laser output power that can 
be externally reflected and fed back into 
the cavity before coherence collapse occurs:
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where Lx  is the cavity roundtrip time 
and C R R1 2e = -^ h is the coupling 
strength of the laser cavity to the ex -
ternal cavity, with a facet reflectivity of 
R  [97].

From the scaling relations, the fcrit  
is closely related to the a-factor and the 
damping factor ,  Kf  r

2
0c c= + which is 

defined in terms of the K-factor, relaxation 
oscillation frequency, ,fr  and damping off-
set, .0c  Lowering a  from 2 (i.e., the state-
of-the-art a  for QWs) to 0.13 (i.e., the 
state-of-the-art a  for QDs) can result in a 
factor of more than 11,000 times increase 
in the critical feedback level for coherence 
collapse. Together with the highly damped 
relaxation oscillations from larger K-factors 
(1 ns for QDs and 0.265 ns for QWs) 
[4], QD lasers exhibit more than 100,000 
times increase (or 50 dB) in the critical 
feedback level, such that coherence collapse 
does not occur even with 90% of the light 
reflected back to the laser. 

Figure 6 depicts the spectral evolu-
tion as a function of feedback level for 
both QD and QW lasers in the opti-
cal domain and the RF domain. QD 
lasers directly grown on Si show excel-
lent insensitivity to optical perturbations, 
with only a slight red shift of the modal 
wavelength in the optical domain and no 
sign of nonlinear oscillations in the RF 
response. In comparison, the QW lasers 

T
ot

al
 E

xt
er

na
l R

ef
le

ct
io

n 
(%

)
T

ot
al

 E
xt

er
na

l R
ef

le
ct

io
n 

(%
)

100

10

1

0.1

0.01

100

10

1

0.1

0.01

100

10

1

0.1

0.01

100

10

1

0.1

0.01

–30

–40

–50

–60

–70

–60

–70

–80

–90 R
F

 P
ow

er
 (

dB
m

)
S

pe
ct

ra
l P

ow
er

 (
dB

m
)

1,300.9 1,301 1,301.1 1,549 1,549.4 1,549.8
Wavelength (nm)

Frequency (GHz)Frequency (GHz)

Wavelength (nm)
(a)

(d)(c)

(b)

0 2 4 6 8 10 0 2 4 6 8 10

FIGURE 6 Optical spectra for (a) QD and (b) QW lasers as a function of the feedback level. The 
corresponding radio frequency (RF) spectra mappings for the (c) QD and (d) QW lasers. The 
lasers are biased at I3 th# , and the vertical axes are on a log scale. Figure from [94].

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on July 15,2021 at 01:04:17 UTC from IEEE Xplore.  Restrictions apply. 



16  |  IEEE NANOTECHNOLOGY MAGAZINE  |  APRIL 2021 

undergo coherence collapse with a strong 
broadening of the FP modes and intense 
chaotic oscillations in the RF domain 
at a feedback level of 1.7% [94]. This 
enables an aggregate data rate of more 
than 640 Gb/s using an array of QD 
distributed feedback (DFB) lasers from a 
chip without isolators to avoid a feedback 
effect in the system demonstration [98]. 

In addition to coherence collapse, 
optical feedback can increase RIN, which 
degrades the SNR and increases the BER. 
Since RIN is inversely proportional to 
the damping rate, the approximately five 
times higher K-factor in QDs relative to 
QWs leads to a much-reduced sensitiv-
ity [99]. Compared to heterogeneously 
integrated QW lasers, QD lasers show 
a nearly 20 dB reduced sensitivity to 
feedback with total system RIN below  
–140 dBc/Hz from 100 to 10 GHz 
[100]. At the system level, the use of on-
chip QD lasers without optical isolation 
gives rise to a low power penalty of 1 dB 
at 5 Gb/s after a 12-km transmission dis-
tance [101], a penalty-free operation for 
BER < 10−12 at 10 GHz external mod-
ulation with 100% (i.e., –7.4 dB) opti-
cal feedback [94], error-free operation at  
25 Gb/s and more than 70 °C in a chip-
scale Si-photonics optical transmitter 
[102], and negligible signal degradation 
by optical feedback within the transmitter 
for an optical input–output core [103]. 

Furthermore, researchers have found 
that the critical feedback level strongly 
depends on the ground-state-to-excit-
ed-state lasing threshold ratio. Stronger 
insensitivity to the optical feedback is 
expected by slowing the switching from 
the ground state to the excited state. 
Together with a low a-factor that can be 
achieved through high dot size unifor-
mity, appropriate p-modulation doping, 
and an essentially large damping rate, the 
commercialization of on-chip QD lasers 
without optical isolation for data trans-
mission on a PIC is within reach.

NARROW LINEWIDTH
Semiconductor lasers with narrow line-
widths are of central interest in photonic 
applications where low phase noise is a 
prerequisite. The connection between 
the laser linewidth and the a-factor can 
be mathematically expressed as:

 ,P
g

h n4 1sp
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where gthC  is the threshold modal 
gain, v g  is the group velocity, hv  is the 
photon energy, nsp  is the population 
inversion factor, and n0  and P0  are the 
single facet optical efficiency and output 
power, respectively. 

With an a -factor in the range of 
2–6, traditional QW DFB or distributed 
Bragg ref lection (DBR) lasers typically 
have linewidths on the order of a few 
megahertz. To reduce the laser linewidth 
to the kilohertz regime and ultimately 
reach into the sub kilohertz range, vari-
ous efforts have been conducted, includ-
ing external cavity designs [104]–[106] 
and heterogeneous Si/indium phosphide 
(InP) photonic platforms [107], [108]. 
However, these devices either remain 
significantly bulky or require much more 
process complexity as opposed to the 
standard DFB/DBR lasers. 

Recently, a large linewidth reduction 
has been achieved in DFB lasers when the 
inherent properties of the optical active 
material are used, i.e., replacing the QWs 
with QDs. From the scaling relations, 
a reduction in the absolute value of the  
a -factor can induce large reductions in 
the laser linewidth by a factor of .1 2a+^ h  
For a 1.55-µm QD DFB laser having 
an a-factor of 0.5, the reduction of the  
a-factor from 4 to 0.5 results in a 13 times 
reduction in linewidth. This translates into 
measured linewidths as narrow as 60 kHz 
(30 ! 10 kHz intrinsic linewidth), which 
is more than one order of magnitude lower 
than those obtained in comparable QW 
DFB lasers [109]. 

Fol lowing th is demonst rat ion, 
a parametric model was developed. 
Based on this model, state-of-the-art 
1,550-nm InAs/InP QD DFB lasers 
can achieve l inewidths of less than 
50 kHz at 20 ºC and only slightly 
broaden to less than 80 kHz at 80 ºC 
[110]. In the 1.3-µm region, QD DFBs 
achieve a linewidth–power product of 
1.2 MHz mW, which is more than one 
order of magnitude lower than the typi-
cal value in QW DFBs [111]. Using a 
simple, integrable architecture without 
involving regrowth steps or subwave-
length grating lithography, a tunable 

single-wavelength QD laser directly 
grown on Si (Figure 7) achieved a 469-kHz 
Lorentzian linewidth with greater than 
45-dB SMSR [112].

In this design, two all-active ring res-
onators ( , )RR1 2  with slightly different 
radii are cascaded to shape the Vernier 
spectrum needed for wavelength tuning. 
The two ring resonators are coupled to 
a common FP cavity by two half-wave 
couplers, which are designed to maintain 
low cross-coupling coeff icients with a 
180° phase difference for high single-
mode selectivity [113]. A SEM image of 
the fabricated device and the schematic 
illustration are presented in the inset in 
Figure 7(a) and (c), respectively. 

The resonant frequency combs of 
the three cavities and the material gain 
spectrum are schematically illustrated 
in Figure 7(b) to demonstrate the tun-
ing principle. Using a commercial phase 
noise measurement system, a white noise 
f loor of SF(f) = 1.5 ◊ 105 Hz2/Hz 
level was measured, corresponding to 
a Lorentzian linewidth of 469 kHz 
[Figure 7(a)]. Lasing spectra across 
the tuning range can be measured by 
pumping the half-wave coupler and FP 
cavity region to transparency and tun-
ing the current in either ring resona-
tor. By changing the injection current 
on R1  while keeping the other three 
electrodes biased at f ixed current val-
ues as ,I 67 mAc =  ,I 79 mAFP =  and 

rI 30 mA,=2  respectively, 11-channel 
and 37-channel wavelength switching 
can be achieved, with minimum SMSR 
of 45 dB [Figure 7(c)] and 30 dB [112], 
respectively. In addition, a similar struc-
ture grown on a GaAs substrate achieved 
716-kHz Lorentzian linewidth, 4-GHz 
3-dB bandwidth, and 8-Gb/s nonre-
turn to zero (NRZ) signal modulation 
by directly probing the chip [114].

BETTER MODE LOCKING
Semiconductor mode-locked lasers 
(MLLs) possess the capability to gen-
erate ultrashort pulse trains as well as 
coherent optical frequency combs. This 
makes them promising compact light 
sources for short-distance wavelength-
division multiplexing (WDM), photonic 
assisted analog-to-digital conversion, and 
on-chip clock recovery applications for 
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which high repetition rate pulse sources 
with low amplitude noise, low timing 
jitter, high peak power, and narrow RF 
linewidths are of utmost importance 

[115]. Ever since the first demonstration 
with a bulk active material system [116], 
pronounced improvements in mode-
locking performance have been achieved 

by modifying the DOS function to a 1D 
conf inement of the carriers in a QW 
active region and, in the ultimate case, 
to a 3D confinement of the carriers in 
a QD active region. The higher dimen-
sional conf inement of carriers gives 
rise to an increased ratio of satura-
tion energies in the gain and absorber 
sections, which is a key mode-locking 
parameter [117].

In addition to the delta-like DOS 
function in QDs, the broad gain spec-
trum predicts a theoretical minimum 
pulsewidth below 100 fs [118]. The 
small a -factor is benef icial for low-
chirp, Fourier-limited pulses [14]. The 
low threshold current densities, inter-
nal loss, and confinement factor help to 
reduce noise [119]. The ultrafast gain/
absorption recovery stages and low satu-
ration energies contribute to a stable, 
wide range and low jitter mode locking 
[120], and the suppressed lateral car-
rier diffusion gives rise to low beam 
f ilamentation and negligible sidewall 
carrier recombination for deep mesa 
devices [121]. All of these combined 
parameters profoundly improved the 
mode-locking performance in terms of 
stability, pulse duration, chirp, output 
power, and noise.

A benchmark of the performance of 
monolithic multisection passively mode-
locked QD lasers has been summarized 
in [123]. In many aspects, QD mode-
locked lasers outperformed their QW 
counterparts [124]. For monolithic pas-
sively mode-locked QD lasers grown on 
native substrates, an ultrashort optical 
pulse of 360 fs [117] and a record-low 
500-Hz RF linewidth [125] have been 
reported. Sixteen quadrature amplitude 
modulation dual-polarization WDM 
transmission on 38 channels at an aggre-
gate net data rate of 10.68 Tb/s over  
75 km of standard single-mode f iber 
have been achieved without any hard-
ware-based phase noise reduct ion 
schemes [126]. 

For passively mode-locked QD 
lasers d i rect ly grown on Si sub-
strates, the lowest timing jitter value 
of 82.7 f s  at  a  repet it ion rate of 
20 GHz has been demonstrated [Fig-
ure 8(a)]. Sixty-four channels with 
BERs below the soft-decision forward 
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error correction (SD-FEC) threshold 
[Figure 8(b)] have been used in the 
back-to-back (B2B) and 5-km stan-
dard single-mode fiber (SSMF) trans-
mission experiment. With a 32-GBaud 
Nyquist PAM-4 format, clear eye open-
ings have been observed for both the 
B2B and the 5-km SSMF transmis-
sion and for the representative eye dia-
grams at 1,269.445 nm, as depicted in 
Figure  8(c). An aggregate total trans-
mission capacity of 4.1 Tb/s is real-
ized, demonstrating Tb-capable WDM 
interconnect networks.

SEMICONDUCTOR OPTICAL 
AMPLIFIERS
High gain and saturation output power 
SOAs are important building blocks in 
future large-scale PICs to allow for scal-
ing to thousands of optical elements and 
to compensate for the losses introduced 
by large numbers of passive and active 
components [127]. In-line SOAs are a 
natural solution to address the accumu-
lated insertion loss issues from those pas-
sive switches, waveguide crossings, and 
couplers, which would help alleviate the 
requirement on the light source side as 
well as compensate for the path loss to 
maintain channel equalization.

Recent reports of the SOAs on Si gen-
erally leverage flip chip bonding or wafer 
bonding technologies of QW ga in 
regions, with excellent performance in 
the C-band demonstrated [128], [129]. 
Greater than 26-dB on-chip gain [130], 
17-dBm saturation output power [131], 
and 12.1% wall-plug eff iciency (WPE) 
[132] have been demonstrated. O-band 
Si PICs are a hot topic recently, driven 
by the huge traffic in data centers and 
passive optical networks [133], and the 
developed InAs QD direct growth plat-
form for lasers can be used naturally to 
realize on-chip O-band SOAs. 

QD gain media for SOAs has multiple 
advantages compared to its counterparts. 
The fast gain response makes it suitable to 
amplify high-speed signals without pat-
tern effects; the high temperature stabil-
ity leads to uncooled operation; the low 
threshold current density, internal loss, 
and confinement factor contribute to low 
noise figure operation; and the inhomo-
geneously broadened gain translates to 

a wide amplif ication bandwidth [29], 
[83], [134]. The first QD SOA directly 
grown on Si with high gain and large 
amplif ication bandwidth has recent-
ly been reported [28]. It leverages a 
tapered gain section design to enlarge 
the mode area for enhancing the satu-
ration output power. The QD region 
spacer layer was p-modulation doped to 
improve the temperature stability. The 
device demonstrates a maximum on-chip 
gain of 39 dB, minimum noise figure 
of 6.6 dB, saturation output power of  
24 dBm, 2  100 -nm ampl i f ica-
tion bandwidth (i.e., gain 2 20 dB), 
and a WPE of 20% (Figure 9). The 
introduction of p-modulation dop-
ing ef fect ively extends the device 
operation to 70 °C with 2  20 dB  
gain in a 21-nm wavelength range.

The improvement in receiver sensitiv-
ity by using QD optical preamplification 
is illustrated in Figure 10 in a filterless 
60-Gb/s NRZ transmission system [28]. 
A 15-dB photodiode sensitivity improve-
ment (–25 dBm minimum sensitivity) can 
be obtained at 20 °C. Minimum receiver 
sensitivities of –20 and –13 dBm can be 
obtained under elevated stage tempera-
tures at 40 and 60 °C, respectively, at the 
KR4-FEC coding limit. The effective sen-
sitivity enhancement bandwidths are 

60, 30, and 10 nm, respectively, for the 
temperatures of 20, 40, and 60 °C.

CONCLUSION
In summary, recent advances in the 
physics and applicat ions of 1.3-µm 
self-assembled QD lasers have been 
reviewed, concentrating on six key areas, 
namely, the large tolerance to material 
defects that allows for the epitaxial inte-
gration of QD lasers on Si, the much-
reduced ref lection sensitivity feedback 
that offers the prospect of eliminating 
optical isolators in PICs, the low a -fac-
tors resulting in narrow linewidth lasers, 
the ultrafast gain dynamics useful for 
semiconductor mode-locked lasers, and 
the record-low threshold currents and high 
temperature stability of these lasers. 

Significant improvements in III-V/
Si epitaxy have pushed QD technology 
to the frontiers of Si photonics and to a 
wide range of applications. Still, much 
effort is needed to make this technol-
ogy ubiquitous and affordable for high- 
volume, high-performance PICs. To 
name a few, a systematic study of reliabil-
ity and reproducibility with high power 
testing is needed to prove laser viability 
at data center ambient temperatures, and 
wafer scale growth and yield on 300-mm 
Si substrates are required to demonstrate 
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the economies of scale in photonic inte-
gration via epitaxial III-V on Si. 

In terms of integration via epitaxy, 
the majority of research still focuses on 
individual devices, particularly lasers. 
The performance of amplifiers, photode-
tectors, and modulators using QD mate-
rials needs to be demonstrated. Low-loss 
active–passive coupling schemes need 
to be developed to integrate these QD-
based components with waveguides, 
preferably in Si photonics. The key next 
step will be demonstrating a platform 
that allows for epitaxial integration to 
best leverage the economies of scale of 
Si while maintaining the highest yield at 
the lowest lifecycle cost.
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