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Optical and Electronic Properties of Symmetric InAs/(In,Al,Ga)As/InP
Quantum Dots Formed by Ripening in Molecular Beam Epitaxy: A Potential
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We present a detailed experimental optical study supported by theoretical modeling of InAs quantum
dots (QDs) embedded in an (In,Al,Ga)As barrier lattice matched to InP(001) grown with the use of a
ripening step in molecular beam epitaxy. The method leads to the growth of in-plane symmetric QDs of
low surface density, characterized by a multimodal size distribution resulting in a spectrally broad emis-
sion in the range of 1.4-2.0 um, essential for many near-infrared photonic applications. We find that, in
contrast to the InAs/InP system, the multimodal distribution results here from a two-monolayer difference
in QD height between consecutive families of dots. This may stem from the long-range ordering in the
quaternary barrier alloy that stabilizes QD nucleation. Measuring the photoluminescence (PL) lifetime of
the spectrally broad emission, we find a nearly dispersionless value of 1.3 £ 0.3 ns. Finally, we examine
the temperature dependence of emission characteristics. We underline the impact of localized states in the
wetting layer playing the role of carrier reservoir during thermal carrier redistribution. We determine the
hole escape to the (In,Al,Ga)As barrier to be a primary PL quenching mechanism in these QDs.
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L. INTRODUCTION

Self-assembled InAs quantum dots (QDs) embedded
between barriers lattice matched to InP remain attractive
candidates for photon emitters in the near-infrared spec-
tral range [1,2]. It is mostly due to vast possibilities to
shape their properties and photonic environment to tar-
get specific applications ranging from low-threshold lasers
to nonclassical photon sources for quantum communica-
tion protocols. The latter is especially difficult to achieve,
since the typical growth of InAs QDs on the InP substrate
by molecular beam epitaxy (MBE) leads to the formation
of strongly in-plane asymmetric objects of a significant
areal density reaching 10'°—10'! cm~2. Such high surface
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coverage prevents sufficient spatial and spectral isolation
of individual QDs, while large QD sizes result in an atyp-
ically rich and dense optical spectrum unfavorable for
single-dot applications [3,4]. The growth process of InAs
QDs on an InP(001) substrate and control of their parame-
ters are still challenging and comprise many technological
steps and details [5].

Recently, it has been proposed [6,7] to utilize an addi-
tional growth step in MBE of InAs QDs on InP(001)
that mimics the Ostwald ripening known for the for-
mation of colloidal microcrystals. During the ripening
process initially formed QDs decompose, and the mate-
rial is redistributed between other dots, which typi-
cally leads to splitting of the initial QDs size distribu-
tion into distinct families. The ripening technique has
already been applied to other semiconductor QD systems,
such as Ge/Si [8], PbSe/PbTe [9], and InAs/GaAs [10].
In the case of InAs/(In,Al,Ga)As/InP(001) QDs, it has
been shown [7] that the mean size of the dots depends
on the ripening temperature. These ripening-assisted
grown InAs QDs on the InP substrate are particularly
promising for quantum information processing as their

© 2020 American Physical Society
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recent development led to demonstrations of single-photon
emission at approximately 1.45 um [6] (the S band),
coupling to optical modes of photonic crystal microcavi-
ties [11], and triggered single-photon emission with high
purity [12].

Although some optical experiments on these QDs have
already been presented [6,7,11—13], we elaborate here on
possible further benefits that come from a single-stage
ripening process by pointing at their so-far unexplored and
not described application-relevant properties. We focus
on: (a) broad spectral coverage of QD emission superim-
posed with the S (1460—-1530 nm), C (1530-1565 nm),
L (1565—-1625 nm), and U (16251675 nm) transmission
bands of silica fibers, which can be useful for the multiband
quantum-secured transmission protocols highly sought for
overcrowded long-haul optical networks; (b) the multi-
modal QD size distribution, simultaneously allowing for
better spectral isolation and filtering of single-dot emis-
sion, as well as for assuring spatial isolation of a spectrally
chosen QD for site-selective engineering of the photonic
environment [14] to control the QD emission properties in
a future device; (c) thermal stability of emission from QDs,
which is important for applications in devices operating at
elevated temperatures.

The flexibility in the choice of a quantum emitter from
a single wafer in a very broad spectral range covering
all the high transmission telecommunication bands can
be of practical relevance for certain future applications.
It especially concerns all the concepts based on wave-
length division multiplexing (WDM), allowing increases
in the total transmission rate through the fibers or the
optical system efficiency and functionality in analogy to
such schemes known from classical communication. For
instance, there exist both predictions and experimental
demonstrations of the so-called multiuser quantum key
distribution employing WDM for quantum networks [15]
and showing recently a really impressive increase in the
achievable secure key rates [16] and even a practical
implementation in a node—free eight-user metropolitan
quantum communication network [17]. WDM is also uti-
lized in the on-chip operation using quantum light in
photonic integrated circuits [18] for linear optics quan-
tum computation, where the telecom wavelength range
is demanded to combine the III-V single-photon emit-
ters with a silicon technological platform. Another branch
is gas spectroscopy or the LIDAR-like sensing systems
with single-photon emitters in the near infrared consid-
ered as prospective and competitive in imaging of gas leaks
and dangerous vapors or in performing quantified remote
mapping of gases to monitor air quality in agricultural
and metropolitan areas [19]. Here, the broad-range selec-
tion of the quantum emitters is also profitable to allow
detection of many environmentally relevant gasses, such
as, e.g., CO,, N,O, H,0O, CHy, having their strong absorp-
tion lines in the 1400—1650 nm range. In that context more

sophisticated single-photon-based gas detection solutions
employing WDM or on-chip spectrometers for, e.g., astro-
nomical observation, spectroscopic imaging, and quantum
communications, are also reported [20].

Here, we report on the optical investigations of
InAs/(In,Al,Ga)As/InP QDs, which we support by theo-
retical modeling. We observe the multimodal distribution
of QD sizes and explain the emission-energy separation
of consecutive QD families by their modeling. With this,
we obtain a strong indication that their heights differ by
two monolayers (MLs) of InAs. This in turn suggests
the presence of long-range ordering of atoms in the bar-
rier alloy that may enhance the reliability of future pho-
tonic devices, as it reduces the crystal-lattice free energy
[21-23], stabilizing the entire strained QD system.

The detailed goals of this work are to: (i) find the links
between QD parameters (height, in-plane size, and chemi-
cal composition) and the resulting broad spectral range and
other characteristics of emission, (ii) study the character
and importance of wetting layer (WL) states, (iii) assess
the impact of exciton confinement in a QD on recom-
bination dynamics, (iv) investigate the thermal carrier
redistribution processes and optical response of the dots
at elevated temperatures. These objectives are achieved by
using several complementary spectroscopic tools: modu-
lated reflectivity (AR/R), excitation-power-, polarization-,
and temperature-dependent photoluminescence (PL), and
time-resolved photoluminescence (TRPL), all supported
by numerical modeling of exciton states in QDs and WL
within the multiband envelope-function k - p theory. The
collected data and conclusions drawn can trigger the work
on such ripening-assisted grown QDs towards unveiling
their physical and chemical properties and their use in
photonic applications in the near infrared.

II. EXPERIMENTAL AND THEORETICAL
METHODOLOGY

In this section we provide details about sample growth,
experimental setups, and theoretical framework used to
study the optical and electronic properties of the structure.

A. Sample growth

The investigated sample is grown on a (001)-oriented
InP substrate using a MBE reactor equipped with two-
valved solid-source arsenic and phosphorus cracker cells.
The growth sequence starts from a 100-nm-thick InP buffer
layer directly deposited on the substrate at 465 °C and fol-
lowed by a nominally 228-nm-thick Ings3Aly24Gag23As
layer lattice matched to InP. A growth interruption last-
ing for 35 s is introduced to allow for the group-V
atoms exchange on the InP/(In,Al,Ga)As interface. Subse-
quently, the Stranski-Krastanov (SK) growth mode is used
to form an initial layer of QDs by deposition of nomi-
nally two MLs of InAs at 514°C with a growth rate of
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0.4 ML/s. Following the SK QD formation, the ripening
process starts during the reduction of the substrate tem-
perature down to 413 °C with a cooling rate of 30 K/min
under As; pressure of 6 x 107¢ Torr [7]. After the cooling
process, the dots are capped by a nominally 228-nm-thick
Ing 53 Alg24Gago3As layer. During the growth of the cap
layer, the substrate temperature is kept at 413 °C for the
first 20 nm. Afterwards, it is increased with a rate of
30 K/min up to 514°C and then kept constant for the
remaining layer thickness. More details about the growth
procedure can be found in Refs. [6,7].

B. Experimental details

For spectroscopic experiments, the structure is held in
a helium closed-cycle refrigerator to allow for the con-
trol of the sample temperature in the range of 10300 K.
In the case of PL and TRPL experiments, the sample
is excited by a train of approximately 2-ps-long pulses
with about a 13.2 ns pulse-to-pulse interval and about
a 1.48 eV photon energy. The laser spot is focused to
approximately 150 um in diameter. Emission from the
structure is collected in a standard far-field optical setup
and dispersed by a 0.3-m-focal-length monochromator.
Time-integrated PL spectra are measured in a wide spec-
tral range of 1.2-2.1 um via the lock-in technique at the
reference modulation frequency of 2 kHz, using a ther-
moelectrically cooled InAs-based single-channel detector.
The high-resolution PL is measured in the same setup.
However, in this case the excitation and collection of
emission are performed through a microscope objective
with high numerical aperture NA = 0.65. The laser spot
is defined to approximately 2 um in diameter. A liquid-
nitrogen-cooled (In, Ga)As-based linear camera detector
registered the high-resolution PL spectrum in the limited
spectral range up to 1.65 um. The TRPL is measured by
a time-correlated single-photon counting method. Photons
are spectrally filtered by a monochromator and subse-
quently collected by the NbN superconducting detector.
The multichannel event timer is synchronized to the pulse
train to produce photon event statistics. The overall tem-
poral resolution of the TRPL setup is approximately 80
ps.

In the AR/R experiment, a halogen lamp is used as
a broadband probe beam source. The 630 nm line from
a semiconductor diode laser is employed for photomod-
ulation purposes. The 0.3-m-focal-length monochromator
dispersed the white light reflected from the sample, the
normalized changes of which are measured via the lock-in
technique similarly to the PL.

C. Theoretical framework

Initial calculations of single-particle states in the WL
and QDs are performed with the commercially available
NEXTNANO software [24,25], which utilizes the continuum

elasticity model for the strain distribution, and afterwards
calculates the electron eigenstates within the eight-band
k - p method including the strain-driven piezoelectric field.
Relevant material parameters are taken from Ref. [26].
The calculations allowed for establishing the bounds for
QD parameters (height, lateral dimension, and chemical
content) leading to the multimodal energy distribution,
analysis of the WL states, and separation between relevant
energy states in the investigated structure as an input for
discussion on the PL quenching mechanisms.

We then extend the band-structure calculations using
a state-of-the-art implementation of the multiband k - p
method [27,28], including spin-orbit interactions, struc-
tural strain, and piezoelectric field up to second-order
terms in the strain tensor. Next, exciton states are found
within the configuration-interaction approach by diagonal-
izing the Coulomb and phenomenological electron-hole
exchange interactions in the basis of 32 x 32 electron-hole
state configurations, where hole states are obtained by time
reversal of valence electron ones. The number of single-
particle states included in the calculations is determined on
the basis of convergence tests. Then, oscillator strengths
and radiative lifetimes for exciton states are obtained
within the dipole approximation by computation of matrix
elements of the momentum operator P = (my/h)(0H /9K),
where my is the electron mass. The oscillator strength for
the ith exciton state composed of a number of electron-
hole configurations (single-particle states are labeled by
a and B) is then f; = 2/(moEN)| Y4 cap (¥ IPIY )7,
Finally, we calculate radiative lifetimes, connected with
the oscillator strength f by the relation that may be
approximately written as t[ns] = 45(A[um])?/nf , where
A is the emission wavelength and » is the refractive
index. The derivation can be found in Ref. [29], while
the details of modeling and the parameters taken for the
InAs/(In,Al,Ga)As/InP material system can be found in
Ref. [30].

ITI. RESULTS AND DISCUSSION

In this section, we show experimental results supported
by theoretical calculations and provide discussion on the
properties of the investigated QD structure.

A. Modulated reflectivity and photoluminescence

The measured modulated reflectivity spectrum is plotted
with a solid red line in Fig. 1 and shows two noticeable
AR/R features settled in the ranges 1.13—1.20 eV and
0.92-0.96 eV, respectively. While the former is attributed
to optical absorption involving valence and conduction
bands of the (In,Al,Ga)As barrier [31], the latter is tenta-
tively assigned to absorption in the WL. The WL-related
feature appears to be constituted of at least two transi-
tions centered at approximately 0.93 and 0.94 eV. The
PL spectrum presented as a gray shaded area in Fig. 1
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FIG. 1. Photoluminescence (macro PL, gray shaded area), high-resolution PL («PL, solid black line), and modulated reflectivity

(AR/R, solid red line) from the structure with QDs at 7= 10 K. QD-related PL emission bands are labeled B—G, where B denotes
remnants of initially grown SK QDs and maxima C—G represent ripening-assisted grown QDs. Inset: power series of macro PL from

the B family of QDs and WL.

helps to reveal the nature of both these features. It shows
an intensive emission band labeled as 4 and centered at
about 0.93 eV, which overlaps with the low-energy part
of the AR/R feature. More interestingly, it changes with
increasing optical-pumping power P, as shown in the inset
of Fig. 1. For the low pumping power P = Py, band 4 is
centered between 0.92—0.93 eV and shifts towards higher
energies with increasing P. We tentatively stated that PL
band 4 and the low-energy AR/R feature are related to
optical transitions among the zero-dimensional (0D) local-
ized states in the WL [32—38], whereas the higher-energy
AR/R transition involves its 2D band edges. Consequently,
the observed evolution of the PL peak 4 with P can be
related to gradual filling of the WL density of states (DOS)
starting from its OD-like tail (OD DOS) and ending in
the 2D states. The 0D DOS may originate from an inho-
mogeneity of the WL due to fluctuation of its thickness
and chemical composition, possibly introduced during the
ripening stage of the MBE growth. Alternatively, the WL
inhomogeneity could be triggered by chemical fluctuations
in the (In,Al,Ga)As barrier, as suggested by the spectral
smearing of the barrier-related AR/R feature.

The 2D band-edge-related transition in the WL at
approximately 0.94 eV allows us to determine the range
of possible WL characteristics (composition x of the
In0.47x+0.53A10_24(1_x)Gao_23(1_x)As alloy and WL thickness
dw). For this purpose, the electronic structure of the WL
is calculated, using the NEXTNANO software [24], for dwr
varied from 0.9 to 1.5 nm and x from 0.85 to 1. The calcu-
lated transition energies are presented in Fig. 2 as a color

map, where the two dotted lines distinguish the area of
energies corresponding to the WL transition. As we do
not expect very strong intermixing, this calculation allows
us to determine that the average WL characteristics have
to be between four MLs (approximately 1.2 nm) of pure
InAs and five MLs (approximately 1.5 nm) of alloy with
x = 0.85, which resembles the recent transmission elec-
tron microscope images of similar QDs [39]. In the latter
a rather soft interface with a gradient of composition is
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FIG. 2. Color map of the calculated wetting layer ground-state
energy as a function of the WL width H (x axis) and material
composition (y axis). Dotted white lines mark the energy of the
WL transition observed in the AR/R signal.
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found. Based on this, in further calculations done for QDs,
we take a WL consisting of four MLs of pure InAs and
perform Gaussian averaging to simulate the soft interface.
Nonetheless, these subtle WL details have in fact only a
very minor impact on the QD calculation results presented
below.

In Fig. 1 we show also a series of PL peaks below
the WL-assigned optical transitions with their positions
extending down to approximately 0.6 eV. At least six such
bands are resolved and labeled B—G. These are attributed
to emission from QDs with multimodal size distribution
formed during the ripening step in the MBE growth. Band
B has a relatively high intensity compared to bands C—G,
for which the intensity gradually increases. It is reason-
able to assume that QDs from family B are the remnants of
initially grown SK QDs. During the ripening stage, mate-
rial from partially decomposed SK dots is transferred to
other dots, forming the C—G families. This scenario is sup-
ported by previously published structural data [7], where
the surface density of the remnants of the initially grown
QDs (10°-10'° cm~2) can be comparable to that of newly
formed QDs after the ripening stage. Interestingly, for QDs
belonging to the C family emitting in the telecom spectral
range of 1.53—1.63 um, the surface density seems to be
the lowest among all families. Indeed, the wPL spectrum
presented in Fig. 1 obtained from the unprocessed sam-
ple (without any special patterning of the structure, e.g.,
mesa etching) shows a discrete spectrum, i.e., sharp and
narrow PL lines originating from single QDs. The same
is hardly resolvable for QDs in the band B and disappears
completely for the band A, suggesting high areal density of
the 0D potential traps in the WL, additionally confirmed by
its high PL intensity dominating the emission spectrum.

Bands B—G originate mostly from ground-state recom-
bination in QDs, rather than from excited states. This
conclusion is drawn from the analysis of the pump-fluence-
dependent PL presented in Fig. 3(b), which shows a nearly
linear increase of the peak intensity with pump fluence
across almost three decades. In further analysis of PL
spectra we extracted the FWHM, peak position, and peak-
to-peak distance (AE) between consecutive bands. These
are obtained by fitting each PL peak with a Gaussian
function. The relevant parameters are shown at the top
of Fig. 3(a). PL bands B—G have the FWHM ranging
from 24 to 36 meV, which reveals similar inhomogeneity
within each of the QD families that could be in-plane size
fluctuations, strain inhomogeneity, and chemical content
variation. We observe an expected superlinear decrease in
AE from approximately 54 meV between peaks B and C
down to approximately 33 meV between G and F' result-
ing from the quantum size effect. This issue will be further
addressed in the theoretical considerations below.

In addition, the angle-resolved linear polarization of
PL is presented in Fig. 3(c) for the selected PL bands
A, C, F, and G to keep the subfigure clear. Surprisingly,
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FIG. 3. (a) The PL spectrum (solid black line) at 7= 10 K

with Gaussian fits (color shaded areas for consecutive PL bands).
Letters label the peaks; AE is the energetic distance between PL
bands; FWHM is the full width at half maximum for the peaks.
Vertical gray lines indicate energies obtained from numerical
calculations for a given QD in-plane size. The dashed gray ver-
tical line indicates potential remnants of initially grown SK QDs
with two 2-ML height. Full squares represent the QD in-plane
size, determined from the calculations of the ground-state ener-
gies. (b) Pump-fluence-dependent PL for selected PL bands: 4
(blue squares), C (red circles), F (green triangles), and G (orange
stars). (c) Normalized PL intensity from the selected PL bands
in (b), but as a function of the angle of linear polarization with
respect to the laboratory frame.

an almost 40% degree of linear polarization (DOLP) is
observed for band A, whereas for the QD-related bands C,
F, and G, the DOLP is negligible, within an experimen-
tal accuracy of 5%. The lack of significant DOLP for the
QDs can be linked to their high in-plane symmetry that
for similar QDs was shown to lead to a negligible fine-
structure splitting of the confined exciton states [11,12]. In
contrast, high DOLP for band 4 may be related to the built-
in optical anisotropy in the WL induced by local strain
variations and its anisotropy or chemical disorder at the
InAs/(In,Al,Ga)As or (In,Al,Ga)As/InP interfaces.

B. Long-range atom ordering and two-monolayer QD
height steps

Previous observations of multimodally distributed InAs
QDs embedded directly within the InP barrier were
interpreted as resulting from the QD size variation in the
form of 1-ML changes in their height between consecutive
families [40—42]. A similar observation and interpretation
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were also reported for InAs/GaAs QDs [10,43]. This does
not seem to apply to the investigated QDs since the 1-
ML (approximately 0.3 nm) change in QD height would
lead to much smaller energy separation between PL bands
than actually observed. Instead, we propose that the height
of consecutive QD families changes by 2-ML steps. This
hypothesis can find its justification in the expected long-
range atom ordering that takes place in the quaternary
barrier alloy. The ordering arises spontaneously for a mul-
titude of III-V alloys as the coherent placing of atoms
reduces the free energy of the crystal lattice in comparison
to a disordered material or to a two-phase alloy [21].

The resulting structure has a modulation of composition
along particular crystallographic directions where the ele-
mental cell can be expanded as compared to, e.g., a binary
alloy. Therefore, if the barrier above the investigated QD
layer is organized in the direction [001] into In-rich and
In-poor monolayers alternately then the effective height
of a QD may be changed only by an even number of
monolayers, i.e. by at least two MLs.

Previous observations of long-range ordering include
(Al, Ga)As/GaAs [44], (In, Al)As/InP [45,46], (In, Ga)As/
InP(110) [47,48], and (In, As)Sb/InSb(001) [49] heteroin-
terfaces, which establish a background for our conclusion.
The most common is the CuPt-type superlattice (L1, struc-
ture) resulting in ordering of cation lattices along the
[111] direction [46]. Importantly, it was reported for the
(In, Ga, As)P quaternary alloy lattice matched to InP(001)
[48,50]. The CuPt-type structure ordering along the [001]
direction relevant for this work was modeled [51] and
observed for, e.g., bulk (In, Al)As grown on the InP(001)
substrate [45,52]. Another, less frequently investigated
ordering is the CuAu-I type, which also results in alter-
nating layers along the [001] direction reported for MBE-
grown strained (In, Ga)As/(In, Al)As multiple quantum
wells on the InP(001) substrate [53]. The atomic order-
ing was also observed for various III-V and II-VI systems
with epitaxial nanostructures [23,54]. For applications, the
long-term stability of QDs and their properties is crucial.
The size and composition of a highly strained QD after
its growth significantly depend on the conditions in the
barrier. Thermodynamic calculations suggest that QDs in
atomically ordered alloys may be more stable than those
grown in random lattices [23]. There are also, e.g., ab
initio total energy [55,56] and strain energy calculations
[23] showing that ordered structures are more stable than
random alloys [22]. These results hold for systems with
large differences in the lattice constants between the binary
constituents; however, the ordering is also observed when
this condition is not true. Therefore, other models (kinetic
[51] and surface thermodynamic considerations) are pro-
posed to understand this phenomenon for low-mismatch
alloys, as in the case of alternating rows of large and small
atoms building in along the growth steps (this is the pro-
posed mechanism for the explanation of, e.g., the origin of

the ordered CuPt-type structure [57]). These models help
to explain the ordering observed for the (Al, Ga)As alloy
[44], although AlAs and GaAs have very similar lattice
constants.

Although the long-range ordering in III-V ternary and
quaternary alloys has been confirmed by crystallographic
methods, it has never been observed for the (In,Al,Ga)As
quaternary alloy investigated here. Even though our
research focuses only on optical properties and does not
include the direct investigation of the structural proper-
ties, we deduce a similar ordering for (In,Al,Ga)As as has
been observed for its constituents [45—48], (In, Ga)As and
(In, Al)As, and there is no evident reason that their mixture
should organize in a different way. Additionally, there are
some premises, e.g., for (Ga, In)As(P) [48], under which
ordering in quaternaries may be even more pronounced
than in ternaries.

C. Modeling of QDs

The observed multimodal QD emission can be explained
based on calculations of the QD ground state as a function
of QD parameters (height, lateral dimensions, and chemi-
cal composition). The modeled QD geometry is a truncated
pyramid with a square at the base and an angle between
the side facets and the base of 25°, in accordance with
the structural studies of QDs grown under similar condi-
tions [39]. The dot is settled on a 4-ML-thick WL, and the
barrier material is Ing 53Gag 23 Alg 24As.

We begin with two initial series of single-particle cal-
culations, in which we take almost pure InAs (Ingos
Alg.025Gag gasAs) in the WL and a purely InAs QD with
height varying by one ML and two fixed in-plane sizes,
L =25 nm and L =45 nm, plotted in Fig. 4 with blue
squares and diamonds, respectively. These results are
compared with the experimental data plotted with black
squares at 2-ML height steps and with gray squares at
1-ML steps. While the qualitative agreement is very weak,
one may note that the assumption on the 2-ML QD height
variation, and thus the presence of long-range ordering and
the resulting enhanced stability of QDs, is correct here.
Additionally, with a dotted green line we plot the ground-
state energy for the limit of L — oo, i.e., for a quantum
well (QW) as high as the studied QDs. The experimental
data plotted assuming 1-ML steps (gray squares) is so steep
that it even crosses this line, which makes it nonphysical,
as it implies QDs having lower energy than for the QW.
Thus, at this point we establish that the G family with emis-
sion around 0.65 eV is assigned as having H = 14 MLs,
while H = 4 MLs characterizes the B family centered near
0.84 eV. Within this assumption, the smallest dots hav-
ing 2-ML height should emit near 0.89 eV. Indeed, at this
energy the PL spectra in Figs. 1 and 3 (vertical dashed gray
line) reveal a PL band of low intensity overlapping with
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FIG. 4. Comparison of observed QD emission energies, plot-
ted assuming 2-ML (black squares) and 1-ML (gray squares)
steps in the QD heights, with trends calculated in a simple model
for QDs with L = 25 nm (blue squares) and L = 45 nm (blue dia-
monds), as well as in the full model including the exciton binding
energy and varying dependence L = f (H). The dotted green line
shows energy calculated for a quantum well. The height H is
measured from the top of the WL.

tails of bands 4 and B, which thus comes from the 2-ML
height QDs.

For two probe cases related to fixed L, the calculated
ground-state energies as a function of H deviate from the
postulated trend especially for larger heights. The obtained
energy change saturates for large H, as predicted by the
H~? dependence. Therefore, to obtain agreement between
the experimental and theoretical points, we need to intro-
duce an additional, nonlinear dependence that relates H
with L, which we presented in Fig. 3. It allowed us to
achieve good qualitative agreement; the respective theo-
retical values are plotted with red circles. This final series
of calculations is performed in an extended model tak-
ing into account the electron-hole Coulomb interaction
and soft material interfaces. Starting with nominally clean
InAs inside the WL and QDs, Gaussian averaging (with
o = 0.3 nm) of the material profile is used to simulate
material intermixing at interfaces. QDs of height from 2 to
14 MLs are simulated, with the in-plane size varied in the
range of L = 25—70 nm. The resultant dependence of the
ground-state energy on these dimensions is very smooth,
thus allowing for extraction of the L = f (H) dependence
that is then fit to the experimental values. Finally, this non-
linear dependence introduced into QD modeling resulted in
very good agreement between the calculated energies and
the positions of the PL peaks (see the red circles in Fig. 4).

The introduction of variable L might suggest that in
principle the experimental data could also be reproduced
assuming 1-ML height steps, by using a strong enough
dependence of L on H. This is however not the case.
As mentioned above, the 1-ML-stepped experimental data
cross the theoretical result obtained for a quantum well,

which means that the hypothetical L(H) dependence is
divergent. Thus, such a sequence of ground-state ener-
gies could not be obtained for QDs varying in height by
a single ML.

D. Carrier dynamics

The theoretical calculation of excitonic states in QDs
also allowed us to determine the exciton recombination
dynamics, presented as a solid red line in Fig. 5. The result
of the comparison with the experimental values may shed
some light on the correctness of the assumptions made
and the legitimacy of using a specific set of QD structural
parameters.

The TRPL experiment is performed at 7= 10 K. The
PL decay curves measured at each of the respective
PL peaks shown in Fig. 3(a) are analyzed using the
PTI FelixGX software by Photon Technology Interna-
tional. Using the maximal entropy method (MEM) [58,59],
the PL lifetimes are extracted without initial knowledge
or assumptions on the number of underlying processes.
Because of this, the MEM has proved effective in recon-
structing decays consisting of several exponential compo-
nents [60]. In this approach, we obtain a distribution of
times of nonzero width, which results from the incomplete
(noisy) information. The reconstruction formula is

N
10 =10) Y 4rexp (—f) (1)
i=1 !

where N is the number of components in the quasicon-
tinuous distribution of lifetimes describing the decay, and
coefficients 4; are the corresponding amplitudes. If the
distribution is a set of well-resolved peaks, it is valid to
treat their means as single representative lifetimes. Such
averages are plotted with circles in Fig. 5.

The PL lifetimes obtained for QD families B—F (1.4 &+
0.2, 1.5+0.2, 1.24+0.2, and 1.1 0.2 ns, respectively)
are similar and, as their variation is on the level of

T=10K

3.0
L QD families

25— IG F E D C B 1

2.0 —

PL lifetime (ns)
5 5
T

0

\ \ \ \ \
0.6 0.7 0.8 0.9

Energy (eV)

FIG. 5. PL lifetimes at 7= 10 K for different families of
ripening-assisted grown InAs/(In,Al,Ga)As/InP(001) QDs (PL
bands B—G) and the WL (PL band 4). The solid red line is a
calculated trend for the PL lifetime.

064054-7



P. HOLEWA et al.

PHYS. REV. APPLIED 14, 064054 (2020)

the experimental uncertainty, no clear trend can be
determined. These overall values that average to 1.3 &
0.3 ns agree well with those obtained theoretically. In
theory, a noticeable increasing trend is present, due
to effectively weaker (relative to single-particle level
spacing) electron-hole Coulomb interaction in smaller
QDs. However, the uncertainty of experimental values
does not allow this result to be verified. At the emis-
sion energy of 0.84 eV, a similar PL lifetime of approx-
imately 1.65 ns has been obtained for slightly in-plane
asymmetric SK InAs/(In,Al,Ga)As/InP(001) QDs [31].
For highly asymmetric confining potentials like those in
InAs/(In,Al,Ga)As/InP(001) quantum dashes, the PL life-
time consists of two short and long components [30]. Nev-
ertheless, the average PL lifetime of 1.45—1.8 ns is compa-
rable to that obtained here, and indicates the main influence
of the exciton confinement regime on the observed PL
dynamics.

A significantly different value is obtained for family G,
where the analysis yields a PL lifetime of 2.0 & 0.2 ns.
This family also shows a different PL quenching char-
acteristic than other families, as discussed in the next
section, which may suggest a much different exciton con-
finement nature reflected in a much longer PL decay
time.

Finally, the observed long PL decay time of 0.9 0.2
ns for the 0D WL states represented by PL band peak 4 at
approximately 0.93 eV confirms the localized nature of the
states [38] since the lifetime of excitons confined in the 2D
WL is expected to be significantly shorter.

E. Temperature-dependent photoluminescence

In this section, we describe temperature-dependent PL
that provides information on the carrier confinement
parameters in the WL and QDs and the thermal carrier
redistribution processes involving 0D and 2D states in this
system.

First, the analysis focuses on the thermal shift of the
PL peak energy presented in Fig. 6(a). The shift is com-
pared to the well-known Varshni relation for the tem-
perature dependence of the energy gap for a bulk InAs
material [61]:

aT?
Eqo(T) = E4(0) — T+5 (2)

Here E,4(0) is the estimated transition energy at 7' = 0 K,
with = 2.76 x 10~* eV/K? and 8 = 93 K the parameters
for InAs.

From Fig. 6(a) we infer that, for PL band 4 (blue cir-
cles), the peak energy follows the Varshni relation (solid
blue line) only at elevated temperatures. At 7 < 120 K,
the peak position remains nearly 7 independent or slightly
drops when T decreases. The effect reminds the so-called
“S-shape” function for a QW [62,63]. In this case, photoin-
jected carriers populate OD-like states residing below the
QW’s mobility edge (2D states) and the resultant emission
under low photoexcitation conditions involves the local-
ized states only. The WL can be considered as a QW
with additional localization potentials that come from, e.g.,
fluctuations of its width and chemical content, as well as
variations of local strain. However, the optical response
from the 2D WL states should be present: (i) in the PL
spectrum, once the 0D states are fully occupied, prevent-
ing the carrier transfer process from 2D to 0D WL states,
or (ii) in the AR/R trace, where all the 2D states with
a large transition oscillator strength are accessible in the
optical absorption process. Both are observed experimen-
tally among the registered data set. The extrapolation of
the Varshni trend to low temperatures predicts the optical
response involving 2D WL states to be observed at approx-
imately 0.94 eV. While the inset of Fig. 1 shows the shift
of PL band 4 towards the predicted energy range with
increasing excitation power, the AR/R experiment pre-
sented in Fig. 1 reveals the highly intensive feature at 0.94
eV, identified as the optical absorption process involving
2D WL states. The energy distance between PL band 4 and

, [ 20
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L . [ r F Q
%0'9Wd: E * B E 160 & ED]C 115 E
< | Al 3 C g Mot E}‘é« B WL g
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g v 2 E [5) - 1110 &
° [ e 70 F S =
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E S 30 e» 5
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FIG. 6.

Inverse temperature (1/K)

Emission energy (eV)

Analysis of temperature-dependent PL spectra: (a) PL band peak energy, (b) integrated PL intensity, (c) activation (closed

circles) and quenching (open circles) energies for the emission bands taken from the Arrhenius fit.

064054-8



OPTICAL AND ELECTRONIC PROPERTIES OF SYMMETRIC...

PHYS. REV. APPLIED 14, 064054 (2020)

the 2D WL is approximately 10 meV at 7= 10 K, which
may serve as a rough estimate of the carrier localization
energy. These observations confirm the existence of 0D
WL states able to localize carriers at low 7" and suggest
their impact on the thermal carrier redistribution process in
the structure. A similar issue has previously been studied
for (In,Ga)As/GaAs QDs [38].

The temperature dependence of QD-related PL bands
B—G is different from that observed for the WL emission.
At T < 40 K, the peak energy follows the Varshni trend.
However, with increasing 7, the redshift is either stopped
(bands B—F) or weakened (bands F and G). This so-called
anomalous energy shift is only partially caused by the
bandgap reduction of the QD material [64]. It is predomi-
nantly related to the migration of carriers between different
QD families and within each of them, as well as involving
an exchange of carriers with the WL reservoir. During the
thermally activated redistribution, carriers can be captured
by QDs characterized by high emission energy. Therefore,
the high-energy tails of QD size distributions in each of
the families become optically active, shifting the PL-band
peak energy towards higher energies, thus compensating
for the effect of the thermal bandgap reduction [64].

The analysis of the temperature-dependent PL intensity
presented in Fig. 6(b) provides further information about
the carrier redistribution in the investigated structure. Each
data set is fitted with the Arrhenius-type formula

Iy
C 1+ Y Biexp(—E;/ksT)’

I(T) 3)

where E; is the average activation energy (or PL quench-
ing energy) and B; is the amplitude of the activation (PL
quenching) process. The respective energies are summa-
rized in Fig. 6(c).

For the already discussed PL band A4 originating from
the OD WL states overlapping with 2D WL states, the
PL intensity is thermally quenched, characterized by two
energies of 16 &= 2 and 75 &£ 22 meV, represented by open
blue circles in Fig. 6(c) at approximately 0.93 eV. The
lower energy is close to the estimated energy of the addi-
tional localization in the WL, most probably caused by the
fluctuations in the chemical content and/or the WL width
variations. Note that these two do not have to match, as the
latter is a difference between exciton levels in the WL and
in an additional potential trap, while the former is com-
posed of such a difference for just one of the carriers (most
probably the hole) and exciton binding energy. Since the
PL quenching is rather weak in the low-7 range, most of
the exciton population is trapped back to the 0D WL states
and recombines there, while only a small exciton popula-
tion feeds QDs. In the range of higher temperatures more
complex PL quenching processes occur. When the ther-
mal energy is larger, the WL reservoir is depopulated by

the carrier capture in QDs, and at the same time, reacti-
vated carriers from QDs supply the WL reservoir. Against
this background, the escape of holes from the WL to the
barrier seems to be the most important process, as the
higher quenching-related energy corresponds well to the
calculated difference in hole levels plus the exciton binding
energy in the WL.

Prior to the discussion on the characteristic PL. quench-
ing and activation energies for QDs, it is justified to assume
that in the low-T7 limit free carrier migration is negligible.
This comes from the calculated electron-hole Coulomb
correlation energy between approximately 9.5 meV for 14-
ML-high QDs and approximately 20 meV for the flattest
ones, which corresponds to 7'~ 110235 K. At higher
temperatures, electrons and holes can escape from the
confining potential with characteristic activation energies
composed of the energy distance to WL states (8., ;) or
barrier band edges (A., Ap), in which we also include
the exciton binding energy (Ep), as the exciton has to
dissociate.

Let us now refocus on the 7-dependent PL intensity
from QDs. For families B—D, an enhancement is first
observed, followed by a decrease of intensity at elevated
temperatures. The extracted activation energy connected
with this enhancement is approximately 6 meV with varia-
tion within the uncertainty bounds, as depicted with full
circles in Fig. 6(c). This is close to the determined PL
quenching energy for the 0D WL states, suggesting that
QDs may acquire excitons released from the WL already
at low 7. However, this feeding process competes with the
thermal escape of carriers at elevated temperatures. Ener-
gies connected with quenching of PL from QD families
are depicted with open circles in Fig. 6(c), with values
varying between 127 &£ 11 and 150 &= 10 meV. As could be
expected, a monotonic increase of quenching-related ener-
gies with rising QD size (families B—F') is present, as the
localized states are sunk deeper into a wider potential.

To propose a scenario underlying the carrier activation
process, one can compare the obtained PL quenching ener-
gies with calculated energy distances between the lowest
single-particle electron (e;) and hole (/) states confined in
a dot and respective 2D WL ground states (ewr, fiwr ) or the
(In,Al,Ga)As barrier (epy, #vuik). Results are presented in
Fig. 7(a) together with a sketch of the confining potential in
a QD and the WL in Fig. 7(b). Note that all the calculated
energy differences 6, = ewr — e1 + Ep, 8 = hy — hwr +
Ep, Ao = epuk —e1 + Ep, Ay =hy — hpux + Ep include
the electron-hole interaction energy, as discussed above.
Additionally, with stars we also plot the calculated energy
of exciton extraction to the WL, in which the difference
between 0D and 2D exciton binding energies is taken into
account.

From Fig. 7(a), note that extraction of a single electron
from a dot to the barrier cannot be responsible for the PL
quenching in the considered T range since the A, (green
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FIG. 7. (a) Comparison between experimentally obtained PL

quenching energies (orange circles) and calculated energy dis-
tances between single-particle electron (e;) and hole (4;) ground
states confined in a QD and (i) 2D WL electron (ewr) and hole
(l’lWL) states, with 86 =ewL —e] + Eb and 8;, = h] - hWL + Eb,
and (ii) the (In,Al,Ga)As barrier, where A, and Aj, are the dis-
tances from QD states to the conduction- and valence-band edges
in the barrier, respectively. Here éy = 8, + 8, + Ep is sum of
energy required to dissolve the exciton (E},) and excite both car-
riers to the WL (8., ;). (b) Energy diagram of the confinement
potential for the system with a QD and the WL.

diamonds) is far above the obtained PL quenching energies
(orange circles). From the primary PL quenching mecha-
nism, we can also exclude hole escape from a dot to the
WL. The calculated energy distance §;, for the dots (blue
down triangles) is too small to match the PL quenching
energy. Note, however, that despite the relatively small
energy necessary to eject a hole to the WL, the inverse
process of fast hole relaxation mechanisms back to a QD
at low 7 may lead to the absence of quenching related to
such energies.

For small QDs, with H < 6 MLs, at least three PL
quenching mechanisms can be considered: (i) the one
related to single-electron escape to the WL [blue up tri-
angles in Fig. 7(a)], (ii) single-hole escape to the barrier
(green squares), and (iii) whole exciton extraction to the
WL (red stars). In all these cases the calculated energy dis-
tances closely or perfectly fit the respective PL quenching
energies.

For large QDs, with H > 6 MLs, the dominant PL
quenching mechanism seems to be related to single-hole
escape to the barrier as the calculated energy distance Ay
perfectly matches the quenching energy. Since the hole
extraction to the barrier is also present for small QDs, we
can conclude that it can be the primary mechanism for the
PL quenching in the investigated QDs.

Finally, we comment on the observed anomalies in the
temperature dependence of PL from the investigated struc-
ture. At 7 > 125 K, the PL spectrum is enriched by the
appearance of the PL band labeled E’ between previously
identified bands £ and F. Temperature dependence of the

E’ band is presented in Fig. 6(a); however, the fitting pro-
cedure did not allow for a precise determination of changes
in the band intensity due to its substantial overlap with
bands £ and F. The origin of the band is unknown; it
could be related to another family of QDs that is split off
from families £ and F'. Another anomaly is related to the
observation of two quenching energies for band G. While
the higher one, 193 £ 5 meV, is in agreement with the
abovementioned general scenario for QDs, the lower one,
25 £ 5 meV, suggests the existence of another nonradiative
relaxation channel that we could not identify.

IV. SUMMARY

In conclusion, we perform detailed optical studies
of InAs/(In,Al,Ga)As/InP(001) QDs grown by MBE
employing the ripening-assisted scheme. QDs emit in the
1.4-2 pum spectral range, which places them among attrac-
tive solutions for photonic applications in the near infrared.
We study a multimodal emission from QDs, which reveals
their grouping into at least six families according to their
height. Based on the quantitative agreement between our
theoretical calculations and experimental data, we show
that the dots belonging to the consecutive families dif-
fer by two material monolayers in QD height, contrar-
ily to 1-ML steps typically observed for InAs/InP QDs
made of binary alloys. We suggest that this may stem
from crystallographic long-range ordering in the quater-
nary (In,Al,Ga)As barrier alloy that stabilises the growth
of InAs QDs. Because of the minimization of the crys-
tal lattice free energy by atomic ordering, QDs in such
systems should be characterized by higher long-term sta-
bility in comparison to those embedded in alloys without
ordering, which is also beneficial for future applications.
We also find that QDs from consecutive families dif-
fer significantly in lateral dimensions spanning the 2465
nm range of in-plane sizes. Such geometries allow us
to calculate the relatively short PL lifetimes monotoni-
cally decreasing from approximately 1.4 ns for flat dots
to approximately 1.1 ns for higher ones, which agrees with
the mean trend from experimental data. Observation of a
single-exponential decay and negligible linear polarization
of PL from QDs suggest their high in-plane symmetry.
Finally, we observe a thermal carrier redistribution pro-
cess, in which localized states in the WL play the role of
carrier reservoir, feeding the QDs at elevated temperatures.
Based on the comparison of calculated energy splittings
between carrier states in the dots, the wetting layer, and in
the barrier with the experimental data, we determine that
the dominant PL quenching mechanism is the escape of
holes to the barrier.
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