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Abstract
We demonstrate the effects of rapid thermal annealing on emission from telecom C-band
InAs/InP (100) quantum dots (QDs) grown by droplet epitaxy in metal–organic vapour phase
epitaxy. Room temperature photoluminescence from the QD ensemble shows a tuned emission
wavelength through the C-band and O-band while improving the emission intensity by ∼4.5
times at an annealing temperature of 770 ◦C. A blueshift of the QD emission up to 430 nm has
been achieved. Low-temperature micro-photoluminescence demonstrates single QD emission
from the annealed samples with an improvement in linewidth of up to 30%.

Keywords: rapid thermal annealing, quantum dots, InAs/InP, droplet epitaxy, MOVPE,
photoluminescence

1. Introduction

III–V quantum dots (QDs) play an important role in the act-
ive region of various devices for quantum technology applic-
ations, such as single photon emitters [1], entangled photon
generation [2] and quantum relays [3]. Epitaxial QDs are
usually fabricated by Stranski–Krastanov (SK) growth mode
[4, 5], but there may be limitations imposed on the growth
conditions due to the lattice mismatch between substrate
and epilayer [6, 7]. Droplet epitaxy (DE) is an alternative
growth method which is more versatile compared to SK and
allows formore flexibility inmaterial choice and nanostructure
fabrication [8]. Most importantly, highly symmetric QDs can
be obtained using DE, showing reduced fine structure splitting
(FSS) and longer coherence times [6, 7, 9]. Thus, QDs grown
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by the DE method are promising candidates as high-quality
single-photon emitters [8, 10–12].

Altering the structure of the QDs using post-growth tech-
niques can be used to obtain QDs with more favourable optical
properties for photonics applications. For example as-grown
QDs may show a spectral distribution longer than the tar-
geted wavelengths—in our case, the important telecoms C-
band and O-band. The use of post-growth methods, such as
ion implantation [13], electric fields [13], and optical stark
effect [14], have all been shown to control the QDs emis-
sion brightness [12], wavelength [15], and FSS [16]. Rapid
thermal annealing (RTA) is a well-known technique that has
been shown to improve the structural and optical properties of
self-assembled QDs [15, 17, 18]. For instance, thermal treat-
ments have been shown to remove defects and allow interdif-
fusion mechanisms to take place, resulting in shifted emission
wavelengths [19], brightness enhancement [15] and reduc-
tion in the inhomogeneously-broadened linewidth of emission
from the QD ensemble [20].

In this study, we investigate the effects of RTA on
the optical properties of C-band emitting InAs/InP (100)
QDs grown by DE in metal–organic vapour phase epitaxy

1 © 2024 The Author(s). Published by IOP Publishing Ltd
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(MOVPE). When annealed up to 800 ◦C, a large room tem-
perature photoluminescence (RT-PL) blueshift of 430 nm
is observed, and the associated ensemble linewidth nar-
rows by 15% (∼50 meV). We also report on single-dot
spectroscopy measured using low-temperature (5 K) micro-
photoluminescence (LT-µPL), where a blueshift of single
QD emission toward 1300 nm is observed, and single-dot
linewidths showed an improvement by up to 30% (∼20 µeV).

2. Methods

Samples were grown on epi-ready InP(001) in a closed-
coupled showerhead MOVPE reactor, using H2 as carrier gas.
No pre-treatment was used on the samples prior to growth.
Indium droplets were deposited on a 300 nm InP buffer
grown at 620 ◦C. Droplets were deposited at 320 ◦C and
then crystallised into InAs QDs under an AsH3 flow while
ramping the temperature to 520 ◦C. The conditions used for
QD growth were previously optimised to achieve high-quality
InAs QDs showing LT single-dot emission at wavelengths
around 1550 nm [21, 22]. After droplet crystallisation into
InAs QDs, an InP capping layer of 20 nm was deposited
at the same crystallisation temperature of 520 ◦C. A further
80 nm InP was grown at 620 ◦C to bury the QDs entirely.
We refer to our previous works for additional information
on the growth sequence [21, 22]. Such QDs are grown from
metallic droplets, however they will be strained after com-
plete crystallisation and burying process with InP, or be par-
tially relaxed, akin to what happens to SK dots. A set of
5 × 5 mm2 samples was annealed with the use of proximity
capping between 650 ◦C and 850 ◦C (including an unannealed
as-grown sample for reference), where sacrificial InP sub-
strate was used to prevent the outdiffusion of group V atoms
[15]. Another set of samples was capped with 100 nm SiO2

(40 nm/min) by plasma-enhanced chemical vapour deposition
to protect the surface during RTA. After dielectric capping,
the samples were cleaved into 5 × 5 mm2 pieces before being
annealed at temperatures ranging from 750 ◦C to 800 ◦C for
30 s including another reference sample (as-grown) which was
SiO2 capped but not annealed. For both set of experiments,
samples were taken from locations on the wafer in close prox-
imity to each other, to ensure the annealing effects would be
comparable. The samples were cleaved into 5× 5 mm2 pieces
before being annealed at temperatures ranging from 750 ◦C
to 800 ◦C for 30 s. The samples were placed into two differ-
ent PL setups for RT-PL and LT-µPL. For RT-PL, the samples
were measured using an Accent RPM2000 PL mapper, with
excitation from a 656 nm diode laser with the PL dispersed by
a 150 g mm–1 grating and detected with a Hamamatsu G9208
InGaAs detector with an extended response up to 2200 nm.
Next, the same QD samples were investigated by LT-µPL at
5 K. For µPL, the samples were excited via a fibre-coupled
635 nm red diode laser at approximately 4.5 Wcm−2 with a
Princeton Instruments SP2750 spectrometer and 600 lines/mm
grating and a cooled PyLoN IR InGaAs detector. The response

of the InGaAs detector on the LT-µPL system is limited to
1600 nm, so single QD emission at longer wavelengths may
not be detected.

3. Results and discussions

3.1. RT-PL

Figure 1 shows the RT-PL spectra obtained from samples
annealed at different temperatures with either proximity
capping or SiO2 capping. With proximity capping, we do
not observe a blueshift of ensemble emission or significant
changes in PL intensity up to an annealing temperature of
850 ◦C as a result of lack of interdiffusion between InAs QD
and adjacent InP layers. While the ensemble does not shift
under annealing, minor changes to the individual peaks of the
ensemble are still observed, suggesting a gradual degradation
of the sample or outdiffusion of indium atoms, which could
impact the carrier dynamics. With the use of SiO2 capping, the
PL intensity doubles starting at 750 ◦C to a maximum increase
in PL intensity of ∼4.5 times at 770 ◦C when compared to
as-grown. Subsequent annealing temperatures give no further
improvement in PL intensity. This is consistent with previ-
ous reports of an increase of ∼3 times in PL intensity from
InAs/InP QDs with annealing when compared to an as-grown
sample [23]. The PL intensity increase can be attributed to an
annealing-induced reduction in defects and other non-radiative
recombination centres [24–26]. Increasing the annealing tem-
perature above 770 ◦C results in the degradation of thematerial
quality, causing the generation of unwanted dislocations and
outdiffusion of indium atoms [17, 23, 27]. We also observe a
general narrowing of the ensemble PL FWHM with increas-
ing annealing temperature, as shown in figure 2, with the low-
est FWHM of 329 meV (770 ◦C), compared to 378 meV (as-
grown). The FWHM of the as-grown ensemble is large but
comparable with that observed by other groups for InAs/InP
QDs emitting at these wavelengths [28, 29]. Modified growth
conditions that blueshift the QD emission towards 1550 nm,
such as indium-flush or growth on InGaAs interlayers [29, 30],
yield QD ensembles with narrower FHWM but we would still
expect annealing to result in a further reduction in FWHM for
QDs grown using these techniques. For RTA, the narrowing of
FWHM is linked to the changing of the QD shape and com-
positions, as demonstrated by other groups [23, 31, 32]. This is
made possible with the use of SiO2 layers, which have previ-
ously been demonstrated to allow for promotion to impurity-
free vacancy disordering, an additional mechanism assisting
indium and group-V outdiffusion. This results in the blueshift
of emission from compositional changes in the QDs due to
intermixing as well as narrowing of the ensemble linewidth
due to the increase in QD size and uniformity of the QD
ensemble [32]. We also observe the formation of microcracks
during high-temperature annealing [23]. The disappearance of
individual peaks across the ensemble could also be attributed
to the degradation of the sample and linked to the outdiffusion
of indium atoms from the structure into the SiO2 layer.
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Figure 1. Room temperature PL for (a) proximity cap between annealing temperature 650 ◦C–850 ◦C compared with as-grown, (b) SiO2

cap with annealing temperature 750 ◦C–800 ◦C compared with as-grown. Dot-dash line indicating the µPL detector’s cut-off.

Figure 2. Gaussian fitted analysis of annealing temperature against
peak wavelength (solid squares) and linewidth (circles), with the
dashed lines showing as-grown comparisons for SiO2 capped
sample. The expected peak wavelength of the ensemble at 5 K,
according to the Varshni relation, is also included (open squares)
[36].

The peak wavelength emissions can be controlled by vary-
ing the annealing temperature, as summarised in figure 2.
Comparing the different capping methods used, we observed
a change in annealing temperature by 50 ◦C before blue-
shifting occurred. One known cause is the significant dif-
ference in thermal expansion coefficients between SiO2

(∼0.52 × 10 ◦C–6 ◦C−1) and InP (∼4.6 × 10 ◦C–6 ◦C−1).
This causes compressive stress at the interface region dur-
ing annealing, which will allow for group-V intermixing more
readily [33]. This mechanism is in contrast with InAs/GaAs
QDs structures where such interaction is between In/Ga atoms
instead [19, 34, 35]. The effect of indium and group-V out-
diffusion is also a common mechanism alongside intermix-
ing of As/P atoms across the interfaces of InAs QDs and InP
barriers [31, 32]. This results in the largest blueshift of 430 nm,

which is observed with an annealing temperature of 800 ◦C
with SiO2 capping. The improvement in optical properties is
attributed to the change in the capping method, which allows
vacancies to form when outdiffusion of indium and group-V
atoms [23] while also protecting the surface from excessive
surface degradation [17]. Repeating the same annealing exper-
iment on different regions of the same wafer, produces com-
parable PL results. As such, we ascribe such effects to the use
of different cappingmethods.With promising results fromRT-
PL, the single dot spectrum of the SiO2 capped sample was
measured using LT-µPL to understand the effects RTA has on
single dot emissions.

3.2. LT-µPL

The RT-PL measurements presented in figure 1 allow us
to identify the wavelength range of the whole ensemble.
Still, when considering the portion of the ensemble visible
by LT-µPL (5 K), this is limited by the detection range
(1300 nm–1600 nm). We expect an average emission blueshift
of∼150 nm for the QD ensemble between RT and 5 K follow-
ing the Varshni relation, shown in figure 2 [37]. Annealing the
samples blueshifts the ensemble emission towards the detec-
tion range of the LT-µPL so the spectrums obtained from
the as-grown sample are from QDs at the short-wavelength
edge of the ensemble. The sample annealed at 780 ◦C would
best represent the peak ensemble range of QDs, which has
improved linewidth distribution when compared to the as-
grown sample, the short-wavelength edge. Similarly, at higher
annealing temperatures, emissions originating from the long-
wavelength edge of the QD distribution have comparable
linewidths to the peak of the ensemble for the as-grown
sample.

Figure 3 shows examples of µPL spectra of SiO2 capped
samples annealed at (a) 800 ◦C, (b) 770 ◦C, (c) 750 ◦C and
(d) as-grown. In the as-grown sample, a high density of sharp
emissions from single QDs is seen alongside background
noise. The background noise observed is possibly caused by
significant charge noise, leading to emission broadening and
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Figure 3. µpl single dot spectra of SiO2 capped samples at 5 K for
(a) 800 ◦C, (b) 770 ◦C, (c) 750 ◦C, (d) as-grown.

coalescence of emission peaks [38]. At 750 ◦C, the back-
ground noise is quenched, most likely due to a reduction of
defects after annealing. Blueshifting of sharp dot-like emis-
sions is observed after annealing, emitting around 1300 nm.
The density of dot-like emissions has decreased, but there is no
evidence of emission broadening. At 770 ◦C, we observe the
most significant improvement in linewidth while maintaining
dot-like sharp emissions and a significant reduction in back-
ground noise. At 800 ◦C, background noise reappears, which
extends across the entire range with the atmosphere absorp-
tion range from 1350 nm to 1450 nm. We believe factors such
as microcrack formation cause the observed increase in back-
ground noise at high annealing temperatures. This is also con-
sistent with the observed reduction in integrated PL intens-
ity shown in figure 1 [23]. Between 750 ◦C–770 ◦C, bright,
narrow emission lines from single QDs can be detected in
the range 1300–1500 nm. To statistically analyse the distribu-
tion of single dot-like emissions, multiple single spectra were
obtained at each annealing temperature [37].

Figures 4(a)–(g) shows a comparison of sharp dot-like
emissions between annealed and as-grown QDs. As-grown
single spectra show good emission between 1400 nm to
1550 nm, with comparable results when multiple locations

across the sample are measured. With increasing annealing
temperature, we observe additional dot-like emission between
1400 nm and our short-wavelength measurement limit of
1300 nm. By comparison, with the RT ensemble PL shown
in figure 1 and the expected peak ensemble wavelength at
the low temperature shown in figure 2, the QD distribution
shown in figure 4matches the expected wavelengths according
to Varshni’s relation. For the annealed samples, the blueshift
will shift the short-wavelength side of the ensemble below
1300 nm at low temperature, allowing observation of single
QD emission between 1300–1400 nm in our µ-PL measure-
ments. With increasing annealing temperature, we may obtain
a blueshift of the emission beyond the short-wavelength limit
of our measurements at 1300 nm from an increased number
of QDs in the distribution due to the outdiffusion of indium
from the QDs. It is surprising that we do not observe single
QD emission >1500 nm for the samples annealed at 750 and
760 ◦C. This may be due to statistical variations in the spectra,
as we observe QD emission >1500 nm for samples annealed
at higher temperatures, and the RT PL suggests that the QDs
observed in µPL are on the short-wavelength side of the QD
distribution for all samples. QD emission around 1400 nmmay
be suppressed by atmospheric absorption, with fewer emis-
sion lines from the QDs being above the noise floor of the
detector and resulting in an apparent bimodal wavelength dis-
tribution in the data presented in figure 4. The sudden forma-
tion of bimodal distribution on a single-dot level is currently
still unknown. This could be linked to the disappearance of
individual peaks observed in figure 1, where the high temper-
ature usedmay have caused outdiffusion of indium atoms from
the QDs, affecting the QD morphology and thus the carrier
dynamics [39].

To understand how RTA affected single QD properties and
its relationship between emission shifting and linewidth, we
define two groups of emission lines in the spectra from the
annealed samples: group 1 is defined as dot emissions below
1425 nm corresponding to QDswhose emission has been blue-
shifted to wavelengths shorter than the emission from the as-
grown sample, while group 2 is emissions above 1425 nm,
corresponding to QDs whose emission will also have been
blueshifted due to annealing but are emitting at wavelengths
comparable to the as-grown sample. Figures 4(h)–(n) shows
the linewidth distribution for single QD emission as a func-
tion of different annealing temperatures. Below 770 ◦C, the
linewidths are comparable to those obtained from the as-grown
sample. For annealing temperature of 770 ◦C and above, we
observe an improvement in the linewidth distributions, with
the lowest linewidth of 22.0µeV (790 ◦C), close to the detector
spectral resolution of 20.9 µeV. An increase in the number of
emission lines with large linewidth for the sample annealed
at 800 ◦C is consistent with material degradation, that may
also contribute to the increased background emission observed
for this sample. We do not observe a significant difference
in the linewidths of emission lines from QDs in groups 1
and 2, where low linewidth QDs are maintained across the
wavelength range. This demonstrates that the improvement
to linewidth is not dependent on emission wavelength and
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Figure 4. Histogram analysis of multiple single dot emissions of SiO2 capped sample at 5 K for wavelength distribution of (a) 800 ◦C, (b)
790 ◦C, (c) 780 ◦C, (d) 770 ◦C, (e) 760 ◦C, (f) 750 ◦C, (g) as-grown, and linewidth distribution of (h) 800 ◦C, (i) 790 ◦C, (j) 780 ◦C, (k)
770 ◦C, (l) 760 ◦C, (m) 750 ◦C, (n) as-grown. Single dot emissions are further split QD emissions below 1425 nm (black/group1), above
1425 nm (red/group2).

demonstrates that the use of RTA can be beneficial for improv-
ing the QD linewidth for samples targeting either the O-band
or the C-band.

4. Conclusion

In conclusion, we have examined the impact of RTA on tele-
com InAs QDs on InP grown by DE in MOVPE. By varying
the annealing temperature above 750 ◦C, a controllable blue-
shift of the QD ensemble emission up to 430 nm under RT-
PL conditions is observed. RTA also increases the integrated
intensity and decreases the PL linewidth. In µPL, the emis-
sion of the QDs can be blueshifted to the O-band. At annealing
temperatures of 770 ◦C and above, we achieved an improve-
ment of 30% (∼20 µeV) in single QD emission linewidth.
Control of the annealing temperature gives the ability to adjust
the emission wavelength and reduce the emission linewidth
from single dots, enhancing the potential of InAs/InP DE QDs
embedded in quantum devices.
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