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Reliable quantum dot lasers on silicon are a key remaining challenge to successful integrated silicon photo-
nics. In this work, quantum dot (QD) lasers on silicon with and without misfit dislocation trapping layers are
aged for 12 000 hours and are compared to QD lasers on native GaAs aged for 8400 hours. The non-trap-
ping-layer (TL) laser on silicon degrades heavily during this time, but much more modest gradual degra-
dation is observed for the other two devices. Electroluminescence imaging reveals relatively uniform gradual
dimming for the aged TL laser on silicon. At the same time, we find nanoscale dislocation loop defects
throughout the quantum dot-based active region of all three aged lasers via electron microscopy. The
Burgers vector of these loops is consistent with § (111). We suggest that the primary source of degradation,
however, is the generation and migration of point defects that substantially enhance non-radiative recombi-

Received 21st October 2023,
Accepted 27th December 2023

DOI: 10.1039/d3nr05311c

nation in the active region, the visible symptom of which is the formation of dislocation loops. To prevent
this, we propose that laser fabrication should be switched from deeply etched to shallow etch ridges where
the active region remains intact near the mesa. Additionally, post-growth annealing and altered growth con-
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Introduction

Data transmission rates and energy efficiency are increasingly
becoming bottlenecks to improving computing and data center
performance due to the limitations of electrical signals trans-
mitted over copper wires."”” Optical transmission has largely
replaced long-haul electrical data transmission, but due to the
size and cost of optical transceivers, these have so far not been
implemented for the very short range, including board and
chip-level data communication. Silicon photonics promises to
enable low cost, highly integrated optical devices to fill this gap.
All required system components are achievable through CMOS
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ditions in the active region should be explored to minimize the grown-in point defect density.

processing techniques except for the laser gain medium.? There
are ongoing efforts to integrate the highly developed III-V
material system on silicon by multiple means including direct
growth on silicon substrates. This introduces challenges due to
mismatches in lattice parameter, crystal symmetry, and thermal
expansion coefficient, which, respectively, give rise to dis-
locations, antiphase domains, and potential for cracking. These
crystal defects greatly reduce device yield and reliability. There
has been much progress in addressing these materials issues
over the years by introducing InAs quantum dot (QD) active
layers, reducing threading dislocation (TD) densities,” insert-
ing misfit dislocation (MD) trapping layers,® and tailoring initial
growth stages to remove antiphase domains.”® Together, these
techniques have dramatically extended laser lifetimes on
silicon, and while others have recently demonstrated highly
reliable QD lasers at high temperature,’ the degradation mecha-
nisms under these conditions remain insufficiently studied.
Semiconductor laser device degradation due to crystalline
defects can be categorized as rapid or gradual depending on
how quickly they fail. QD materials are resistant'® to the rapid
degradation from dislocations (100-102 h timescale) com-
monly observed for similar quantum well devices'* due to the
stronger lateral carrier confinement'* and in-plane fluctuating
strain fields of QDs."* We have found that grown-in
dislocations gradually degrade unoptimized QD devices on a
10°-10* h timescale at room temperature,'® and much faster at
elevated temperatures of 60-80 °C.'*"'* This failure mode has
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been by lessened by reducing threading dislocation density™*®
and later largely eliminated by introducing MD trapping layers
around the active region.'®'> At present, there is a need to
understand gradual degradation at 80 °C on the 10°-10° h
timescale for commercial viability. This failure mode is inher-
ently a slow and subtle process involving changing distri-
butions of point defects, which themselves are difficult to
directly study. Researchers have previously identified a signa-
ture of this type of gradual degradation in earlier generations
of quantum well and double heterostructure GaAs and AlGaAs-
based devices on native substrates (i.e. not due to rapid degra-
dation from pre-existing dislocations). They have specifically
noted the appearance of small dislocation loops, believed to
form due to clustering of point defects."” >

In this work, we examine three types of InAs QD lasers epi-
taxially grown on silicon and GaAs substrates after extended
constant-current aging, using electroluminescence (EL)
imaging and scanning transmission electron microscopy
(STEM) to determine the source of gradual degradation. EL
dimming is largely uniform along the laser ridge with no
enhanced dimming at the facets. We observe dislocation loops
in the active region of aged lasers only, which we believe form
from point defects generated by non-radiative-recombination-
enhanced processes during aging. Based on our findings, we
propose design and growth changes that may reduce gradual
degradation in these devices towards a goal of 10° h lifetime at
80 °C.

Results
Laser aging trends and optical characterization

The three types of QD lasers aged and analyzed in this work
are lasers on silicon without MD trapping layers (no-TL laser),
on silicon with trapping layers (TL laser), and on GaAs with no
trapping layers (GaAs laser). Growth and fabrication details are
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described previously." Fig. 1a is a schematic of the general
laser structure with the trapping layers included. The lasers on
silicon (TD density = 7 x 10° cm™?) were aged at 80 °C at
approximately double their initial threshold current with L-I-V
measurements taken periodically at 35 °C and 80 °C. The GaAs
laser was aged at 80 °C and 3x initial threshold current, giving
an aging current density intermediate to the two lasers on
silicon. L-I data for the GaAs laser was only collected at 35 °C,
so for a fair comparison, in Fig. 1b-d, we present a sequence
of 35 °C L-I curves collected every 50 h over the course of
aging (see Fig. S17 for 80 °C aging data for devices on silicon).
Each selected device is a representative high performing
device from a subset of all aged lasers, with between 4 and 11
devices tested for each group.

Unsurprisingly, the no-TL laser (Fig. 1b) performs worst. It
doubles its 80 °C threshold current after just 2700 h and fails
to lase entirely at 80 °C after 5700 h (see Fig. S1f for 80 °C L-I
data). On the other hand, trapping layers significantly improve
device lifetime on silicon (Fig. 1c) since they displace MDs that
form on either side of the active region to the doped cladding
layers, demonstrated previously.”'®'> Nevertheless, both the
TL laser (Fig. 1c) and GaAs substrate laser (Fig. 1d) undergo
significant degradation with extrapolated lifetimes of 75 000 h
and 45 000 h, respectively, shown in Fig. 1e. This degradation
occurs despite them having far fewer (TL) or no (GaAs) grown-
in MDs in the active region. We cannot yet claim that TL lasers
on silicon are as reliable as GaAs substrate lasers from this
data due to the different laser dimensions and aging con-
ditions employed.

To determine the source of this degradation, the lasers
were unmounted and their back surfaces cleaned to enable
backside EL imaging. Fig. 2a-d shows EL from the aged no-TL
and TL lasers and comparable unaged lasers imaged using an
InGaAs camera (Hamamatsu). Both the aged and unaged
devices show significant variation in intensity along their
lengths primarily due to fabrication inhomogeneities and MDs
near the active region (non-trapped) that are unrelated to
aging. Both aged devices are much dimmer, however, with
double the pump current required to produce comparably
bright images. This is summarized in Fig. 2e where the equal-
ized EL intensities averaged along the ridges are plotted,
adjusting for different pump currents by assuming a linear
relation with EL intensity. We caution against comparing
intensities between the TL and no-TL sets, however, since
differing substrate thickness and backside roughness changes
the relative intensities.

Higher magnification EL insets in Fig. 2a-d (solid boxes)
show similar densities of dark line defects for both aged and
unaged devices but their contrast is stronger in the aged
devices, indicating localized degradation at these defects. We
note, though, that even regions unaffected by these defects are
still significantly dimmer (after accounting for the higher
pump current), ie., the laser is also deteriorating homoge-
nously. By comparing TL and GaAs laser aging behavior, it is
this homogenous dimming component that appears to con-
tribute more to degradation than the line defects, at least for
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Fig. 1 (a) Schematic of laser structure with trapping layers. (b—d) Light output vs. current (L—/) measurements over the course of aging for the three

lasers: (b) on silicon without trapping layers (12 000 h), (c) on silicon with trapping layers (12 000 h), and (d) on GaAs substrate (8700 h). (e) Laser
degradation rates measured by increase in threshold current. Extrapolated lifetimes (100% increase in threshold current) are indicated with the

dashed lines.

the TL laser. The aged no-TL laser curiously appears only to
have a slightly higher density of dark line defects than the
aged TL laser, though with darker contrast due to the harsher
aging condition. This may be misleading given the limited
resolution of EL and the small 3 um ridge width, which makes
distinguishing dark line defects from dark spot defects
difficult. Facet degradation appears negligible as evidenced by
the magnified facet EL images in Fig. 2a-d (dashed box inset)
with similar contrast profiles. No EL was collected from the
aged GaAs laser due to a short circuit forming during post-
aging processing, but an unaged neighboring device shows no
dark line defects (i.e., no grown-in dislocations), so degra-
dation is expected to be uniform.

Microstructural characterization

Plan-view foils were extracted from the aged lasers using stan-
dard focused ion beam techniques and imaged by STEM at
200 kv (ThermoFisher Scientific, Talos), shown in Fig. 3a-c.
The extracted locations for the TL and no-TL lasers are marked
with yellow boxes in Fig. 2b and d magnified insets.
Serpentine MD segments result from previously straight dis-
location segment undergoing recombination-enhanced dis-
location climb by interaction with point defects.”> The extent
of the meander away from the original position is directly
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related to the number of point defects involved, a point we will
return to. The correspondence between the MDs in Fig. 3 and
EL dark lines in Fig. 2 is not exact as there are many more
MDs than dark lines. This can be explained by recognizing
that the p-modulation doping of the active region shifts the
depletion region toward the n side, which will reduce non-
radiative recombination and hence EL contrast of MDs on the
p side. MDs on the n side may also be more potent non-radia-
tive recombination centers due to their core chemistry.*>** For
example, there is good correspondence between the dark hori-
zontal line in EL that occupies most of the yellow box in
Fig. 2b (no-TL inset) and the heavily climbed MD in Fig. 3a
(yellow arrow), which is determined to be on the n side
through tilt sequence imaging. While all MDs in the no-TL
laser experience climb, only a small fraction of them do so in
the TL laser (Fig. 3b, yellow arrows). No MDs or TDs were
observed in the GaAs laser (Fig. 3c), as expected. In summary,
MD climb is responsible for the degradation of the no-TL
sample. However, the climb of pre-existing dislocations does
not explain the gradual degradation observed in the TL laser
nor, trivially, for the GaAs laser.

We look for clearer signatures of degradation in the micro-
structure by thinning each foil further, such that only 1-3 QD
layers nearest the p-doped side remain. In Fig. 3d, we find a

This journal is © The Royal Society of Chemistry 2024
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(a) Electroluminescence (EL) imaging of an unaged no-TL laser comparable in initial performance to the aged no-TL laser shown in (b). The

long dark section in (a) is due to partially detached contact metal. The unaged and aged TL lasers are shown in (c) and (d), respectively. Pump
current is adjusted to produce comparable brightness for each device. Magnified inset images along the ridge (solid boxes) show no notable change
in density of dark line defects, but they do appear darker after aging. Degradation at the facet (dashed boxes) is negligible. Yellow solid boxes mark
the regions extracted for TEM analysis. (e) Equivalent EL intensity, i.e. adjusted for pump current, averaged along each laser shows strong dimming

of the aged devices. The dark segment in (a) is excluded from the averaging.

large population of dislocation loops in the no-TL laser
ranging in size from 5 to 20 nm that cluster around certain
regions of climbed MDs (up to 150 nm from the dislocation).
The local dislocation loop density is approximately 10'° ecm™
near this dislocation. But looking widely, the correspondence
between loop clusters and significantly climbed MD sections
is tenuous. Loops are, however, about twice as common
around heavily climbed MDs on the n-side of the laser com-
pared to the moderately climbed p-side MDs. The TL and GaAs
lasers, despite the partial or complete absence of dislocations
near the active region, still contain dislocation loops, shown in
Fig. 3e, f and g, respectively, with a density on the order of
10°-10° cm™? integrated over the active region thickness. The
arrangement of MDs, dislocation loops and expected point
defects for each device is shown schematically in Fig. 3h—j.

In the GaAs laser, dislocation loops are especially common
within 50 nm of the edge of the deeply etched ridge. Fig. 3g
shows an exceptional case of this where a heightened loop
density extends over 300 nm from the sidewall, but the reason
for this is not clear as the sidewall does not appear visibly
different from other locations. This preferential loop formation
near the sidewalls is not so apparent in the lasers on silicon due
to an improved etching and passivation process. The loops in
the GaAs laser are also notably smaller than in either laser on
silicon, possibly a consequence of the shorter aging time.

We established that dislocation loops are closely associated
with climbed MDs. These untrapped MDs lie just above the

This journal is © The Royal Society of Chemistry 2024

upper QD layer or just below the lower layer, but their associ-
ated loops preferentially form near the QD layer, rather that
forming uniformly above and below the MD. This is demon-
strated in Fig. 4. After thinning the no-TL sample just enough
to begin removing the upper climbed MD, all loops near to
that MD remain behind, indicating they sit lower in the
sample. QDs might act as nucleation sites for loop formation,
but while some loops appear to form directly over a QD, many
others lie in the matrix in-between. We can additionally deter-
mine approximately where the loops lie in the vertical plane
relative to the climbed MDs by imaging the no-TL sample
across a range of tilt angles. Shown in Fig. S2,t all loops associ-
ated with climbed MDs remain near the plane of the MD. This
may be because recombination enhanced diffusion®® is
favored laterally through the quantum well that encases the
QDs where carrier concentrations are highest. We have also
observed loops unassociated with MDs that are distributed
throughout the active region.

The dislocation loops have a similar appearance and orien-
tation across all three aged samples and likely have a common
structure. To determine their Burgers vector, we image the no-
TL sample for its high loop density in several diffraction con-
ditions to identify loop invisibility conditions. Dislocation
loops in GaAs-based materials have either §(110) or ¢(111)
family of Burgers vectors, so we limit our search to these.
Imaging with typical two-beam conditions (g = 220 or g = 400)
gives strong quantum-dot contrast often with a similar appear-

Nanoscale, 2024, 16, 2966-2973 | 2969
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Fig. 3 Plan-view scanning transmission electron microscopy (STEM) of the three aged lasers. (a) Section of the no-TL laser containing all 5 QD
layers. (b) Section of the TL laser containing all QD layers and both TLs. Climbed dislocations, which have escaped the TLs, are marked with yellow
arrows. (c) Section of the GaAs laser containing all QD layers (right) and a thinned section with adjusted contrast (left). After thinning, many dis-
location loops are visible near the climbed MDs in the (d) no-TL laser, while the (e) TL laser and (f) GaAs lasers contain typically sparser dislocation
loop populations. (g) An elevated loop density near the ridge sidewall. (h—j) Schematics of dislocation loops and the invisible point defects in the (h)
no TL, (i) TL, and (j) GaAs laser. All images are collected in the [001] zone-axis condition.

ance to dislocation loops, making invisibility determination
difficult. To combat this, we image using higher-order diffrac-
tion vectors,”® 3g,,, (g = 660) and 2g.0 (g = 800), which
provide reasonably clear images of dislocation loops even,
remarkably, through all five QD layers. Fig. 5 presents a sys-
tematic sweep over higher-order g,,, diffraction vectors, demon-
strating how the 3g,,, condition preferentially isolates loop con-
trast from QD contrast without reducing image contrast too
severely. The loop Burgers vector is determined in Fig. 6, where
two dislocation loops are tracked across four diffraction con-
ditions with a red and a yellow arrow. The translucent arrows in
Fig. 5a and b indicate the loop is invisible. Both loops are
visible in the two 2g,, conditions (Fig. 5¢ and d). Based on pre-
dicted invisibility (see Table S1f), this strongly suggests a
Burgers vectors of ¢ (111) type, i.e. a Frank dislocation loop. This
assignment is reasonable since the loop diameter is still small
and the well-known unfaulting reaction to form a perfect  (110)
loop is not yet energetically favorable.®

Discussion

Frank dislocations loops have been seen before in degraded
GaAs-based LEDs and lasers. Ueda et al.*>*”*® use an inside-

2970 | Nanoscale, 2024,16, 2966-2973

outside TEM contrast method and characterize these loops as
having an interstitial character, i.e., they contain an additional
set of {111} planes of both Ga and As atoms, preserving lattice
polarity. Frank dislocation loops form by the coalescence of
point defects. The Burgers vector § (111) is normal to the plane
of the loop, and the loop grows laterally by climb, attaching
atoms to the boundary of the additional plane. Ueda specifi-
cally notes such interstitial dislocation loops form not only
randomly in the bulk of the device, but also in large numbers
near climbed segments of pre-existing dislocations, similar to
our observation for the no-TL sample and in previous work."?
While it is tempting to suggest that the dislocation loops must
be a consequence of excess point defects generated from the
climb of the pre-existing dislocations that precipitate out, it is
noteworthy that pre-existing straight segments of dislocations
(such as threading or misfit type with 60° character) in GaAs
devices also climb by attaching atoms to the core.’**° Thus,
Ueda clearly sees a common driving force behind dislocation
climb in GaAs, irrespective of whether the dislocation is in the
form of a loop or a straight segment. We had previously
suggested that the cluster of dislocation loops could be
vacancy type in QD lasers due to excess vacancy generation fol-
lowing atom attachment to the MDs in the no-TL laser,"
however seeing them also in the TL and GaAs samples leads

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) [001]-zone plan-view BF STEM of the partially thinned
sample from the no-TL laser. Magnified insets show a dislocation loop
cluster near a climbed MD. The inset diagram above is a side profile
showing approximately which of the five QD layers remain in the
thinned sample. (b) The same sample thinned further to partially remove
the MD on the p side of the laser, but not the QDs themselves. Notably,
the dislocation loops that form near this MD all remain behind indicating
the loops are centered not around the MD but around the QDs
themselves.

us to conclude similarly to Ueda et al. that they are likely of
interstitial character in all samples. The dislocation loops in
our samples are presently too small for unambiguous assign-
ment via inside-outside contrast, particularly amid competing
QD strain contrast. This does leave open the question of why
dislocation loops cluster near climbing MDs in the no-TL
sample.

Regardless of the exact nature of the point defects emitted
or absorbed that form the loops, we find a net imbalance of
point defects at dislocations of the no-TL sample. A conserva-
tive estimate of the local point defect density involved in dis-
location climb in the vicinity of a climbed MD is 3 x 10"
cm ™. We can assess this from the area swept by the MD as it
climbs and then assume that point defects necessary to
accommodate this climb laterally diffuse a radius of 500 nm to
or from the dislocation core but remain confined near the
quantum well nearest to the MD. The density of point defects
is greater if the diffusion length is shorter. The minimum
point defect density needed to form the dislocation loops near
the MD observed here is on the order of 10'®* cm™ (assuming
a local loop density of 10'® cm™?, a 5-10 nm average loop dia-
meter, and similar diffusion behavior as before). Thus, it
appears that most of the point defects stay dissolved in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Comparison of BF STEM diffraction conditions on dislocation
loop visibility and contrast. (a) On-zone imaging gives balanced contrast
with dislocation loops only faintly visible amid the 5 QD layers. (b) Tilting
to a standard g = 220 two-beam condition produces strong misfit-dis-
location contrast and double-lobed QD contrast, making dislocation
loops very difficult to see with their weaker contrast and smaller size. (c)
Strongly exciting 2g,,0 slightly reduces QD contrast making dislocation
loops more visible. (d) This trend continues for 3g,,0 where now dis-
location loop contrast is relatively stronger than QD contrast. (e) In the
49,0 condition total contrast becomes very weak, though contrast sep-
aration is still further enhanced. This higher-order diffraction vector
imaging technique is somewhat analogous to weak-beam dark field
imaging in TEM, but STEM allows imaging through much thicker
samples with less background contrast variation. For optimal contrast
isolation, it is necessary to avoid exciting nearby diffraction conditions
as much as possible since these strengthen QD contrast. Using the diffr-
acted signal intensity for imaging gives comparable contrast isolation
but with a much weaker signal.

bulk and the visible dislocation loops are simply the tip of the
iceberg in terms of nonradiative defects present. Experiments
using deep-level transient spectroscopy (DLTS) indeed see an
increase in electrical activity of point defects upon aging
quantum well lasers, suggesting that point defects are gener-
ated during the experiment;** however, there has not yet been
a conclusive assignment to which defect is increasing in
number.

To improve reliability, we suggest several strategies for
future devices. First, changing the fabrication design from a
deep-etch ridge to a shallow-etch ridge, where the active region
remains unetched near the mesa, will improve initial perform-
ance by reducing non-radiative recombination at the sidewalls
and removing crystal damage and the free surface, which can
act as potent sources of point defects, as Fig. 3g demonstrates.
Second, reducing the starting point defect density may be
crucial to long lifetimes, so modifications to growth and to
post-growth processing should be investigated, including

Nanoscale, 2024, 16, 2966-2973 | 2971
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Fig. 6 Invisibility conditions for dislocation loops. (a) 39220 and (b)
392350 images highlight two loops with alternating invisibility. In each, the
translucent arrow indicates an invisible loop. In the (c) 29400 and (d)
29040 images, both loops are visible (dark arrows).

post-growth annealing and potentially altering group-V/III flux
ratios when growing QDs and the surrounding layers. These
factors have been shown to strongly influence degradation
rates of GaAs quantum well and double heterostructure
lasers.?®?' Both these and QD lasers contain GaAs in or near
the active region and may share a common degradation
mechanism, so further optimization should benefit QD lasers.
Recent collaborations have demonstrated, via DLTS measure-
ments, that QD lasers on silicon and GaAs share a common
hole trap associated with a native point defect species or an
oxygen complex.’> Extending this experiment to test devices
before and after aging can reveal whether this trap state multi-
plies over time and is the likely source of gradual degradation.
Additional experiments link the rate of degradation to a
diffusion limited process and find the dopant beryllium to be a
likely candidate.>® Beryllium is present both in the p-doped
cladding layers and in the thin p-modulation doped layers
between each QD layer. Experiments are ongoing to replace ber-
yllium with carbon, a less diffusive p-type dopant, and compare
degradation rates. Others have recently demonstrated highly
promising early reliability results from QD lasers similar to
those discussed here.” These lasers have three additional QD
layers and a shallow rather than a deep-etch ridge. It is likely
some of these differences or other unreported details such as
growth parameters or dopant species contribute to the gap in
reliability performance, so further gains are anticipated by
addressing these point-defect-based degradation modes.

Finally, dark line defects are not entirely absent from the TL
laser and further performance benefits should be available by
optimizing trapping layer design to reduce the small fraction of
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MDs that escape the trapping layer and return to the active
region.®* Parameters such as thickness, composition, spacing,
and number of trapping layers are all relevant to trapping effec-
tiveness. An initial study'® indicates that closer spacing
improves this metric but has the drawback of closer MD proxi-
mity to the depletion region and possible slow climb of these
dislocations. This may be avoided by using a thinner undoped
waveguide layer or by growing multiple trapping layers to period-
ically reinforce TD pinning to simultaneously achieve high trap-
ping layer effectiveness and larger MD spacing.

Conclusions

We show that gradual degradation in InAs quantum dot lasers
is accompanied by the formation of dislocation loops, similar to
what has previously been observed in conventional lasers with
GaAs and AlGaAs double heterostructures and quantum wells.
While the additional carrier confinement and strain fields of
QDs slow these gradual degradation processes, they do not
entirely halt them. The observed loops themselves are likely
nonradiative recombination centers, but we believe the wider
elevated background of point defects is the primary source of
degradation. This degradation may be reduced by altering
growth parameters and post-growth thermal processing, modify-
ing laser fabrication design, and improving trapping layer per-
formance. Further progress, however, requires a more funda-
mental understanding of these degradation mechanisms, which
continued studies leveraging techniques such as DLTS to pin-
point the evolving point defect species can provide.
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