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This work reports on the optical properties of self-assembled InAs/GaAs quantum dots (QDs) grown by molecular
beam epitaxy. A sigmoidal temperature-dependent variation of the bandgap energy of the dots is detected from
the photoluminescence (PL) investigations of the studied sample. This sigmoidal dependence of the bandgap
energy was accompanied by an anomalous increase in the integrated PL intensity (IPLI) over the temperature
range of 10 K to 110 K. Such optical observations are related to the existence of deep localized states (LS) within
the QD structure. To illustrate the presence of the LS, pump power-dependent PL measurements at different

temperatures were performed. It is found that the sigmoidal dependence of the PL peak energy (PLPE) gradually
converts into a monotonous variation with the gradual increase in the excitation density. These observations
show a saturation behavior of a limited number of states within the bandgap of the QDs. Such optical results
provide clear evidence for the existence of deep levels within the InAs dots.

1. Introduction

Semiconductor-based quantum dots made by self-organized growth
are the subject of intensive studies due to the particular nature of their
electronic states [1-3]. Owing to their important optical properties close
to the infrared wavelength regime, Stranski-Krastanov InAs/GaAs QDs
are considered among the most promising candidates for the fabrication
of intermediate band solar cells as well as for optoelectronic devices
[4-6]. The QD structures are also of great interest in the exploration of
bio-imaging and pharmaceutical applications [7-9]. Such applications
require the growth of QDs produced from natural organic materials
which can generate a strong optical response compared to some semi-
conductor QD systems [7]. It is well known that the performance of such
devices strongly depends on the thermal effects that relate the sponta-
neous optical emission to the non-radiative recombination processes
[10, 11]. Generally, the increase of the PL. measurement temperature in
the semiconductor-based QD systems causes an energy reduction in the

inter-band radiative transitions, a gradual quench of their optical sig-
nals, and a broadening of their line-widths. These behaviors are owing to
the accumulation of several thermal effects such as the expansion of the
crystal lattice and the coupling between electrons and phonons [12].
However, many studies [13-15] have indicated that some other
abnormal thermal effects could cause significant changes in the tem-
perature dependence of the photoluminescence characteristics for such
QD structures. Indeed, the presence of spatially localized deep levels in
these structures can induce a sigmoidal dependence of the emission peak
energy (S-shape feature), which is often accompanied by an improve-
ment in the PL signals with increasing temperature [13, 16]. This un-
usual temperature dependence of the PL characteristics has been
attributed to the thermal redistribution of charge carriers between the
localized states and the ground states of the dots [15-17]. Several
published experimental and theoretical works have demonstrated that
the LS could coexist with the intrinsic quantum states of the InAs dots
[18-21]. Based on deep level transient spectroscopy (DLTS)
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Fig. 1. (@): 0.6 x 0.6 um®> AFM image of the uncapped QD sample. (b):
Lateral size distribution of the dots corresponding to the AFM image.

Table 1
Structural parameter values of the investigated QD sample. 5 is the areal density,
d is the average diameter and h is the average height of the dots.

AFM details SQD class LQD class
5 (x 10" em™?) 6.9 0.8

d (nm) 15~ 16 33 ~34
h (nm) 4~5 8~9

measurements of self-assembled InGaAs/GaAs QDs system [18], T.
Asano et al. have shown the presence of deep-level traps located around
the GS of the InGaAs/GaAs dots. In this reported work, the activation
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energies, the spatial profile and the estimated densities of the deep-trap
levels have been theoretically determined. On the other hand, using
Bias-dependence calculations of DLTS spectra [19], S. W. Lin et al. have
presented direct experimental evidence of the existence of such deep LS
within the InAs/GaAs dots themselves. Although it was predicted that
the localized states might exist in the vicinity of the InAs dot’s barrier,
only a few optical works have reported the sigmoidal
temperature-dependent variation of the bandgap energy for
self-assembled InAs QDs [13, 14]. In addition, spectroscopic studies of
PL reporting the presence of deep LS in a single layer of InAs/GaAs QDs
are extremely limited.

In this work, temperature-dependent PL. measurements are investi-
gated for self-assembled InAs/GaAs QDs grown by molecular beam
epitaxy. A sigmoidal temperature-dependent variation of the PLPE is
observed. This sigmoidal dependence of the PLPE is accompanied by an
anomalous enhancement of the PL signals. Such behaviors are related to
the presence of deep LS within the studied structure. PL measurements
as a function of the excitation density are carried out to illustrate the
eventual existence of the LS within the InAs dots.

2. Experimental details

The structure studied in this work contains a single layer of InAs QDs
(wetting layer) sandwiched in a GaAs matrix [22]. The
Stranski-Krastanov QDs were grown by molecular beam epitaxy on
(001)-oriented GaAs substrates. Gallium and indium fluxes were sup-
plied from thermal effusion cells, Asy species from a cracking source.
The growth procedure for the QDs deposition is the following. First, a
0.3 pm thick GaAs buffer was grown at 600 °C with a rate of 0.2 nm/s.
Subsequently, the substrate temperature was decreased to 490 °C in
order to allow deposition of the wetting layer. The thickness of the
deposited InAs was fixed to 2.4 monolayers with a growth rate of 0.04
nm/s. A 100 nm thick GaAs cap was immediately grown after, while the
growth temperature was increased to 600 °C. Another sample was
grown for the atomic force microscope (AFM) measurements using the
same conditions but without the cap layer. Morphology analysis was
performed using the tapping mode of a Topometrix TMX 2000 Explorer
atomic force microscope. PL measurements were carried out using a
closed-cycle He cryostat and a 514.5-nm line of an Ar" laser. Optical
spectra were collected with a f = 0.25 m spectrometer with a 1200
I/mm grating and focused onto a cooled GalnAs photodiode detector.

3. Results and discussion

3.1. Structural details

Fig. la depicts the AFM image of the uncapped QD sample and
Fic. 1b shows the corresponding lateral size histogram of the dots. The
structural details of the dots are summarized in Table 1. A careful
analysis reveals two families of large and small dots that differ from the
point of view of surface density and average size. A population of large
quantum dots (LQDs), with diameter around 33 nm and height 8-9 nm is
observed on the surface with a density of 8 x 10° /cm? In comparison,
the small quantum dots (SQDs) group with 15-16 nm diameter and 4-5
nm height has a much higher surface density (7 x 1010 /cm2) and a
therefore smaller lateral spacing. Such non-homogeneity of the dot size
may be due to the coalescence of a fraction of the InAs dots during the
growth of the wetting layer at 490 °C. Optimization of growth conditions
in molecular beam epitaxy helps to reduce this effect [23].



R. Jawher et al.

Applied Surface Science Advances 7 (2022) 100199

L —— 8K
—25K
| —— 35K
— 40K
| —— 45K
—— 50K

60K
—— 70K
| —— 100K
—120K
—— 140K
| —— 160K
—— 180K
[| —— 200K
220K (x 5)
1 —— 280K (x 15)
—— 300K (x 25)

PL intensity (a. u.)

e PL spectrum
—L-band
—S-band -

PL intensity (a. u.)

1o 1 " 1 i 1 i 1 i 1 i 1 i L " 1 i
100 105 1,10 115 120 125 130 135 1,407

Energy (eV)

P0 =0.1 W/cm?

1,00 1,05 110 1,15

1,20

1,25 130 135 1,40

Energy (eV)

Fig. 2. PL spectra of the studied sample taken at different temperatures under an excitation density of about 0.1 W.cm™2. The inset shows that the 8K-PL spectrum of

the studied sample can be well fitted with two-Gaussian line shapes (S and L).
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Fig. 3. 8K-PL spectra from the studied sample taken at different excita-
tion densities.

3.2. Temperature PL study

Fig. 2 exhibits the PL spectra of the studied sample in the 8-300 K
temperature range under an excitation density of about Py (Pg = 0.1 W/
cm?). The inset of this figure shows that the 8K-PL spectrum of the QD

sample highlights the presence of two well-defined sub-bands, namely S
and L. The energy difference between the peak positions of the two sub-
bands is about 40 meV. Referring to the structural details which
demonstrate a bimodal QD size distribution within the studied sample
and considering, on the other hand, the dependence on the dot size of
the quantum confinement potentials [24], the S and L bands are
attributed to the radiative recombination from the SQDs and LQDs,
respectively [25]. This assignment is also supported by the pump
power-dependent 8K-PL measurements (see Fig. 3), which show no PL
emissions from the excited states of the dots. It should be noted that the
average sizes of the two families of dots are sufficiently distinct (see
Table 1), so that their emission bands are distinguishable. This is
consistent with many theoretical studies that predict an energy shift of
the InAs QD bandgap of about 60 meV by increasing the dot size twice
[24].

The PL spectra in Fig. 2 are fitted with two-Gaussian line shapes. The
evolutions of the integrated PL intensity and the PL peak energy as a
function of the temperature are determined from fitting results and are
represented in Figs. 4a and 4b, respectively. For the two bands, it can be
seen from Fig. 4a that the dependence on the temperature of the inte-
grated PL intensity exhibits an anomalous enhancement in the low-
temperature region. Meanwhile, Fig. 4b shows that the PL peak en-
ergy of the two bands exhibits a sigmoidal temperature-dependent
variation. Indeed, with the increase of the temperature from 8 K to 30
K, the PLPE of the two bands remains constant (see Fig. 4b), then quickly
increases till 45 K, and then decreases with a further increase in the
temperature. This sigmoidal temperature dependence of the PLPE pre-
sents a large deviation from the band gap change of the InAs material
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Fig. 4. (a): Temperature dependence of the integrated PL intensity for both S
and L sub-bands under an excitation density of Py. (b): Temperature depen-
dence of the PL peak energy for both S and L sub-bands under an excitation
density of Py. The fit of the experimental data to the Varshni law [23] (solid
line) is also added in this figure.

according to the Varshni law [26]. Such a sigmoidal dependence of the
PLPE is characterized by two interesting parameters, namely Ts and AEs.
Ts is the temperature of turning out to red-shift of the PLPE, and AEs is
the value of the energy difference between the PLPE at Ts and that at 8 K.
As pointed out by many optical studies [13-17], the unusual blue-shift
occurring in the temperature dependence of the PLPE for
self-assembled QD structures is originating from the presence of deep
localized states that exist within the QD bandgap. Compared to that of
the electronic GS of the dots, the localized states should have shallower
confinement levels and a much weaker density of states [19] (see Fig. 5).
The value of the energy difference between the GS and the LS is usually
defined as the activation energy for the temperatures under study. The
recorded abnormal deviation of the temperature dependence of the

Applied Surface Science Advances 7 (2022) 100199

PLPE from that of the InAs bandgap change (see Fig. 4b) can be
explained by the thermal redistribution of the confined carriers between
the LS and the GS [13-17]. Indeed, with the increase in temperature, the
carriers trapped in the LS are thermally re-emitted towards the GS where
they will take part in the radiative emission (blue-shift of the PLPE) [16].

As can be seen from Fig. 4, both the sigmoidal dependence of the
PLPE and the anomalous enhancement of the IPLI occur in the same
temperature region, they are probably arising from the same origin.
With increasing temperature, the improvement in the IPLI observed in
Fig. 4a suggests that the loss of carriers via non-radiative processes is
compensated by some mechanism providing carriers to the GS of the
dots. Generally, for a bimodal structure of InAs QDs, the redshift of the
PL transition of the SQD class with increasing temperature is much faster
than that of the bandgap change of the InAs material [27, 28]. In
addition, for such a structure, the increase of the temperature can induce
an improvement in the PL signal of the LQD class [29]. These behaviors
are due to the carrier redistribution between the QDs in different size
distributions [28, 29]. However, with the increase of the temperature
from 8 to 110 K, Fig. 4a shows that the two families of dots have a similar
improvement of their integrated PL intensities. This suggests that the
thermal redistribution of carriers via neighboring dots is not appreciable
in the studied structure. As a consequence, the carrier dynamic processes
that involve the PL emission are probably independent of the QD’s size.
This is consistent with the behaviors of the integrated PL intensity and
the PL peak energy shown in Fig. 4. Indeed, the two families of dots
exhibit practically the same tendencies in the temperature dependence
of their PL characteristics. It should be noted that the anomalous
enhancement of the integrated PL intensity observed in Fig. 4a cannot be
related also to the supply of carriers via the thermal transport of elec-
trons through the wetting layer and/or the thermal release of carriers
trapped in non-radiative centers. In fact, these mechanisms should not
induce the blue-shift of the PLPE [27]. In view of these reasons, the
anomalous enhancement of the IPLI could be attributed to the presence
of deep LS within the studied structure [13-17]. Therefore, the present
optical results are explained as follows (see Fig. 5). For temperatures
smaller than Ts, the lower energies are favored, the trapping process of
photo-generated carriers in the deep LS is therefore much more efficient
than that in the GS. With increasing temperature from 8 K to Ts, the GS
are gradually repopulated via the thermally escaped carriers from the
LS. This aspect simultaneously induces a gradual improvement in the PL
signal of the QDs and a blue-shift of the energy bandgap (see Fig. 4).
With a further temperature increase (T > Ts), most of the carriers
trapped in the LS are thermally emitted towards the GS. Then, as can be
found in III-V semiconductor materials, conventional thermal effects
that deteriorate the PL yield (such as the crystal lattice expansion and
the electron-phonon coupling) lead to regular evolutions of the PL peak
energy and the integrated PL intensity (bandgap reduction and quench
of the PL signals, respectively).

3.3. Pump-power PL study

In order to illustrate the presence of the LS within the studied
structure, pump power-dependent PL measurements at different tem-
peratures were carried out. The experiment results extracted from the PL
measurements are plotted in Fig. 6 which depicts the temperature
dependence of the PL characteristics under several excitation densities.
Compared to the GS, the LS should have a much lower density of states
[19]. Due to the band filling effects, the increase in the excitation density
at 8 K should quickly saturate the deep LS [15, 17]. Then, the
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contribution of the LS to the PL emission should be progressively masked
by that coming from the GS of the dots [13-17]. Consequently, the
sigmoidal temperature-dependent variation of the PLPE seen in Fig. 4b
should gradually transform into a monotonic variation with increasing
excitation density [15, 16]. In the high excitation regime, a typical
bandgap reduction of the PL emission with increasing temperature
should be evident [16, 17]. It can be clearly seen from Fig. 6b that the
value of AEg decreases with increasing excitation density. The abnormal
blue-shift of the PLPE is completely disappeared for an excitation den-
sity of approximately 15 x Py. These optical observations illustrate that
at pumping levels for which the filling of the localized states is complete,
the anomalous evolution of the PL peak energy versus temperature seen
in Fig. 4b is transformed into a monotonic variation. As pointed out by
many studies [15-17], the decreasing behavior of the AEg value with the
increase of the excitation density is attributed to the gradual saturation
of the LS due to the band filling effects. Therefore, the present optical
results provide clear evidence for the existence of deep LS within the
studied structure. It can be also noted that due to the presence of the LS,
the anomalous improvement in the IPLI with increasing temperature is
much stronger at higher excitation densities (see Fig. 6a) [15, 17]. This

is possibly due to the fact that the GS have a higher radiative recombi-
nation efficiency than that of the LS.

The coexistence of deep LS with the intrinsic quantum states of the
InAs dots has been related to several causes which depend on the growth
processes [18, 21]. The localized states can result from the migration of
Ga adatoms to the InAs wetting layer during the growth of the QD
structure [18]. They can also result from the formation of point defects
in the volume of the dots which are due to the growth processes of
lens-shaped dots [20]. Deep levels within the dots themselves could also
be caused by the lattice mismatch between InAs and GaAs [19]. Defects,
such as vacancies and interstitials, which are due to the incomplete
relaxation of the residual compressive strain in the vicinity of the dots,
can also lead to the appearance of the LS [18]. On the other hand, from
DLTS measurements [19], S. W. Lin et al. have suggested that the
presence of deep LS in self-assembled InAs QDs cannot be related to the
misfit dislocations, nor to the Stranski-Krastanov QD formation process.
The coexistence of the LS with the intrinsic states of the InAs dots is of
great interest for the design of memory devices and/or single-photon
emitters as well as for the fabrication of high-efficiency photovoltaic
devices [30, 31].
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Fig. 6. (a): Temperature dependence of the integrated PL intensity for both S
and L sub-bands recorded under several excitation intensities. (b): Temperature
dependence of the PL peak energy for both S and L sub-bands recorded under
several excitation intensities.

4. Conclusion

In summary, structural and optical properties are investigated for
self-assembled InAs/GaAs QDs. The 8K-PL spectrum of the QD sample
exhibits two well-defined sub-bands, namely S and L. The S and L bands
are identified as the PL emission from a bimodal size distribution of dots
within the studied sample. For the two bands, an abnormal blue-shift of
the PLPE is observed with increasing temperature. Simultaneously, an
anomalous increase in the integrated PL intensity is detected over the
temperature range of 10 K to 110 K. Such optical behaviors are related to
the presence of deep LS within the studied structure. To illustrate the
made interpretation, temperature-dependent PL measurements under
several excitation densities were carried out. The abnormal blue-shift of
the PLPE is found to gradually disappear with increasing excitation
density. This behavior is related to a saturation phenomenon of a weak
density of deep localized states. Such optical observations provide clear
evidence for the existence of deep levels within the InAs dots.

Applied Surface Science Advances 7 (2022) 100199
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

There are no financial interests/personal relationships which may be
considered as potential competing interests

References

[1] Toshiyuki Kaizu, Takuya Matsumura, Takashi Kita, J. Appl. Phys. 118 (2015),
154301.

[2] Kyoung Su Lee, Gyujin Oh, Eun Kyu Kim, Jin Dong Song, Appl. Sci. Converg.
Technol. 26 (4) (2017) 86-90.

[3] Rihani Jawher, Radhwen Chtourou, Vincent Sallet, Mehrez Oueslati, Mater. Sci.
Eng. B 271 (2021), 115238.

[4] Y. Cheng, A.J. Meleco, A.J. Roeth, V.R. Whiteside, M.C. Debnath, T.D. Mishima, M.
B. Santos, S. Hatch, H.-.Y. Liu, LR. Sellers, IEEE 44th Photovoltaic Specialist
Conference (2017).

[5] Jiang Wu, Siming Chen, Alwyn Seeds, Huiyun Liu, J. Phys. D: Appl. Phys. 48
(2015), 363001.

[6] Xiang-Bin Su, Ying Ding, Ben Ma, Ke-Lu Zhang, Ze-Sheng Chen, Jing-Lun Li, Xiao-
Ran Cui, Ying-Qiang Xu, Hai-Qiao Ni, Zhi-Chuan Niu, Nanoscale Res. Lett. 59 (13)
(2018).

[7] P. Surendran, A. Lakshmanan, S. Sakthy Priya, K. Balakrishnan, P. Rameshkumar,
Karthik Kannan, P. Geetha, Tejaswi Ashok Hegde, G. Vinitha, Nano-Struct. Nano-
Objects 24 (2020), 100589.

[8] Surendran Pandiyan, Lakshmanan Arumugam, Sakthy Priya Srirengan,
Rameshkumar Pitchan, Pushpalatha Sevugan, Karthik Kannan, Geetha Pitchan,
Tejaswi Ashok Hegde, and Vinitha Gandhirajan, ACS Omega 5 (47) (2020)
30363-30372.

[9] P. Surendrana, A. Lakshmanan, S.Sakthy Priya, P. Geetha, P. Rameshkumar,
Karthik Kannan, Tejaswi Ashok Hegde, G. Vinitha, Inorg. Chem. Commun. 124
(2021), 108397.

[10] Qi Ding, Xiaosong Zhang, Lan Li, Xiabing Lou, Jianping Xu, Ping Zhou, Ming Yan,
Opt. Express 25 (16) (2017) 19065-19076.

[11] Minh Tan Man, Hong Seok Lee, Sci. Rep. 9 (2019) 4613.

[12] Nakib.H. Protik, David.A. Broido, Phys. Rev. B. 101 (2020), 075202.

[13] W.H. Chang, Y.A. Liao, W.T. Hsu, M.C. Lee, P.C. Chiu, J.I. Chyi, App. Phys. Lett. 93
(2008), 033107.

[14] M. Ezzedini, T. Hidouri, M.H. Hadj Alouane, A. Sayari, E. Shalaan, N. Chauvin,
L. Sfaxi, F. Saidi, A. Al-Ghamdi, C. Bru-Chevallier, H. Maaref, Nanoscale Res. Lett.
12 (2017) 450.

[15] G.E. Weng, W.R. Zhao, S.Q. Chen, H. Akiyama, Z.C. Li, J.P. Liu, B.P. Zhang,
Nanoscale Res. Lett. 10 (31) (2015) n.

[16] V.K.Dixit, S. Porwal, S.D. Singh, T.K. Sharma, S. Ghosh, S.M. Oak, J. Phys. D: Appl.
Phys. 47 (2014), 065103.

[17] S.A. Lourenco, LF.L. Dias, J.L. Duarte, E. Laureto, V.M. Aquino, J.C. Harmand,
Braz. J. Phys. 37 (4) (2007) 1212-1219, ndm.

[18] T. Asano, Z. Fang, A. Madhukar, J. Appl. Phys. 107 (2010), 073111.

[19] S.W. Lin, C. Balocco, M. Missous, A.R. Peaker, A.M. Song, Phys. Rev. B. 72 (2005),
165302.

[20] V. Popescu, G. Bester, A. Zunger, Appl. Phys. Lett. 95 (2009), 023108.

[21] V.P. Kunets, T.A. Morgan, Y.I. Mazur, V.G. Dorogan, P.M. Lytvyn, M.E. Ware,

D. Guzun, J.L. Shultz, G.J. Salamo, J. Appl. Phys. 104 (2008), 103709.

[22] V. Sallet, G. Patriarche, O. Mauguin, L. Largeau, L. Travers, Phys. Stat. Sol. (c) 3
(11) (2006) 3997-4000.

[23] P.B. Joyce, T.J. Krzyzewski, G.R. Bell, T.S. Jones, E.C. Le Ru, R. Murray, Phys. Rev.
B 64 (23) (2001), 235317.

[24] H. Kissel, U. Miiller, C. Walther, W.T. Masselink, Yu.l. Mazur, G.G. Tarasov, M.
P. Lisitsa, Phys. Rev. B 62 (2000) 7213.

[25] J. Rihani, N.B. sedrine, V. Sallet, M. Oueslati, R. Chtourou, Appl. Surf. Sci. 254 (10)
(2008) 3125-3129.

[26] Y.P. Varshni, Physica (Amesterdam) 34 (1967) 149.

[27] Alexander, E. De Los, John Daniel Reyes, Hannah R. Vasquez, Lorenzo
P. Bardolaza, J.R. Lopez, Che-Yung Chang, Armando S. Somintac, Arnel
A. Salvador, Der-Jun Jang, Elmer S. Estacio, Opt. Mater. Express 10 (1) (2020)
178-186.

[28] Mukul, C. Debnath, Baolai Liang, Ramesh B. Laghumavarapu, Guodong Wang,
Aparna Das, Bor-Chau Juang, Diana L. Huffaker, J. Appl. Phys. 121 (2017),
214304.

[29] G. Saint-Girons, I. Sagnes, J. Appl. Phys. 91 (2002) 12.

[30] C. Balocco, A.M. Song, M. Missous, Appl. Phys. Lett. 85 (2004) 5911.

[31] K. Inoue, T. Ohashi, T. Kukita, K. Watanabe, S. Hayashi, T. Honjo, H. Takesue,
Optics Express Vol. 16 (20) (2008) 15469-15476.


http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0001
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0001
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0002
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0002
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0003
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0003
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0004
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0004
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0004
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0005
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0005
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0006
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0006
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0006
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0007
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0007
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0007
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0008
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0008
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0008
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0008
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0009
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0009
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0009
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0010
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0010
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0011
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0012
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0013
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0013
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0014
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0014
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0014
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0015
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0015
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0016
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0016
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0017
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0017
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0018
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0019
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0019
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0020
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0021
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0021
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0022
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0022
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0023
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0023
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0024
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0024
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0025
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0025
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0026
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0027
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0027
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0027
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0027
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0028
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0028
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0028
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0029
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0030
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0031
http://refhub.elsevier.com/S2666-5239(21)00145-8/sbref0031

	Detection of optical emissions from deep localized states in a self-assembled InAs/GaAs QD structure
	1 Introduction
	2 Experimental details
	3 Results and discussion
	3.1 Structural details
	3.2 Temperature PL study
	3.3 Pump-power PL study

	4 Conclusion
	Declaration of Competing Interest
	References


