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Abstract
Rapid thermal annealing (RTA) can be used as a post-growth method to adjust the optical
properties of III–V materials. This work investigates the efficacy of applying cyclic RTA to
1.55 µm multi-layer InAs/InAlGaAs quantum dots (QDs) grown on (001) InP substrate by
molecular beam epitaxy. Samples cyclically-annealed at 600 ◦C retain most of their as-grown
optical, structural, and compositional characteristics whilst exhibiting a 4.6-fold increase in
peak PL intensity. This strategy was successfully implemented in broad-area devices with
improved slope efficiency and output power, demonstrating cyclic RTA as an effective method
in enhancing high-performance 1.55 µm QD lasers on InP (001) substrates.

Supplementary material for this article is available online
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1. Introduction

The three-dimensional confinement in self-assembled
quantum-dot (QD) materials can be harnessed to produce
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lasers with superior temperature stability, low threshold cur-
rent density and defect tolerance [1–4]. Recently, QD-based
laser devices on the InAs/GaAs platforms have demonstrated
tremendous progress for O-band applications [5–8]. For con-
temporary long-haul applications, C-band emission can be
realised by utilising the low lattice mismatch between InAs
and InP (3.2%) to nucleate larger nanostructures [9, 10].
However, the low-strain InAs/InP interface gives rise to com-
plex surface interactions, causing InAs nanostructures on InP
(001) to nucleate as anisotropically-elongated quantum dashes
at low deposition thicknesses [9, 11, 12], thereby delaying
progress compared to the InAs/GaAs platform.

1 © 2025 The Author(s). Published by IOP Publishing Ltd
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To leverage the discrete carrier localisation properties of
QDs, a substantial number of growth techniques have been
investigated to preferentially nucleate dot-like nanostructure
morphologies over quantum dashes. These techniques include
employing As2 flux [13], an optimised V/III beam equivalent
pressure (BEP) ratio [14], GaAs and InGaAs pre-layers [15,
16], and various buffer layers on which the QDs are deposited
[17, 18]. Employing an InAlGaAs buffer has been demon-
strated as particularly effective in attenuating the migration
length of In adatoms and enhancing QD nucleation due to its
surface roughness [14]. Whilst C-band emission with respect-
able linewidths around 40 meV at room temperature (RT) was
recently reported [19], the buffer layers’ rough surfaces are
typically attained at sub-optimal growth temperatures. This
could promote the formation of crystalline point defects (PDs)
around the QDs [15, 20], effectively degrading the optical
properties in terms of reducing the ratio of radiative trans-
itions, thus decreasing the gain saturation of lasing devices.

An improvement in the optical quality of QD materials can
be achieved by means of post-growth rapid thermal annealing
(RTA), which is attributed to two distinct mechanisms. The
first is the removal of PDs and, therefore, an increase in radi-
ative transitions [21, 22]. The second follows as a product of
thermally-induced intermixing, whereby QDs become alloyed
and increase in size with an enhanced carrier population and
quantum yield [23, 24]. Whilst intermixing at higher tem-
peratures in the InAs/GaAs system improves QD homogen-
eity by means of InxGa1−xAs alloying of the dots, resulting
in narrower full-width at half-maximum (FWHM) in photolu-
minescence (PL) spectrum [23], RTA treatment of QDs with
Al-containing buffers results in the deterioration of the QDs’
electronic shells due to diffusion of Al into the dots, thereby
broadening the PL linewidth [25]. Furthermore, thermal inter-
mixing diminishes material contrast between the QDs and sur-
rounding buffer layer [26], affecting quantum confinement
[27], and, in cases of extensive intermixing, destroying the
QDs [28].

However, at the intermixing-threshold temperature, where
the thermal energy has not surpassed the cohesive energy of
the crystal, previous works have observed an improvement in
optical quality [27, 29] and enhanced laser characteristics in
threshold current density and ground-state modulation [29–
31]. The cohesive energies of InAs, GaAs, and AlAs binaries,
which are defined as the difference between isolated atomic
energy and the total crystal energy, have been calculated
in good agreement with experimental results as 5.94, 6.37,
7.49 eV, respectively [32–34]. Therefore, the differing bin-
ary cohesive energies potentially present complex thermally-
induced intermixing behaviours in an InAlGaAs quaternary.
Yet, the extent of RTA’s capabilities on both the improvement
to optical properties and performance of InAlGaAs-buffered
InAs/InP QD lasers is scarcely explored.

In this work, we investigate the effect of cyclic (repeated)
RTA at temperatures between 600 and 650 ◦C on InAs/InP
(001) QDs with an InAlGaAs buffer. This work demon-
strates that cyclically-annealing QDs at the intermixing-
threshold temperature improves optical properties, yielding

a 4.6-fold increase in peak PL intensity with negligible
degradation of key optical characteristics such as wavelength
and FWHM. Furthermore, scanning transmission electron
microscopy (STEM) and electron energy loss spectroscopy
(EELS) images of the reference and annealed samples were
investigated to determine the structural and compositional
impact of cyclic RTA, respectively. By employing cyclic RTA
in Fabry–Pérot (FP) broad-area (BA) laser structures, we
report an increase in slope efficiency and maximum output
power.

2. Experimental setup and methodology

The epitaxial structure in this study, illustrated in figure 1(a),
was grown on an n-type InP (001) substrate using a Veeco
GEN930 solid-source molecular beam epitaxy (MBE) sys-
tem equipped with a valved arsenic cracker source. Prior to
growth, the wafer was degassed at 400 ◦C for 1 hour in the
preparation chamber, followed by a 1 min anneal at 500 ◦C
in the growth chamber under As2 overpressure to remove
surface oxides. Immediately following thermal deoxidation,
500 nm In0.524Al0.476As and 100 nm In0.528Al0.238Ga0.234As
buffer layers were grown (henceforth referred to as InAlAs
and InAlGaAs, respectively). All layers, excluding the InAs
QDs, were lattice-matched to InP. The first 50 nm and fol-
lowing 450 nm of InAlAs were grown at 485 ◦C and 510 ◦C,
respectively, to promote a high-quality interface between the
InAlAs and InP. Unless stated otherwise, all further InAlAs
and InAlGaAs buffers were grown at 510 ◦C and 500 ◦C,
respectively.

For the QDs, 5.5 MLs of InAs was deposited in As2
mode on InAlGaAs buffer at 485 ◦C with a growth rate of
0.42 ML s−1 and a V/III BEP ratio of 18 [35], followed by a
10 s growth interruption under As2 pressure to stabilise QD
formation and reduce island size dispersion [36]. A partial cap
of 4 nm of InAlGaAs was deposited on top of the QDs at QD
growth temperature, followed by an indium flush at 540 ◦C
for 1 min under As2 pressure [35, 37], followed by a 36 nm
InAlGaAs spacer layer. This was repeated so that five layers
of QDs were separated by 40 nm spacer layers of InAlGaAs.
After the QD layers, a total 100 nm of InAlGaAs was depos-
ited. The growth was completed by 100 nm of InAlAs and
100 nm of InAlGaAs.

For post-growth RTA, the wafers were coated with 200 nm
of SiO2 using plasma-enhanced chemical vapour deposition
to protect the samples. 7 × 7 mm2 dies were cut and annealed
in a Solaris 150 RTA oven in an N2 environment. Each die
was annealed multiple times at fixed temperatures between
600 ◦C–650 ◦C for 60 s per cycle, where the samples were
removed between each cycle for PL measurements. For con-
sistency, all PL measurements, including the unannealed ref-
erence, were acquired with the SiO2 layer applied.

For PL measurements, the samples were excited by a
635 nm continuous-wave laser with an excitation power
density of 430 W cm−2. The spectra were collected by
a wavelength-extended InGaAs detector with a cut-off
wavelength of 2 µm. All PL measurements were performed at
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Figure 1. (a) Diagram of the five-QD layer structure investigated.
(b) Room-temperature PL spectrum of the five-layer structure. The
inset in (b) displays a 1 × 1 µm2 AFM image of an uncapped
ensemble of 5.5 ML QDs without a partial cap or indium flush, with
otherwise nominally identical growth conditions to the QDs from
the five-layer structure.

RT. Cross-sectional high-angle annular dark field (HAADF)
images and EELS maps of focused-ion-beam-prepared lamel-
lae (using an identical methodology to that described in [38]),
performed in a STEM operated at 100 kV, were obtained for
structural and chemical characterisations.

Additionally, a separate seven-layer laser structure was
grown and fabricated into electrically-pumped FP BA devices.
The structure was similar to the five-layer structure up until the
upper InAlAs cladding. Both doped InAlGaAs buffer layers
and InAlAs claddings were each 200 nm thick, where p- and
n-dopants were Be and Si, respectively. The QDs were nom-
inally identical to the five-layer structure, apart from spacer
layers totalling to 30 nm. The QD region was separated from
the doped layers with 30 nm of undoped InAlGaAs. After the
upper InAlAs cladding, 40 nm, 1700 nm, and 200 nm of p-
doped InAlAs, InP, and InGaAs contact layer were deposited
via metal organic chemical vapour deposition.

3. Effects of cyclic RTA on QD characteristics

Figure 1(b) presents the PL spectrum from as-grown QDs,
exhibiting peak emission at 1530.2 nm and a FWHM of
50.5 meV. The inset of figure 1(b) displays a 1× 1 µm2 atomic

force microscopy (AFM) image of an uncapped QD ensemble
of 5.5 ML QDs without a partial cap or indium flush with oth-
erwise nominally identical growth conditions to the five-layer
structure investigated. The QD density in this image is approx-
imately 4 × 1010 cm−2.

To investigate the effect of cyclic annealing on the optical
characteristics of the QDs, the PL spectra of the cyclically-
annealed samples at 600, 625, and 650 ◦C were acquired,
where ‘ref.’ refers to each sample’s unannealed reference
measurement, as presented in figures 2(a)–(c). A direct obser-
vation of figures 2(a)–(c) concludes that 600 ◦C annealing
results in no intermixing-induced emission wavelength shift
while significantly improving PL intensity with increased
number of annealing cycles. On the other hand, 625 and
650 ◦C annealing led to wavelength shifts and PL intensity
fluctuations to various extents.

Whilst not presented in these results, a separate study was
conducted to investigate the effect of cyclic versus continu-
ous annealing for various hold times. Samples which were
annealed continuously at 600 ◦C exhibited an increase in PL
intensity comparable to what was observed for the ×1 cycle
in figure 2(a), irrespective of annealing time. This behaviour
suggests the cyclic nature of RTA temperature ramping assists
in increasing defect diffusion mobilities, similar to meth-
ods reported on integration of III–V buffer layers on Si via
MBE [39].

Presenting the optical characteristics in more detail,
figures 2(d)–(f) summarises the shift, relative to each respect-
ive unannealed reference measurement, in peak emission
wavelength, FWHM, and peak signal intensity as a function
of annealing cycles for each annealing temperature, respect-
ively. The error is represented as a 95% confidence interval
for each characteristic, calculated from the standard error of
the mean obtained via a 2D spectral scan of each 7 × 7 mm2

die between each cycle.
The shift in wavelengths plotted in figure 2(d) displays

linear blue-shifts of −(2.3 ± 0.6), −(15.4 ± 0.8), and
−(81.2 ± 4.4) nm/cycle for the 600, 625, and 650 ◦C anneal-
ing temperatures, respectively. The 650 ◦C blue-shift value
is calculated from the linear regime in the first two anneal-
ing cycles. By the fifth anneal, a total blue-shift of 13.3, 75.5,
and 226.6 nm was observed for the 600, 625, and 650 ◦C
annealing temperatures, respectively. Evaluating on blue-shift,
it appears that minor levels of intermixing occurred for the
600 ◦C sample, whereas the 625 and 650 ◦C samples indic-
ated increased levels of intermixing. This is further confirmed
in the STEM-EELS analysis, to be presented shortly. Whilst
thermal intermixing-induced blue-shift is commonly reported
by means of single-cycle RTA [40–42], less so is the blue-shift
behaviour under cyclic conditions as demonstrated here.

By the fifth cycle, the total observed FWHM broadening
in figure 2(e) was 1.1, 14.4, and 13.3 meV for the 600, 625,
and 650 ◦C annealing temperatures, respectively. The samples
annealed at 600 ◦C and 625 ◦C exhibit a linear relation of
broadening in linewidth. This behaviour can be described by
the continual intermixing and lowering of confinement quality
due to the reduced interface contrast between the QDs and
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Figure 2. PL spectra at RT from the five-layer structure wafer, each individually annealed five times at respective fixed temperatures of (a)
600, (b) 625, and (c) 650 ◦C for 60 s each cycle, including each respective unannealed reference. Plots of shifts in (d) wavelength, (e)
FWHM, and (f) relative signal intensity as a function of annealing cycles, extracted from the spectra shown in (a)–(c). Each sample’s
annealed characteristic is normalised its respective unannealed reference measurement.

surrounding spacer layer matrix [26, 27], which is also evid-
enced in the STEM characterisation discussed below. The
cyclically-annealed sample at 650 ◦C, however, first exhibits
a large broadening in PL linewidth, followed by a temporary
reduction by the third annealing cycle. This behaviour is dis-
cussed further in relevance to figure 3(c).

In figure 2(f), by the fifth anneal, the increase in peak PL
intensities for the samples annealed at 600, 625, and 650 ◦C
were 4.6, 2.9 and 2.7 ×, respectively, compared to their
respective reference peak intensities. The sample annealed at
625 ◦C unexpectedly exhibited a 5.5× increase in peak intens-
ity in the first annealing cycle compared to its unannealed ref-
erence. Disregarding the increase in intensity from the sample
annealed once at 625 ◦C due to its high margin of error, the
600 ◦C-annealed sample consistently remained the highest
increase in intensity across all annealing cycles.

To determine the impact of cyclic RTA on the structural
properties of QDs, cross-sectional high-resolution HAADF
images of the QD regions of an unannealed reference structure
and samples annealed for five cycles at 600 ◦C and 650 ◦C,
displayed in figures 3(a)–(c), were investigated. It should be
noted that features unrelated to the cyclic annealing process
are evident in every HAADF image resulting from the indium
flush during growth, such as (001) facets atop larger QDs and
dark, In-depleted regions connecting the top corners of each
QD [37, 43].

Visually inspecting the structural characteristics of the ref-
erence sample and the five-times 600 ◦C annealed sample

(figures 3(a) and (b)) using STEM-HAADF, both appear to
exhibit good contrast and therefore a clear separation of the
matrix material and QDs [44] since HAADF image intens-
ity scales to a good approximation with the average atomic
number Z as Z n (n = 1.4–1.8) [45]. However, careful inspec-
tion of the high-magnification image of figure 3(b) reveals a
subtle reduction in contrast across the base of the QD. This
observation suggests a compositional homogenisation across
the interface between the QD and the underlying buffer, with
In and Ga interdiffusion through annealing leading to a loss
of interfacial contrast sharpness. This is thought to be due to
a strain-enhanced lower intermixing activation energy at the
highly-strained QD base [28], which corroborates with evid-
ence in the PL that a minor level of intermixing had occurred.
The high strain level between the matrix and the QD [46] is
also confirmed from geometrical phase analysis (GPA) [47]
carried out on the high resolution HAADF images and reveal-
ing a nearly 4.5% tensile (positive) strain level within the QD
compared to the matrix reference in the unannealed sample,
dropping only slightly to 3% after five cycles at 600 ◦C (see
supplementary information, figure S2 for more details on the
GPA analysis).

For the five-times 650 ◦C annealed sample in figure 3(c), a
more substantial loss in contrast across the interface with the
buffer is observed, along with a reduction in measured strain
by GPA (only 1% in the QD compared to the neighbouring
matrix reference, see figure S2), evidence of further composi-
tional homogenisation. An increase in dot size laterally is also
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Figure 3. HAADF images at various magnifications of (a) an as-grown reference sample, and samples after five cycles of (b) 600 ◦C and
(c) 650 ◦C RTA. Individual and composite EELS images detailing the In (blue channel) and Ga (green channel) compositions with the
relative compositional profiles along the region of interest highlighted by a white box in the composite maps of (d) the as-grown, (e) 600 ◦C,
and (f) 650 ◦C samples. Individual EELS maps of the three elements and corresponding HAADF images are provided for completeness in
the supporting information.

clear, with individual QD (111) facets almost merging with
neighbouring QDs. Moreover, the smaller, fully-capped QDs
often observed in the unannealed sample appear to have dis-
appeared. The loss of smaller QDs in the 650 ◦C-annealed
sample serves as an explanation for the behaviour seen in
figures 2(d)–(f). By the third and fourth annealing cycles, a
reduction in linewidth and peak intensity is observed, poten-
tially coinciding with the destruction of the smaller QD pop-
ulation and temporarily improving uniformity and reducing
the dot population (relative to the second annealing cycle),
respectively.

The nano-scale chemical composition of the QDs and sur-
rounding InAlGaAs buffer was investigated using EELS in
figures 3(d)–(f), which shows the relative distribution of In
and Ga of the reference, and five-times 600 ◦C and 650 ◦C
annealed samples. In the reference unannealed sample, the
QDs show intense In contrast, confined laterally to well
defined dimensions with sharp (111) facets (with no Ga or
Al, see figures 3(d–ii), (iv) and S4 for the three corres-
ponding maps). In the five-times 600 ◦C-annealed sample,

some QDs already exhibit evidence of lateral intermixing
between Ga and In (with the Al relative distribution remain-
ing mostly unchanged: maps for Al are presented in supple-
mentary information for completeness), see figure 3(e-iii) and
(iv) [28]: the In distribution appears more continuous along the
QD layers, and the relative In intensity in the matrix appears
higher, confirming the intermixing process. This trend is even
more pronounced for the 650 ◦C-annealed sample, where the
In signal is far more intense in the matrix, and continuous (but
at a reduced level along the QD layer), indicating high levels
of intermixing, as shown in figure 3(f) and the compositional
line profile in figure 3(f–iv).

At both annealing temperatures, the Al distribution remains
comparable to that of the reference sample, likely due to the
strong Al bonding energy and corresponding short interdif-
fusion length at these temperatures [48, 49]. This results in
In–Ga intermixing only. Besides, Al incorporation into the
QDs typically leads to a deterioration of their electronic shells,
which causes a reduction in PL intensity [25] not observed in
these results.
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Although the 600 ◦C cyclic annealing cannot precisely be
defined as intermixing-threshold, a 4.6-fold increase in peak
PL intensity is observed with negligible degradation to other
key characteristics. The increase in intensity demonstrated
here is inconsistent with the levels of intermixing-induced
blue-shift reported in previous works focused on single-cycle
RTA [23, 27, 40–42, 50]. Contrasting this with the similarity in
structure and composition with the unannealed reference in the
HAADF and EELS images, it is improbable that the increase
in intensity originates from an increase in dot size or change in
composition alone. Therefore, the likely mechanism in intens-
ity increase is the improvement in optical quality by means
of increase in radiative transitions, typically facilitated by the
removal of PDs [27, 29].

4. Effects of cyclic RTA on laser characteristics

In the following, we have investigated the effect of 600 ◦C
cyclic RTA on the static performance of FP BA devices with
a seven-QD layer structure to enhance lasing gain. From the
laser structure, a reference die was left unannealed while
another was annealed at 600 ◦C for five cycles with 20 s per
cycle. A separate study (not shown here) was conducted on
a sample identical to figure 1(a) for optimal annealing hold
time to minimise blue-shift. It was determined that a 20 s
hold time yielded a lower shift in wavelength and linewidth
(− 7.0 nm and + 0.39 meV, respectively) while exhibiting a
4.1-fold increase in peak PL intensity after five cycles.

Following annealing, the SiO2 layers were removed by
standard buffered oxide etch. Thereafter, BA devices with a
50 µm cavity width were fabricated from the structures using
conventional photolithography and wet etching processes. P-
type and n-type electrodes of Ti/Au and Ni/AuGe/Ni/Au were
deposited for the top and bottom contacts, respectively, fol-
lowed by a 1 min anneal at 380 ◦C to form an ohmic contact.
No wafer thinning or facet coatings were applied. The laser
bars were cleaved into cavity lengths of 500 and 750 µm.

Figure 4(a) presents the typical RT light–current (L–I)
curves of the BA devices under pulsed operation with a
pulse width of 1 µs and 1% duty cycle. Comparing the
reference and annealed devices, an increase in slope effi-
ciency was observed from 0.053 to 0.088 W A−1 and from
0.052 to 0.075 W A−1 for the 500 and 750 µm cavity
lengths, respectively. Additionally, an increased measured
maximum output power was achieved between the reference
and annealed devices from 42.2 to 71.3 mW for the 500 µm
cavity lengths and 51.9 to 74.3 mW for the 750 µm cavity
lengths, respectively.

However, between the reference and annealed 500 µm
devices, the threshold current increased from 271 mA to
366 mA, corresponding to a threshold current density of
1085 A cm−2 and 1464 A cm−2, or 155 A cm−2 and
209 A cm−2 per QD layer, respectively. Similar behaviour
is observed for the 750 µm cavity lengths. The increase
in threshold current may result from Ga-outgassing during
RTA between an InGaAs contact layer and the porous SiO2

capping layer [51], degrading the ohmic contact. This could be

Figure 4. (a) L–I characteristics of 50 µm wide BA devices with
600 ◦C five-times cyclic RTA and an unannealed reference at RT
under pulsed conditions using a 1 µs pulse and 1% duty cycle. (b)
RT lasing spectrum at 1.1 × Ith for the unannealed and five-times
annealed 50 × 500 µm2 BA devices.

avoided with a GaAs proximity capmethod [29]. Additionally,
thermally-assisted diffusion of beryllium dopants into the
QDs may have further increased the threshold current [52],
where adjusting dopant concentrations or the use of a dopant-
diffusion barrier layer could limit this behaviour.

Figure 4(b) displays the RT lasing spectra at 1.1 × Ith
under pulsed conditions for the 500 µm reference and
annealed devices, measuring peak wavelengths of 1617.9
and 1576.6 nm, respectively. Noted that the difference in
peak lasing wavelength of the seven-layer reference laser
and the peak wavelength of the five-layer as-grown PL spec-
trum (figure 1(b)) can be attributed to an increase in average
dot size due to enhanced strain coupling from the increased
number of layers in the seven-layer structure [53, 54]. It
is proposed that a five-layer laser structure can achieve
the desired C-band emission as shown in the reference
PL measurements. Furthermore, the peak lasing wavelength
of the annealed devices exhibits a shift of approximately
41 nm compared to the reference devices. This increased
blue shift, relative to the PL observations for the five-layer
structure, could be attributed to the enhanced strain in the
seven-layer structure. The intermixing threshold is likely
lowered by the additional strain, facilitating strain-enhanced
intermixing [28].
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5. Conclusion

A 4.6-fold increase in peak PL intensity has been attained
in a five-layer InAs/InAlGaAs/InP (001) QD structure by
cyclically-annealing for five cycles using RTA at 600 ◦C.
The cyclic nature of post-growth RTA has been revealed to
be an effective method to improve PL intensity and optical
activity of a QD structure with minor effects of thermal-
intermixing observed in optical, structural, and compositional
characteristics. This evidences that an increase in intensity was
unlikely due to the influence of intermixing. Moreover, cyc-
lic RTA has been demonstrated as an applicable step in the
laser fabrication process to improve slope efficiency and max-
imum output power. These results demonstrate a fast and cost-
effective solution to improve optical quality, enabling high-
performance III–V photonic devices.

6. Methods

The electron microscopy characterisation was performed
using a probe-corrected Nion UltraSTEM microscope oper-
ating at 100 kV. The microscope is equipped with a cold
field emission electron source with a nominal energy spread
of around 0.3 eV. The electron optics were adjusted to a con-
vergence half-angle of 30 mrad, a beam current of ∼40 pA
and a probe size of ∼1 Å. HAADF (90–190 mrad angular
range) images were acquired as series to eliminate stage drift
and scanning distortions using non-rigid registration methods
[55]. The EEL spectrum images (SIs) were acquired with the
zero-loss peak with an energy dispersion of 1.39 eV/channel
to allow for precise energy calibration on a Gatan Enfina spec-
trometer retro-fitted with a Quantum Detectors Merlin EELS
hybrid-pixel camera. The SIs were subsequently denoised
using principal component analysis routine implemented in
the multivariate statistical analysis plugin [56] in Digital
Micrograph developed by Watanabe. Compositional quanti-
fication of the EELS data from the Al L2,3, In M4,5 and
Ga L2,3 EELS edges was carried out using the model-based
approach implemented in Gatan Digital Micrograph, and ori-
ginally developed by Verbeeck et al [57]. GPA was performed
on HAADF image series (20 images aligned and averaged) to
ensure a high signal-to-noise ratio [58].
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