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Abstract— Laser gain regions using quantum dots have numer-
ous improvements over quantum wells for photonic integration.
Their atom-like density of states gives them unique gain prop-
erties that can be finely tuned by changing growth conditions.
The gain bandwidth can be engineered to be broad or narrow
and to emit at a wide range of wavelengths throughout the near
infrared. The large energy level separation of the dot states from
the surrounding material results in excellent high-temperature
performance and gain recovery at sub-picosecond timescales. The
fact that the quantum dots are isolated from each other and
act independently at inhomogeneously broadened wavelengths
results in ultralow linewidth enhancement factors, highly stable
broadband mode-locked lasers, single-section mode locking, and
the possibility of reduced crosstalk between amplified signals at
low signal injection and enhanced four-wave mixing at high signal
injection. The high carrier confinement and areal dot density
provide reduced sensitivity to crystalline defects allowing for long
device lifetimes even when epitaxially grown on silicon at high
dislocation densities.

Index Terms— Integrated optoelectronics, photonics, quantum
dots, semiconductor lasers.

I. INTRODUCTION

ONOLITHIC photonic integration allows optical sys-

tems previously relegated to bulky, bench-scale appa-
ratuses to be developed in compact form factors enabling
reduced cost and new applications. In particular, deployable
gas and biomolecular sensing systems, lightweight and com-
pact LIDAR components for automobiles, and small foot-
print, energy efficient interconnects for datacom and telecom
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applications are all currently driving development of on-chip
photonic integration. In all commercial photonic integrated
circuits (PIC) quantum wells (QW) have been utilized as
the gain medium of choice. However, there are numerous
advantages in terms of performance and economic viability
to instead utilizing quantum dots (QD) for many applications.

First proposed in 1982 by Arakawa and Sakaki [1]
and demonstrated in 1994 by Kirstaedter et al. [2] with
Mirin et al. [3] showing the first clear evidence of the the-
orized atom-like density of states, quantum dot lasers have
shown numerous performance advantages over QW devices
including lower threshold currents [4], higher temperature
operation [5], reduced sensitivity to crystalline defects [6],
improved stability against optical feedback [7], and ultrafast
gain dynamics applicable to semiconductor optical ampli-
fiers (SOA) [8] and mode-locked lasers (MLL) [9]. Each of
these advantages comes about from the discrete density of
states and inhomogeneously broadened gain spectra unique
to the three-dimensional carrier confinement of QDs. Perhaps
most notable among these attributes is that their insensitivity
to defects allows for epitaxial integration of QD lasers on
silicon, and their insensitivity to feedback offers the prospect
of eliminating optical isolators in PICs. The former could
allow for future laser growth and processing up to the 450 mm
scale, or, in the nearer term, for full wafer bonding to be used
in 300 mm heterogeneous silicon photonics processes [10].

In the following sections, the basic physical principles of
semiconductor QDs will be introduced, and their implications
for performance as a gain medium will be explored in the
context of recent results. Where possible, results for QD
devices grown on silicon will be emphasized to show the
robustness of the material system to defects, and potential for
more economical production [11].

II. FUNDAMENTALS OF SEMICONDUCTOR
QUANTUM DOTS

A. Electronic Density of States

Semiconductor quantum dots can be thought of quali-
tatively as the textbook case of a particle-in-a-box. The
three dimensional quantum confinement provided by band
offsets between the narrow gap dot material and surrounding
matrix was initially predicted to lead to full discretization
of the energy levels into delta-function-like states possessing
atom-like degeneracy, in contrast to the step-function-like QW
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Fig. 1. Schematic illustration of quantum confinement and density of states
in quantum wells and dots.
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Fig. 2. (a) Schematic illustration of inhomogeneous broadening for a quantum
dot state. (b) A realistic schematic of the density of states, p(E), of a quantum
dot structure including inhomogeneous broadening and the wetting layer.

density of states (DoS), p(E) (see Fig. 1). Analogous to the
particle-in-a-box, the energy levels of a QD are determined by
the size of the dot and height of the potential barrier.

In real semiconductor systems the idealities of the
particle-in-a-box picture begin to disappear. The random,
self-assembled process of QD formation in crystal growth
leads to nonuniformity in the size distribution, strain profile,
and compositional fluctuations if non-binary alloys are used
for the dots or surrounding matrix. These fluctuations lead
to inhomogeneous broadening, AEin, of the optical prop-
erties of a dot ensemble. The broadening effectively leads
to the formation of a quasi-band of states representing the
weighted superposition of the discrete states of individual dots,
as illustrated in Fig. 2(a). Fortunately, the energy level spacing
between principal quantum states can be a few times larger
than the inhomogeneous broadening such that the quantized
separation can be maintained. An important result of this
statistical broadening is that it yields a highly symmetric,
Gaussian gain spectrum for the QD states.

The extent of inhomogeneous broadening is dependent on
crystal growth conditions and provides additional tunability
to the gain spectrum in QD devices, which can be advanta-
geous for broad bandwidth applications such as for optical
amplifiers, tunable lasers, and mode-locked lasers. For single-
mode lasing with low threshold and high efficiency, a smaller
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inhomogeneous broadening is desirable, since off-resonance
dots will still capture charge carriers and result in unclamped
spontaneous emission. In state-of-the-art QD material, inho-
mogeneous broadenings, as measured from the photolumines-
cence spectrum, as low as 24 meV have been realized at room
temperature [S].

In further departure from the depiction of Fig. 1, the most
well-developed QD material systems form via the Stranski-
Krastanov growth mode [12], which yields a thin wetting
layer of dot material that acts as a QW connecting all the
dots in a layer. A more realistic representation of the DoS of
QD material is shown in Fig. 2(b). Atomic force microscopy
micrographs of such material are shown in Fig. 3 along with
a cross-section transmission electron microscopy image and
representative photoluminescence spectrum.

B. Material and Structure

The most well-developed quantum dot materials system is
that of In(Ga)As grown on (001) GaAs or InP lattice constant
materials. This material system provides the flexibility to
obtain luminescence at wavelengths from around 1 xm to
1.8 um [10] but has been most utilized at the datacom and
telecom wavelengths of 1.3 um and 1.55 um, respectively.
In the less strained InAs/InP system, asymmetric adatom
diffusion lengths on the growth surface can lead to lengthening
of the QDs in the [011] direction into structures commonly
termed “quantum dashes” (QDash). These structures appear to
perform as quasi-one dimensional materials with performance
characteristics between dots and wells [13].

Depending on the growth conditions and surrounding mate-
rial chosen, the size, shape, and strain profile of a QD can be
changed [14]. These structural changes can have a dramatic
effect on the energy level structure of the QDs [15] changing
the transition energies, spacing between energy levels, number
of confined states, and the ratio of transverse electric (TE)
to transverse magnetic (TM) emission [16]. At the ensemble
level, the growth conditions will affect the inhomogeneous
broadening as discussed previously and the dot density [17],
which is typically maximized for laser and amplifier applica-
tions to give the maximum gain.

III. QUANTUM DOT DEVICE STRUCTURE

The QD material presented in the following results has been
grown using solid source molecular beam epitaxy (MBE).
The high degree of tunability in the surface adatom mobility
makes MBE an ideal technique for growing optimal QD
layers. Additionally, the lower growth temperatures of MBE
for Al-containing compounds relative to metalorganic chem-
ical vapor deposition (MOCVD) is beneficial for avoiding
harmful intermixing of the QD layers during growth of the
top half of the device structure [18], typically a graded-index
separate-confinement heterostructure (GRINSCH) composed
of 20-50% AlGaAs at a thickness of ~1.5 um for O-band
devices and InP or ternary/quaternary arsenide alloys for
C-band devices.

The QD devices presented in the following sections are
designed for emission around 1300 nm and have the structures
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(a) 5 pum x5 um atomic force microscopy image of an uncapped quantum dot layer with luminescence around 1300 nm. Larger white spots represent

coalesced quantum dots. (b) Zoomed in image from (a). (c) Cross-sectional transmission electron microscope image of four stacked quantum dot layers.
(d) Representative photoluminescence spectrum from a single layer of quantum dots.
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(Left) Schematic illustration of the epitaxial structure used for lasers and amplifiers including one period of the p-modulation doped active region and

the III-V/Si buffer including defect filter layers and thermal cycle annealing (TCA) to reduce dislocation densities (Right) Cross-sectional scanning electron

microscope image of a cleaved laser facet.

based on the typical design depicted in Fig. 4. The cladding
consists of a 1.4 um Alp4Gag gAs GRINSCH with p-cladding
material on top and n-cladding on the bottom. The results
shown utilize five to seven periods of InAs quantum dots
in 7 nm Ing ;5Gagp gsAs QWs with varied active region doping.
The nominal InAs thickness is 2.55 ML, deposited at 500°C
and.113 ML/s with a V/III ratio of 35. The bottom cladding
is grown at 580°C while the top cladding is grown at 550°C
to minimize interdiffusion in the active region. At these QD
growth conditions, dot densities of up to 6.5x10'% cm=2 and
photoluminescence (PL) full-width at half maximum (FWHM)
as low as 28 meV can be obtained as shown in Fig. 3.

Devices grown on Si contain the buffer structure shown
in Fig. 4. For the initial III-V/Si template we have inter-
changeably used GaP/Si, which is commercially available from
NAsPy v, GmbH, and MOCVD grown GaAs on v-groove
patterned Si [19]. Any other template design could be utilized
assuming antiphase domains (APD) are eliminated. Demon-
strated APD free techniques in addition to those already
mentioned include all-MBE growth using AlGaAs nucleation
layers on Si [20], MOCVD growth of GaAs on planar
silicon [21], and MBE growth of GaAs on homoepitaxial Si
or Ge hollow v-groove structures [22].

Devices are processed into laser cavities using inductively
coupled plasma dry etching. Sidewall passivation is provided
by 30 nm of Al,O3 deposited by atomic layer deposition

while electrical isolation is provided by subsequent sputtered
deposition of 300 nm SiO,. Metal contacts are deposited using
electron beam deposition with AuGe/Ni/Au n-contacts and
Ti/Pt/Au p-contacts, both top-side contacts.

IV. GAIN IN SEMICONDUCTOR QUANTUM DOTS
A. Independent Emitters

Each individual QD represents an uncorrelated emission
source from other spatially separated quantum dots. There
is carrier population coupling among quantum dots occurring
through the wetting layer QW, which is separated in energy
space by a few hundred meV from the dot ground state.
The high separation between energy levels means carrier
thermalization is relatively suppressed as compared to QW
lasers in the InGaAs material system at normal operating
temperatures as evidenced by the demonstration of 220°C
continuous wave (CW) lasing in a QD laser on GaAs [5],
the highest temperature operation of any semiconductor laser,
and the demonstration of an athermal optical interposer with
error-free data links at 20 Gb/s at 125°C [23]. The net result is
that each dot acts independently at its homogeneously broad-
ened energy with the inhomogeneous broadening resulting in
a broad energy distribution of independent emitters.

Since each dot can only exhibit stimulated recombination
at its energy, the gain it produces is not tied to other dots in
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the device with different transition energies. This has positive
implications for amplifiers and mode-locked lasers in optical
communications. In QW devices, when multiple signals are
being amplified simultaneously, cross-gain modulation (XGM)
and cross-phase modulation (XPM) can lead to cross-talk
between the signals and deteriorate their quality. In a QD
amplifier, each wavelength will interact with a different subset
of the dot distribution and will not see the spatial and spectral
hole burning in the dots at a different wavelength since the
charge carriers cannot freely move between dots in the manner
that electrons and holes can travel with long diffusion lengths
in QWs. The same principles apply for mode-locked lasers
where neighboring locked modes will not compete for charge
carriers leading to low mode partition noise.

In the high signal regime, QD devices can exhibit enhanced
four-wave mixing (FWM) over QWs due to their symmet-
ric gain spectrum, independent emission, and low linewidth
enhancement factor [8]. FWM can be useful for applica-
tions such as wavelength conversion for signal processing in
optical networks. Enhanced FWM in QDs also allows for
single-section mode-locked lasers that operate CW with no
absorber section [24].

In addition to being independent from each other, the energy
ground states of the QD ensemble are also isolated in energy
from the wetting layer QW, by 150 meV-200 meV in our
1300 nm material, according to PL. Given that the QD energy
levels possess atom-like degeneracy, the carrier density within
the dots themselves must be orders of magnitude lower than
that of the wetting layer and surrounding material at current
injection levels relevant to lasing or amplification. This means
that the overall refractive index of the material will be set
by a carrier density that is separate from and can be acted
on independently from the carrier density responsible for
optical gain. Exploiting this property has led to demonstration
of 25 Gb/s differential phase shift keying in a QD SOA [25].

B. p-Modulation Doping

To realize most of the previously described theoretical
benefits of QD gain media, extra p-type doping must be added
to the active layers. For most combinations of III-V materials,
the valence band offsets are substantially smaller than those
in the conduction band, particularly for the technologically
relevant InAs/GaAs and InAs/InP. This leads to energy level
spacings in the valence band of ~10 meV which is well below
kT for room temperature and above applications. As a result,
confined holes in QDs can easily thermalize and escape the
dots. By adding extra holes through p-type modulation doping
(pMD), the effects of thermalization can be compensated thus
enhancing population inversion and improving gain in the
material [26]—-[28]. First principles theory and experimental
results have clearly illustrated this property [29] as shown
in Fig. 5 which includes a first-principles [30] fit of exper-
imental data obtained via Cassidy’s method [31].

Increased pMD does come at a cost, however. The extra
holes result in increased nonradiative recombination [32], [33]
and optical absorption resulting in higher threshold currents
and lower slope efficiencies. These trends are clearly visible

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 55, NO. 2, APRIL 2019

1000 T T T T
. 800 -
€
L 600+
£
©
9 400
.©
g
© 4
s 2001 o uid Theory
@ uid
04 —— pMD Theory i
@ pMD
T T T T
0 100 200 300 400 500

Current Density (A/cm?)

Fig. 5. Theoretical and experimental gain curves for quantum dot lasers with
uid and p-modulation doped (pMD) active regions adapted from [29].
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a 1.5 mm Fabry-Perot cavity with as-cleaved facets at various p-modulation
doping levels in the active region. Adapted from [34].

in Fig. 6 where threshold and slope efficiency are plot-
ted for 1.5 mm Fabry-Perot cavities with five QD layers
with varied doping levels including uid, 5%x10'7 ¢cm™3, and
1x10'"8 cm™3 [34]. These doping levels correspond to a ratio

of 0, 10, or 20 extra holes per dot, respectively.
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C. Ultrafast Gain Recovery

The energy level spacings and decoupling of the gain in
QDs from the surrounding carrier reservoir has significant
implications for carrier capture processes and gain recovery.
Early works regarding QDs had hypothesized that a “phonon
bottleneck” would inhibit efficient carrier capture due to the
large energy level separation relative to phonon energies [35].
Fortunately, such effects were found to be limited due to
efficient Auger processes within QDs allowing for carriers
to rapidly relax to the dot ground state on femtosecond time
scales [36], [37]. This rapid relaxation leads to sub-picosecond
gain recovery times for QD devices—well below the nanosec-
ond recovery times of the well-like wetting layer carrier
reservoir [8]. For QWs, the gain and carrier reservoir represent
the same carrier population leading to gain recovery times of
a few picoseconds to a nanosecond.

Ultrafast gain recovery allows for amplification of high data
rate signals and mode-locking with ultrashort pulse widths.
Pulse widths less than 400 fs [24] have been demonstrated
in QD MLLs, significantly lower than what is achievable in
QW-based semiconductor MLLs.

Tunnel injection structures, where an injector QW is placed
near the dot active region, have been shown to further improve
carrier injection. The QW is designed such that its ground
state energy level is one LO phonon above that of a QD state.
Then by optimizing the barrier thickness between the dot and
well, an efficient tunnel injection process [38] can be achieved
which improves gain, high temperature performance [32], [39],
and modulation characteristics [40].

D. Linewidth Enhancement Factor

For many photonic applications having a narrow linewidth
laser is desirable, and for all integrated applications, sta-
bility against undesired reflections from other components,
waveguide bends, and imperfections is critical to maintaining
laser performance. In both cases, the linewidth enhancement
factor, a, is a critical parameter. The linewidth enhancement
factor describes the ratio of the change in the real part of the
refractive index, n, of the laser medium with carrier density to
that of the imaginary part, n;, with respect to carrier density,
N, which can be rewritten in terms of the wavelength, A, and
differential gain, dg/dN as follows.

dn/dN 4w dn/dN

- _ - - 1
dn;/dN A dg/dN M

The laser linewidth scales as
Av (1 + az) )

while the critical feedback level, f..i;, to induce optical
instability scales as

14 a?
fcrit & 4 (3)
a

The functional dependence of a means that lower values
can be obtained for materials with high differential gain and
a symmetric gain spectrum. Quantum dots are unique in
their highly symmetric gain spectrum due to their discrete,
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Fig. 7. The linewidth enhancement factor, a, extracted from sub-threshold
amplified spontaneous emission is plotted as a function of wavelength for a
laser on (001) Si with five p-modulation doped (5 x 1017 cm_3)

inhomogeneously broadened states which result in a Gaussian
profile when superimposed. Furthermore, the decoupling of
the gain and carrier reservoir means that changes in the real
and imaginary parts of the refractive index are decoupled at
higher injection levels leading to a low ratio of An/Ag.

Typical values of a for quantum well materials are in the
range of 3-5 while we have shown values much less than unity
over a broad spectral range in subthreshold measurements
(as shown in Fig. 7) and remaining low at higher injection
levels [41]. From the scaling relations above, lowering o from
3 to 0.5 should result in a factor of 8 reduction in linewidth
and a factor of 162 increase in the critical feedback level. The
increased feedback tolerance has been clearly demonstrated
in comparisons of our QD material with QW lasers [7] and
demonstration of stable operation under feedback levels as
high as 90% [42] as reviewed below.

Beyond simply showing near zero o, theoretical calcu-
lations and experimental results have shown that for suffi-
ciently low inhomogeneous broadening, negative values can
be obtained [30], [43]. Negative values are significant for high
power applications where a is sometimes referred to as the
antiguiding factor as it relates to spatial hole burning and
filamentation. For positive values of a, carrier depletion by
the optical mode acts to focus light within the laser cavity
leading to further depletion and more focusing in a feedback
loop that limits the achievable output power in ridge cavities,
particularly for single-mode applications. For negative values
of a, the light would be defocused eliminating filamentation.

Due to its impact on gain and differential gain, modulation
p-doping strongly affects the linewidth enhancement factor.
By varying the p-doping level from 0 to 1x10'® cm™3,
we have shown subthreshold linewidth enhancement factors
from 0.48 to —0.66 as shown in Fig. 8 [44].

V. QUANTUM DOTS FOR EPITAXIAL
INTEGRATION ON SILICON

Existing high-performance PICs utilize either an all III-V
material platform or silicon with III-V gain integrated through



2000511

p-Doping Level in 10 nm GaAs (cm™)

0.0 5.0x10"7 1.0x10"8
S
E 0.5 Q ]
= o
(0]
g ]
D 0.0
c
(0]
<
c N
i
£ -0.5
S
E o
£
-
'10 T T T
0 10 20

Extra Holes per Quantum Dot

Fig. 8. Sub-threshold linewidth enhancement factor as a function of p-doping
level for five-layer quantum dot lasers on silicon. The p-doping level is
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dots. Adapted from [44].

co-packaging (hybrid integration) or bonding (heterogeneous
integration). The primary advantage of using all III-Vs is
that it serves as a native platform for integrating optical gain
elements; whereas, silicon provides an economic advantage
through the lower cost of wafers and scalability of their larger
size and well-developed manufacturing infrastructure, but both
hybrid and heterogeneous integration have drawbacks.

The problem inherent to hybrid integration is that it
increases packaging complexity and has limited scalability for
integrating multiple gain elements. Heterogeneous integration
where III-V gain media are bonded onto a processed silicon
photonic chip with evanescent coupling of light vertically
into silicon waveguides is more promising. Recent advances
even show improved performance over monolithic II-V
devices [45]. In heterogeneous integration, the challenges arise
from the manufacturing complexity of wafer or die bonding
and limited scalability due to the reduced size and higher price
of III-V substrates relative to Si.

From a manufacturing perspective, the ideal approach is
epitaxial integration on silicon [11]. Direct epitaxial growth
allows for III-V device production at the Si wafer scale. With a
300 mm or larger III-V/Si platform, the integration method can
then take any form [10]. The same techniques used for native
substrate III-V devices could be employed with Si serving
solely as a low-cost substrate including for full 300 mm wafer-
scale bonding. Alternatively, growth could be done on silicon-
on-insulator wafers for a silicon photonics approach.

The challenge in epitaxial integration is overcoming the
crystalline mismatch that leads to defects in the III-V lay-
ers that include dislocations, antiphase domains, and cracks.
Antiphase domains can be eliminated through use of miscut
Si, or, to maintain CMOS compatibility with on-axis (001) Si,
through carefully optimized growth conditions [20], [21],
[46], [47] or Si patterning [19], [48]. Cracking can be solved
as well through selective area growth if uniform coverage
is not required across the full wafer [49] or by allowing
the wafer to bow during growth and cooldown. Dislocations
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200 .nfy

Fig. 9. Plan-view electron channeling contrast image showing four threading
dislocations in a GaAs/Si template over a 14.5 um x 14.5 um field of view.
(inset) Atomic force microscopy image of uncapped quantum dots scaled to
the size of the ECCI image to illustrate the high dot:dislocation ratio.

can be managed using strained interlayers, thermal cycling,
and selective area growth [S0]-[52], but more work remains
to be done to match native substrate device performance,
particularly regarding device reliability [10], [53]. In the end,
though, even one dislocation can result in the failure of a QW
device, and dislocation free III-V/Si is likely not achievable
at high yield. Fortunately, QDs offer reduced sensitivity to
defects.

A. Tolerance to Crystalline Defects

The in-plane carrier confinement provided by QDs inhibits
nonradiative recombination at dislocations and other defects.
With QD densities as high as 6x10'© cm™> and typical
dislocation densities in optimized buffers of ~10° cm™2,
the likelihood of charge carriers finding a dot before a dislo-
cation is extremely high. The relative densities are illustrated
in Fig. 9 which shows an AFM image of QDs drawn to scale
with a plan-view electron channeling contrast imaging (ECCI)
scan showing dislocations in an optimized GaAs/Si buffer at
7x10° cm~2 dislocation density.

The ability for QDs to tolerate residual dislocations has been
confirmed in a direct comparison of QD and QW performance
on identical III-V/Si templates [6]. At a dislocation density
of 7x10° cm™2, QD material shows nearly identical room
temperature photoluminescence, as shown in Fig. 10. The
dot confinement results in higher injection efficiencies which
translate into longer device lifetimes by reducing the in-plane
carrier diffusion length.

To demonstrate the tolerance of QD gain to dislocations,
semiconductor optical amplifier material, with device structure
identical to Fig. 4, was grown on a Si substrate with a dislo-
cation density of 7x107 cm™2. The active region consisted
of seven 5x10'7 ¢cm™ pMD QD Ilayers. The SOAs were
cleaved from 4 um wide, angled cavities such that the facets
had an angle of 8° with a cavity length of 3 mm. No facet
coatings were applied. We observed an unsaturated gain factor
of 25.4 dB and a saturated input power of 10.9 dBm at a bias
of 290 mA. The 3 dB bandwidth of the SOA was 30-40 nm,
depending on the bias. The results are shown in Fig. 11 and
compare favorably with the native substrate amplifiers in [54].
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Fig. 12.

Plan-view transmission electron microscope image of dislocations
in the plane of (a) a quantum dot and (b) a quantum well laser after aging
showing the dramatic difference in dislocation climb in the well-based device.

B. Dislocation Climb Inhibition

By reducing the amount of nonradiative recombination
at dislocations, the QDs limit the extent of recombina-
tion enhanced dislocation climb (REDC) in the material.
Fig. 12 shows QD and QW devices containing dislocations
aged for a similar amount of time and clear evidence of
reduced dislocation climb in the QD material is visible. Only
under high magnification can the helical components attributed
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to dislocation climb be seen while the QW device shows an
extensive network of climb segments.

Through climb inhibition and improved carrier capture, long
device lifetimes for QD lasers on Si have been demonstrated.
For aging at 35°C, nearly degradation free operation has
been observed with extrapolated lifetimes of > 10,000,000 h
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reported [53]. At 60°C, further improvements are still needed
to achieve commercial viability, but recent results utilizing
pMD active regions have shown promising extrapolated life-
times of ~100,000 h in some devices.

C. Device Miniaturization

For integrated applications, device miniaturization is desir-
able to increase integration density, but as devices shrink the
effects of surfaces, which act as extended planar defects, begin
to limit performance. In QD devices, the same properties that
reduce sensitivity to dislocations, also reduce their sensitivity
to recombination at device sidewalls and other surfaces. In QW
lasers the minimum device size is limited by their effective
in-plane diffusion length of several microns which causes
increasing threshold currents as the laser cavity shrinks in
width, but in QD layers, the in-plane diffusion length is
~1 um. Due to limited in-plane diffusion, QD lasers show
linearly decreasing thresholds for ridge widths down to 2 um
as depicted in Fig. 13.

Further emphasis of the scalability of QD devices can be
seen in the high performance of micron-scale ring resonator
cavities. In devices with uid active regions, ultralow thresholds
under 1 mA have been demonstrated on Si substrates by scal-
ing to rings with radii of 4 gm [55]. Devices with pMD in the
active region analogous to the Fabry-Perot results in Fig. 13 are
shown in Fig. 14. The smallest devices, with a radius
of 15 um m, show threshold currents approaching 2 mA.

VI. HIGH LASER STABILITY

A. Stability Against Optical Feedback

As mentioned above, the ultralow values of the linewidth
enhancement factor lead to highly stable operation under
optical feedback. In a direct comparison of QD lasers on
Si with 2x10% cm™2 dislocation density and >35 meV
PL FWHM showed similar relative intensity noise (RIN) at
10 dB higher feedback levels relative to heterogeneous QW
devices [7]. After improving the material quality of the QD
lasers to 7x10% cm ™2 dislocation density and PL FWHM to
~30 meV, the stability against feedback became much more
pronounced with stable operation being observed even with
90% of the light reflected back to the cavity (estimated to be
18% feedback after coupling losses) [56].

B. Stable Mode-Locking

The independence of each QD results in low noise
mode-locked lasers. Since each inhomogeneously broadened
QD acts as an independent emitter, the multiple modes lasing
simultaneously with locked phase in a MLL will not compete
for gain as they correspond to different subsets of the overall
dot distribution. On silicon, heterogeneous devices have been
demonstrated with simultaneous error free transmission from
15 channels [57], and epitaxial devices on silicon have shown
4.1 Tb/s transmission using a single MLL grown on Si with
a 3dB bandwidth including 58 comb lines (Fig. 16a) that
were independently modulated [58]. The latter device showed
a record low timing jitter of 286 fs from 100 kHz to 100 MHz
(Fig. 16(b)) and low average RIN of —133 dB/Hz for individ-
ual comb lines from 10 MHz to 10 GHz (Fig. 16(c). These
performance levels provide further evidence that epitaxial QD
lasers on silicon can rival the performance of native substrate
devices.

VII. CONCLUSION

In summary, quantum dot lasers enable substantial perfor-
mance improvements over quantum well devices due to their
unique atom-like energy level structure properties that can be
finely tuned by changing growth conditions. Their discrete
density of states and inhomogeneously broadened gain lead
to lasers with low threshold, high continuous wave operating
temperature, ultrahigh stability against optical feedback, and
ultrafast gain recovery. Each of these concepts has been exper-
imentally demonstrated, and due to the reduced sensitivity
of quantum dots to crystalline defects, their advantageous
properties are also starting to be shown for epitaxially inte-
grated lasers on silicon, enabling significant improvements in
manufacturing scalability.
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