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Abstract
We study (In,Ga)(As,Sb)/GaAs quantum dots (QDs) embedded in a GaP (100) matrix, which are
overgrown by a thin GaSb capping layer with variable thickness. QD samples are studied by
temperature-dependent photoluminescence, and we observe that the QD emission shows
anomalous temperature dependence, i.e. increase of energy with temperature increase from 10K to
∼70K, followed by energy decrease for larger temperatures. With the help of fitting of
luminescence spectra by Gaussian bands with energies extracted from eight band k · p theory with
multiparticle corrections calculated using the configuration interaction method, we explain the
anomalous temperature dependence as mixing of momentum direct and indirect exciton states.
We also find that the k-indirect electron–hole transition in type-I regime at temperatures<70K is
optically more intense than k-direct. Furthermore, we identify a band alignment change from
type-I to type-II for QDs overgrown by more than one monolayer of GaSb. Finally, we predict the
retention time of (In,Ga)(As,Sb)/GaAs/AlP/GaP QDs capped with GaSb layers with varying
thickness, for usage as storage units in the QD-Flash nanomemory concept and observe that by
using only a 2ML-thick GaSb capping layer, the projected storage time surpasses the non-volatility
limit of ten years.

1. Introduction

Self-assembled quantum dots (QDs) from III-V semiconductor compounds have been extensively studied in
the last decades, thanks to their distinctive physical properties. They have been employed in
telecommunication devices such as lasers and amplifiers [1–6], as single and entangled photon emitters for
quantum communication technologies [7–11], and as building blocks for nanomemory devices known as
‘QD-Flash’ [12–17].

Particularly for the latter application, QDs showing a type-II band alignment [18–22] are required for
maximizing the hole localization energy, and in turn to extend their storage time in memory cells [13, 15–17,
23]. Promising candidates are Sb-based QDs embedded in GaP or AlP matrix materials. In this respect, GaP
has the advantage of allowing for opto-electronic device integration on Si due to its lattice-mismatch as low
as 0.4% [24–26]. Thus, GaP is considered to be a promising matrix material for the growth of such QDs and
related nanomemory devices. Recently, efforts have been directed in the fabrication of Sb-based QDs
embedded in GaP and improvements in the retention time for QDs at room temperature have been
obtained. In particular, the record storage time at room temperature to date is of 4 days for molecular beam
epitaxy (MBE)-grown GaSb/GaP QDs by Bonato et al [15]. For metal-organic vapor phase Epitaxy
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(MOVPE)-grown In0.5Ga0.5As/GaAs/AlP QDs in a GaP matrix [14, 27], it was found that introducing Sb
during growth led to the improvement of one order of magnitude in the storage time, reaching about 1 h for
(In,Ga)(As,Sb)/GaAs/AlP/GaP QDs by Sala et al [16, 17]. This result represents the storage time record for
MOVPE-grown QDs so far. Moreover, employing MOVPE, instead of MBE to fabricate such Sb-based QDs
will allow for a cost-effective and large-scale fabrication of QDs and related nanomemory devices. Following
the aforementioned result, detailed morphological investigations by means of cross-sectional tunneling
microscopy (XSTM) combined with atom probe tomography confirmed the incorporation of Sb into the
QDs to an extent of 10%–15% [28]. However, upon detailed optical and theoretical analysis [29, 30], we
found that such QDs still present a type-I band alignment.

A growth strategy usually employed to change type-I QDs into type-II is the overgrowth of QDs by
Sb-based capping layer immediately after the QD formation, which maximizes the Sb incorporation into the
QD layer. Examples of this approach are found for type-I InAs/GaAs QDs, which change into type-II upon
overgrowth with Ga(As,Sb) layers [18, 31]. We also previously considered capping our
(In,Ga)(As,Sb)/GaAs/GaP QDs with an Sb-containing layer, namely GaSb, with a thickness of ca. 1ML [29,
30]. There, we found that introducing the GaSb cap effectively modified the QD composition thereby
increasing the Sb content, and leading to an energy swapping of Γ (1.732 eV) and L (1.701 eV) states
compared to the initial values of 1.725 eV and 1.755 eV, respectively, where also an increased leakage of the
electron wave function outside the QD body was induced [29, 30].

In this work, we take the next step and study more in detail the effect of a thickness variation of a GaSb
capping layer overgrowing the (In,Ga)(As,Sb)/GaAs/GaP QDs. We study the optical properties of the QDs
overgrown with the GaSb layer of thickness ranging from 0 (i.e. no cap) to 1.4ML. We perform
temperature-dependent photoluminescence (PL) investigations and compare the obtained results with
theoretical calculations using eight-band k · p [32, 33] method with multiparticle corrections computed by
the configuration interaction (CI) algorithm [20, 34].

The PL spectra exhibit an anomalous temperature dependence of QD emission, which we interpret using
detailed fitting with exciton emission energies taken from our theory and reproduce the anomalous
temperature shift with simple model. We also find that in our system for type-I confinement at low
temperatures, the dominant transition is between L electrons and Γ holes, while with temperature increase
the Γ-Γ transition becomes more prominent.

Furthermore, we show that, by increasing the GaSb thickness, our QDs can be turned from type-I into
type-II confinement. We thus present a method to effectively obtain type-II QDs with increased hole
localization, for extending the storage time in QD-Flash devices. For example, we predict that using a GaSb
capping layer with thickness greater than 2ML will lead to an increase of the storage time of
(In,Ga)(As,Sb)/GaAs/AlP/GaP QDs by more than ten years, thus surpassing the non-volatility limit.

The manuscript is organized as follows. After the introduction in section 1, we describe our samples in
section 2 and PL results in section 3. The PL spectra are analysed using theory given in section 4 and
interpreted in section 5. Thereafter, in section 6 we give the prediction of QD Flash storage times and finally
conclude in section 7.

2. Sample fabrication

The samples investigated in this work are shown in figure 1. They were grown on GaP(001) substrates in an
Aixtron Aix 200 MOVPE reactor using H2 as carrier gas, at the Technical University of Berlin. The growth
commences with a 250 nm GaP buffer grown at the substrate temperature of 750◦C. Thereafter, a 20 nm
Al0.4Ga0.6P layer is deposited, acting as a barrier for the photogenerated carriers. This is followed by a
150 nm-thick GaP layer, before the substrate temperature is reduced to 500◦C. After temperature
stabilization, a 5ML GaAs interlayer (IL), a short Sb-flush, and nominal∼0.51ML In0.5Ga0.5Sb for QD
formation are deposited. The purpose of growing the GaAs interlayer is to enable the Stranski–Krastanov QD
nucleation, see also Sala et al [16, 17, 35] for further details. Immediately after QD formation and at the same
growth temperature, a thin GaSb layer is deposited on the QDs, with variable thicknesses of
0.4, 1, and 1.4ML, depending on the sample. Next, a 6 nm GaP capping layer is grown on top of the GaSb
layer. The structure is then completed with a further 50 nm GaP layer grown at 620◦C to completely bury the
QDs for PL investigations, see structure (a) in figure 1. A sample without GaSb cap was investigated as
reference figure 1(b).

Finally, in order to have a better insight into the QD morphology after GaSb overgrowth, additional
structures for atomic force microscopy (AFM) were grown, e.g. with free-standing QDs capped by both GaSb
and the 6 nm GaP layers, and either layers, see figures 12 and 13 in appendix A.
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Figure 1. (In,Ga)(As,Sb) QD samples studied in this work: full PL structures containing buried QDs overgrown by a thin GaSb
capping layer (a) and reference samples with GaP capping only (b).

Figure 2. Temperature-dependent (10–300K with 10K steps PL spectra of the four QD samples investigated in this work. From
top left: (a) QDs without GaSb cap and with (b) 0.4ML, (c) 1ML, and (d) 1.4ML thick GaSb cap. The markings I.–III. refer to
three distinct groups of emission, i.e. I. DAP (pink background), II. QD and IL (white background), and III. neutral donor bound
excitons (light blue background), see text.

3. PL investigations

PL measurements on ensembles of QDs were carried out on all four samples (three GaSb-capped samples
and one reference without that) in the temperature range of 10–300K with 10K steps. A blue pumping laser
was used with emission wavelength of 441 nm and a power density of 1 kW·cm−2. Figures 2(a)–(d) displays
the PL spectra of the four investigated samples with varying GaSb thickness starting from no cap to 1.4ML
GaSb cap, as indicated on top of each plot. We note that the unit of monolayer (ML), which we use for
thicknesses of layers throughout the paper, can be recomputed to nanometers (nm) as 1ML= 0.3nm.

As general features of all spectra we observe in figure 2 three groups of emissions, marked by I., II.,
and III. Starting from I. at the low energy side of the spectra, the broad feature arising from 1.1 eV and
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Figure 3. Peak emission energies with varying temperature (10–300K) corresponding to the QD PL band at around 1.8 eV for all
samples investigated in this work. The data for temperatures higher than 160K (grey background) were not used in evaluation by
fitting in figure 10 (see text).

extending beyond 1.6 eV was previously identified by us [30] as donor–acceptor pair (DAP) transition [36,
37] localized deep in the GaP bandgap. This is followed in region II. by the luminescence peak occurring
around 1.8 eV, which is of relevance for our study in this paper, and it is ascribed to the QD and IL
emissions [16, 29, 30]. Finally, the region III. around 2.2 eV presents transitions related to neutral donor
bound excitons (D0,X) which are close to the GaP bandgap at the X k-point [16, 38] of the Brillouin zone
(BZ). Such emission has a comparable intensity for all investigated samples and quenches fully at 300K. Note
that the energy of the GaP gap at the temperature of 10 K is 2.34 eV [39, 40].

The QD PL band shows anomalous temperature behavior of the peak energy for different GaSb cap
thicknesses, see figure 3. There we note that (i) the peak energy of the QD PL band increases by∼10 meV up
to>60meV for samples with GaSb cap thicknesses from 0 to 1.4ML, respectively, when the temperature is
ramped up from 10K to∼50–100K. Moreover, (ii) the peak energy of the QD PL band does not approach
zero temperature with zero gradient with respect to temperature change as expected from the Varshni
dependence. Both observations (i) and (ii) seem to be contradictory to the fact that temperature
dependence [41] of, e.g. electronic gap of bulk semiconductors is predominantly caused by electron–phonon
interaction [42] and approaches zero temperature with zero gradient of the energy with respect to the
temperature.

Nevertheless, a similar anomalous temperature dependence, albeit of smaller magnitude, was observed in
other materials before, see, e.g. for AgGaS2 alloy [43], InGaAs/InP quantum wells [44], or nanostructures
such as InAs/GaAs QDs [45–47] or CdSe/CdS colloidal QDs [48]. There, statistical or rate equation models
were put forward to describe that phenonenon [49]. In [43] the temperature anomaly for bulk AgGaS2 was
explained by mixing of p and d levels in valence band [50], caused by the temperature driven lattice dilation
and also due to the presence of Ag atom in the compound. However, in III-V compound semiconductors
studied in this work, the d-levels are expected to play negligible role [51, 52], thus, the aforementioned
argument cannot be used. On the other hand, in QD structures, such anomaly was described by rate models,
which consider emission intensity transfer between various confined levels in the structure. These were, e.g.
dark and bright states [48], deep-level localized states and ground state [47], wetting layer and QD
states [46], or states arising from bimodal QD size distributions [46, 49].

In this work, we employ the general idea of state mixing considered in the aforementioned papers in a
slightly different way, i.e. by mixing of the QD k- and spatially indirect exciton states with direct ones to
explain the observed temperature anomaly in our data. Hence, we first discuss our theoretical calculations in
the following section.

4. Theory model

To investigate in detail the nature of the results of our optical experiments, we performed theoretical
calculations based on eight-band k · pmodel [32, 33, 53, 54] followed by computation of the exciton
(Coulomb correlated electron–hole pair) using the configuration interaction method [55–59].

4
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Figure 4. Flow chart of the modeling procedure applied in this work.

In the calculation we first implement the nanostructure model (size, shape, chemical composition), see
figure 4. This is followed by the calculation of elastic strain by minimizing the total strain energy in the
structure and subsequent evaluation of the piezoelectricity up to nonlinear terms [34, 60–62]. The resulting
strain and polarization fields then enter either the eight-band k · pHamiltonian for Γk-space states, or the
effective-mass Hamiltonian for L and X k-space states. As a result of solving the Schrödinger equation, we
obtain electron and hole single-particle states both at the Γ- as well as at X- and L-points. The
aforementioned single-particle states are then used as an input to the CI solver, which computes the energy
corrections of the exciton due to the mutual electron–hole Coulomb interaction and correlation. We note
that we have used two electron and two hole single-particle states as a CI basis. While larger CI basis would
possibly allow for better description of the effects of the Coulomb interaction, we have refrained from that on
account that the magnitude of such correction is<2meV [55, 59], i.e. much smaller than the overall energy
resolution of excitons in our spectra here. To allow for a better reproducibility of our results in this paper, we
give in detail the mathematical description of our theory methods in appendix B.

Using the aforementioned theory, we have computed the electronic structure of (In,Ga)(As,Sb) QDs with
or without GaSb layer. Based on our previous results on this material system discussed in [33, 54], XSTM
measurements from [28], and to approximately match the observed emission energy, we simulated a
truncated-cone-shaped dot with base width of 15 nm and height of 3 nm. Also, for the same reasons, the QD
material was chosen to be In0.1Ga0.9As0.9Sb0.1. As in our previous works, we consdiered a 5ML GaAs layer
beneath the QDs.

For the QD structure described above, we show in figure 5 the computed ground state probability
densities of Γ holes and Γ, L, and X electrons for GaSb layer thicknesses of 0ML, 0.4ML, 1ML, and 1.4ML.
As already shown in [54], the L[110]- and L[11̄0]-electron state are predominantly elongated in [110] and [11̄0]
crystal directions, respectively. We note that the L[110]- and L[11̄0]-electron bands are separated by less than
1 meV in our calculations, thus, we treat in the following only the mean energies of the excitons which
include L[110]- and L[11̄0]-electrons. For the same reason and to increase clarity of our discussion, we show in
figure 5 only one probability density for L[110]-electron ground state. We now notice that, as the thickness of
the GaSb layer above dots increases, the electron states for all discussed k-points do not change appreciably.
On the contrary, the Γ hole probability density (red in figure 5) transforms from being fully confined in QD
body (type-I band alignment) for GaSb thickness of 0ML to being located along [110] crystal direction on
the outskirts of QD, and inside of the GaSb layer for GaSb thickness of 1ML and 1.4ML (type-II band
alignment).

We now draw our attention to the eigenenergies of excitons formed from Γ, L, and X electrons and Γ
holes. All our structures contain 5ML GaAs IL and we found previously [29, 30] that the states of QDs and
IL are energetically intermixed. We have, thus, also computed excitons formed from Γ, L, and X electrons
and Γ holes for structure without QD and only with the 5ML GaAs layer using our k · p+CI toolbox,
described in the aforementioned, in order to compare the energies of excitons confined in IL and that in
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Figure 5. Ground state probability densities of holes (marked as hl., red) and electrons (marked as el.). The latter is shown for
Γ (green), L (violet) X[001] (dark blue), and X[100]/[010] (light blue) points of k-space (see also main text and [54]). The densities
are shown for GaSb layer with thicknesses of 0, 0.4, 1, and 1.4MLs. The corresponding identified type of confinement for Γ
electron–hole transition in case of each GaSb layer thickness is marked at the bottom of the figure. Note that 90% of total
probability density is shown.

Figure 6. Computed energies for states shown in figure 5 as a function of temperature for GaSb layer thicknesses of (a) 0ML, (b)
0.4ML, (c) 1ML, and (d) 1.4ML. The energies are shown for excitons, which are composed of electrons in Γ (green), L (violet)
X[001] (dark blue, marked as Xz), and X[100]/[010] (light blue, marked as Xxy) points of k-space and Γ holes. We show the energies
for calculations of excitons confined in QDs and capped by GaSb by solid curves and that for GaAs interlayer (see figure 1) by
broken curves. The markings T-I, T-II, and T-I/II indicate the type-I, type-II confinement, and transition between that. Note that
the energy separation between QD excitons composed by L electrons and Γ holes and that from Γ electrons and Γ holes increases
with increasing GaSb layer thickness.

QD+IL. The calculations solely for IL were done in the same fashion as that for the QD+IL structure, only
the computations for layers were performed in 1D instead of 3D.

In figure 6 we show the temperature dependencies of the excitons formed from Γ, L, and X electrons and
Γ holes for all four considered GaSb cappings. Moreover, in figure 7 we show the exciton binding energies,
defined as∆Ebind = ESP − EX, where ESP and EX are the ground state single-particle electron–hole transition
and the ground exciton energy, respectively. The results are shown as a function of GaSb capping thickness
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Figure 7. Binding energies of QD and IL excitons as a function of GaSb capping thickness for temperature of 10K. The energies
are shown for excitons, which are composed of electrons in Γ (green), L (violet) X[001] (dark blue, marked as Xz), and
X[100]/[010] (light blue, marked as Xxy) points of k-space and Γ holes. We show the energies for calculations of excitons confined
in QDs and capped by GaSb by full balls and solid curves and that for GaAs interlayer by empty squares and broken curves. The
markings T-I and T-II indicate the type-I and type-II confinement, respectively. Notice that onset of type-II confinement is
associated with considerable decrease of binding energies for all QD exciton species with the exception of L-Γ QD exciton.
Moreover, note that in type I the binding energy of QD excitons is larger than that for IL, which is due to stronger 3D quantum
confinement in QD than that in 1D IL.

Table 1. Varshni parameters [41] for GaAs, taken from Nextnano++ database [32].

k-point α (10−3 eVK−1) β (K)

Γ 0.5405 204
L 0.605 204
X 0.460 204

for temperature of 10 K. We note, that the results for other temperatures are separated from values in figure 7
by less than 0.3meV.

We first notice in figure 6, that all energies reduce with temperature following approximately the Varshni
dependence [41], see also equation (7) in appendix B.

As can be seen from figure 5, since the computed wavefunctions are located in QD and IL which both
have large GaAs content in our samples, the Varshni parameters α and β of the computed excitons are close
to those of bulk GaAs, see table 1.

For comparison between computed temperature dependence of exciton energies and that using
equation (7) for parameters from table 1, see figure 8.

We also note that in figure 6 the excitons confined in IL have an overall larger energy than the QD
excitons. On the contrary, the binding energies, predominantly due to the attractive Coulomb interaction
between electrons and holes, for IL excitons are smaller than that for QD+IL in type I, see figure 7. That is
expected, because the quantum confinement of electrons in QD is much tighter than that in IL, where one
expects the confinement only in vertical direction. However, as discussed before, the onset of type-II
confinement is associated with reduction of overlap between QD electron and hole wavefunctions, causing
also reduction of the magnitude of the direct Coulomb integrals and, thus, the exciton binding energy, which
is consequently smaller than that for IL. Intriguingly, the change of confinement from type-I to type-II has
negligible effect on the binding energy of L-Γ QD excitons. The reason for that can be deduced from figure 5,
where clearly the overlap between L electrons and Γ holes hardly changes appreciably with the type of
confinement. Moreover, one can notice in figure 6 that the mixing of IL excitons with those of QDs occur. All
the aforementioned calculations will be employed for decomposition of the PL spectra from figure 2 as we
will discuss in the following section. Finally, by computing the overlap integrals [54, 56] between electron
and hole states in our calculations, we have found that emission intensity of IL excitons formed from
X[100]/[010] electrons and Γ holes (light blue broken curves in figure 6) is hundred times smaller compared to
other transitions and we have, thus, omitted that from the analysis in the following section.

7
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Figure 8. Comparison of computed energies of excitons formed from Γ, L, and X electrons and Γ holes of QD grown on GaAs
interlayer and without GaSb capping (full curves) with corresponding Varshni [41] dependence for bulk GaAs (broken curves).
The data given in full curves are the same as that in figure 6(a).

5. Decomposition of PL spectra

We now interpret the spectra of figure 2 using our calculations in figure 6, similarly as in our previous
works [63]. Our strategy is to fit the spectra from figure 2 by a sum of seven Gaussian functions

IPL = C+
7

∑

i=1

IEi exp

{

−(ε− Ei)
2

2σ2
i

}

, (1)

where C is a constant offset of PL spectra, ε is the energy axis in figure 2, σi the width of each Gaussian, and
IEi its intensity for energy Ei. The energies Ei were set for each value of temperature to theory values from
figure 6 with exception for X[001] and X[100]/[010] QD excitons, which could not be resolved in our spectra as
those overlap with much brighter bulk DAP emission [29, 30]. Thus, we interpreted the two lowest fitted
energies as related to DAP bulk background transitions and we did not analyse them in detail. The remaining
five energies Ei corresponding to (i) Γ-Γ and (ii) L-Γ QD, and (iii) X-Γ, (iv) L-Γ, and (v) Γ-Γ IL exciton
electron–hole transitions were not allowed to change by more than±1‰(e.g.±2meV for energy of 1.8 eV)
during the fitting routine. Example fits of PL spectra from figure 2 for temperatures of 10K, 50K, 100K, and
140K and all four GaSb capping thicknesses are given in figure 9. Note that in the fitting model for all
transitions we used Gaussian profiles and not, e.g. convolution of Lorentz with Gauss curves or more
elaborate models [30, 64]. This was motivated by the minimization of the number of fitting parameters as
much as possible in order to make our fitting model more simple and, thus, allowing more straightforward
interpretation.

We see rich physics from the fits in figure 9. For the lowest temperatures and GaSb capping thicknesses of
0ML and 0.4ML related to type-I confinement, the transition around 1.8 eV is dominated by QD exciton
formed from L electrons and Γ holes. This corroborates our results from [29, 30], were L QD exciton was
also found to be dominant. However, as can be seen from figures 9(a) and (b), with the sample temperature
increasing, the relative intensity of the QD exciton formed from Γ electrons and Γ holes in the 1.8 eV band
becomes more dominant. That is expected, since following Fermi–Dirac statistics of electrons, with
increasing sample temperature, the probability that electrons might be thermally excited from L to Γ QD
electron state is higher. We note, that the excitons involving L and X electrons in this work are usually called
‘zero-phonon’ transitions [63], i.e. phonons are not involved in the recombination of that. For the sake of
completeness, transitions involving also phonons are called ‘phonon replicas’, but we do not consider those
here as they are higher order processes with smaller probability. Finally, we observe that the intensities of the
fitted IL exciton bands are relatively smaller than those for QD exciton bands for type-I confinement in our
structures.

Furthermore, as the GaSb capping thickness increases and our system transfers from type-I to type-II
confinement, the 1.8 eV band reduces in intensity. At the same time, both the relative prominence of QD
excitons composed of Γ electrons and Γ holes increases relative to L-Γ QD excitons. That effect can be
explained by larger energy separation between Γ-Γ and L-Γ QD excitons when GaSb capping is increased,
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Figure 9. Examples of fits (black curves) of temperature dependent PL spectra from figure 2(orange open squares) by sum of
seven Gaussian curves, see equation (1), for GaSb layer thicknesses of (a) 0, (b) 0.4ML, (c) 1ML, and (d) 1.4ML. The fitted bands
correspond to (i) donor-acceptor pair (DAP) recombinations (grey), (ii) recombination of QD exciton states (Gaussian profiles
with full colored background), (iii) GaAs interlayer exciton states (Gaussian profiles with thick colored edges and no
background). The colors of the background (edges) of the Gaussian curves for QD (IL) excitons is the same as that in figure 6, i.e.
excitons composed of Γ, L, and X electrons and Γ holes are shown in green, magenta, and dark blue, respectively. The
decomposition is shown for temperatures of 10, 50, 100, and 140K. Notice that with increase of GaSb capping thickness, the
relative intensity of the interlayer bands in the spectra increases. Furthermore, as the temperature increases, the intensity of DAP
recombination diminishes, particularly for temperatures>100K. The vertical scale in all panels is different. The markings T-I,
T-II, and T-I/II in top row of panels indicate the type-I, type-II confinement, and transition between those, respectively.

see figure 6, thus, reducing the probability that electron is thermally excited from L QD state to that for Γ.
Furthermore, with change of type of confinement the overall intensity of QD excitons reduces relative to the
IL excitons, which become more visible in the whole spectra and, consequently, the relative content of those
in the 1.8 eV band increases. Finally, the fitted intensity of DAP band (grey in figure 9) reduces with
temperature both in total magnitude and relative to QD bands. For temperatures>100K the DAP bands
become extinct.

We performed the aforementioned fitting routine for all measured PL spectra for temperatures up to
160K. That is because for temperatures greater than 160 K, the bands in the spectra were in most cases too
broadened and convoluted to be reasonably separated by fitting. The results for QD and IL excitons are
shown in figure 10. Note that the Γ-Γ exciton of IL was omitted from figure 10 to not obscure the energy
resolution in that figure. The fitted exciton energies are shown in figures 10(a1)–(d1) by full (for QD) and
open (for IL) symbols. The full (for QD) and broken (for IL) curves in those panels with the same colors as
the symbols represent the calculated energies from figure 6. The excellent agreement between fits and theory
data is because we have not allowed the values of Ei in equation (1) to change during fitting by more than
±1‰ from that calculated by theory, as we already noted earlier. Furthermore, the full black curves in
figures 10(a1)–(d1) represent the corresponding data from figure 3 to allow for comparison of that with the
computed and fitted energies. As expected, while the black curves show the anomalous temperature shift, the
computed and fitted energies do not. This comparison already hints towards which energies of QD and IL
excitons need to be combined to obtain the observed anomalous temperature shift of 1.8 eV band in our
spectra. In the following we will elaborate on that in more detail.

In figures 10(a2)–(d2) we show the fitted intensities of the bands with energies given in panels (a1)–(d1).
The intensities were evaluated as integral over the corresponding Gaussian bands. We see in
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Figure 10. Results of the fits by equation (1) (see also figure 9) for sample temperatures<160K. The panels with labels starting
with (a), (b), (c), and (d) correspond to the results for GaSb capping thicknesses of 0, 0.4, 1 and 1.4ML, respectively. In panels
(a1)–(d1) we give the fitted exciton energies for QD (IL) bands as full circles (open squares). The calculated exciton energies of
QD (IL), which were used as starting values for the fits (see text) are given as full (broken) curves. The excitons composed of Γ, L,
X electrons and Γ holes are given as green, magenta, and dark blue, respectively. The black curves correspond to energy values
from figure 3. In panels (a2)–(d2) we give the fitted exciton oscillator strengths (intensities), taken as integral under respective
Gaussians. The colors correspond to that in panels (a1)–(d1). In panels (a3)–(d3) we show the computed, see equation (2), and
measured, see figure 3, energy shift of the 1.8 eV band with temperature by curves and symbols, respectively. The computed shift
is obtained from data in panels (a1)–(d1) and (a2)–(d2) using our model, see text. Notice that the difference between theory
model and experiment in (a3)–(d3) is in most cases less than 5meV. The vertical scale in all panels is different. The markings T-I,
T-II, and T-I/II in top row of panels indicate the type-I, type-II confinement, and transition between those.

figure 10(a2) and (b2), i.e. for type-I regime, that the QD excitons formed from L electrons and Γ holes
switch intensity with Γ-Γ QD excitons for temperature of∼50–70K. As for the IL excitons, those are found
to have smaller intensity for all studied temperatures in figures 10(a2) and (b2). However, the onset of
type-II regime in our QDs is associated both with overall reduced intensities of QD exciton bands as well as
of the ratio of intensities of L-Γ and Γ-Γ QD excitons. The temperature crossing of the aforementioned QD
exciton species occurs in type II for temperatures<20K, i.e. for considerably smaller temperatures than for
type I. With reduction of intensity of QD excitons, the relative prominence of the IL exciton bands in the
spectra is increased. In short, the magnitude of intensities of IL exciton bands remains approximately similar
in all panels (a2)–(d2), and only QD exciton intensities reduce with increasing GaSb capping thickness, as
one would generally expect from the transition between type-I and type-II confinement affecting mostly QD
electron states.

We now discuss an explanation of the anomalous temperature dependence shown in figure 3. We
interpret that as being due to overlapping of mutual QD and IL exciton bands in PL spectra. To model that,
we take the computed energies around 1.8 eV from figure 6 and weight those with normalized fitted
intensities from figures 10(a2)–(d2), i.e.

Eanomal. =

∑

jEjIj
∑

j Ij
, (2)

where Ej are the computed energies from figures 6(a)–(d) {also shown as curves in figures 10(a1)–(d1)} and Ij
are the fitted intensities from figures 10(a2)–(d2). The index j goes over exciton bands close to the energy of
1.8 eV. Since the choice of summed bands and, thus, j contributing to 1.8 eV band differ among samples with
different GaSb capping thickness, we give that in table 2. Note that the meaning of normalized oscillator
strengths Ij/(

∑

j Ij) is that of the occupation of the corresponding exciton state j.
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Table 2. Summed excitons in equation (2). The excitons here are marked by k vector of electron (el.) and hole (hl.) and whether that
originates in QD or IL.

GaSb thickness (ML) (k el.)-(k hl.) exciton

0 L-Γ QD; Γ-Γ QD
0.4 L-Γ QD; Γ-Γ QD
1 L-Γ QD; Γ-Γ QD; X-Γ IL; L-Γ IL
1.4 Γ-Γ QD; X-Γ IL; L-Γ IL

The results of equation (2) for bands in table 2 are shown in figures 10 (a3)–(d3) by full curves, alongside
the measured values from figure 3 given by full symbols. The agreement between the two is satisfactorily
good, being less than 5meV in most cases. It is, thus, reasonable to conclude that the temperature anomaly,
which we observed, is due to mixing of different QD and also IL exciton transitions. More importantly,
because we used for mixing in equation (2) our theory energies and not fitted ones, the temperature anomaly
allowed us to show that our theory model is fully consistent with our experiment.

We finally note that our approach in equation (2), i.e. the mixing of states based on their oscillator
strength is similar to the approach of [47–49]. However, in contrast with the aforementioned references, we
do not fit the energies of the constituent transitions, but instead take without modification those computed
by correlated multi-particle full CI calculations. This approach allows us to focus on the temperature
emission anomaly, which we observed for different sample batch also earlier [29], but did not have tools to
interpret it.

6. GaSb capping layer effect on the QD-Flash storage time

In the previous section we showed that our theory model reproduces the experiment done on our dots very
well. Now, we will use that theory model to provide expectations about the retention time of the studied
QDs, when used as storage units in the QD-Flash nanomemory cell. In order to carry out the retention time
measurements of the QDs, following previous designs, one has to replace the 20 nm thick Al0.4Ga0.6P layer of
the current PL structures, see figure 12, with a pure AlP layer, and embed the QD-layer in a n+ − p diode
structure [15–17, 27, 65, 66]. As a note, such AlP layer is used as a barrier in order to increase the hole
localization energy of about∼500meV: it hinders the hole emission, but it does not affect their capture [65].

Thus, here we show the prediction for the QD retention time for the QDs overgrown by a GaSb layer
discussed in the aforementioned, with a 20 nm-thick pure AlP barrier layer instead of Al0.4Ga0.6P
underneath. As shown in previous works [17, 65–67], the energy EH can be recalculated into the storage time
of QD-Flash memory units by

τ =
1

γσ∞T2
exp

(

EH
kBT

)

, (3)

where T is the temperature, γ = 1.5× 1021 cm−2K−2 s−1 [65, 66], σ∞ = 9× 10−11 cm2 [16], and kB is the
Boltzmann constant. With those parameters we computed the values of storage time τ as a function of GaSb
layer thickness up to 30ML (∼10 nm) for a temperature of T= 300K. The result is shown on the right
vertical axis of figure 11. Note that maximum of 30ML GaSb capping was deliberately chosen in order to
study the convergence of our storage time calculations with respect to the GaSb capping thickness. We also
show the results of our calculations for the hole binding energy EH on left vertical axis. All the results are for
In0.1Ga0.9As0.9Sb0.1 QDs grown on the 20 nm AlP layer, as outlined above.

The hole binding energy EH increases from≈1.182 eV to≈2.03 eV when the GaSb layer thickness
changes from 0 to 30ML. The minimum and the maximum τ is found to be τmin = 3229 s and
τmax = 33 billions of years, respectively. We note that both the hole binding energy and the value of storage
time in absence of the GaSb layer (thickness of 0ML) in our computation match those reported
experimentally previously for a structure containing the same QDs but without any GaSb capping by
Sala et al [16, 17]. The non-volatility limit of ten years [65] is reached for GaSb capping thickness of∼2ML.

Remarkably, we see that adding GaSb capping over the dots leads to a huge increase of storage time by
many orders of magnitude. Satisfyingly, we see from figure 11 that our calculation of EH and the associated
retention time converge both for thin and thick GaSb capping layers. Note, that the time span corresponding
to the age of the Universe, i.e. 13.8 billion years [68] is provided solely as a time mark to highlight the
potential storage time capabilities of these QDs embedded in the nanomemory device. From the epitaxial
point of view, a 10ML (i.e. 3 nm) GaSb capping layer, corresponding to a 13.8 billion years storage time,
would likely introduce a considerable amount of defects in the QD-layer, potentially affecting the QDs
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Figure 11. Calculated hole binding energy (EH) as a function of GaSb layer thickness (red balls and curves). The right vertical axis
shows EH recomputed to storage time τ using equation (3) for T= 300K. The horizontal dotted lines correspond to several
notable time spans marked in the insets. The non-volatility limit of 10 years [65] is marked by blue horizontal line and is reached
for GaSb capping thickness of 2ML. The age of the Universe of 13.8 billion years was taken from [68].

themselves and their capacity to act as storage units in the nanomemory device. Thus, in our work we
considered only thinner GaSb caps. However, experimentally obtainable thickness of 3ML would be enough
to reach thousand years storage time, a reasonable value also considered in other III-V nanomemory devices
such as Ultraram [69].

Importantly, we note that our results in this work also confirm the previous predictions that a type-II
confinement obtained by adding Sb to the QD-layer (in this case via the GaSb overgrowth), leads to a major
increase in the QD retention time [17, 23]. Here, it is important to point out that such projected retention
time is comparable to the one of other nanomemory device concepts currently en-route to
commercialization [69]. Finally, since our QDs and nanomemory units can be fabricated using the
industrially compatible large-scale MOVPE technique, they are promising candidates for a viable
nanomemory device.

7. Conclusions

In conclusion, we performed a detailed study of (In,Ga)(As,Sb)/GaAs QDs embedded in a GaP (100) matrix,
which are overgrown by a thin GaSb capping layer of varied thickness, by temperature resolved PL
accompanied with detailed theory.

By evaluating our PL measurements, we have found that the luminescence band corresponding to the
QD emission shows anomalous temperature dependence, i.e. increase of energy in the temperature range of
10 –∼70K, followed by energy decrease for even larger temperatures. We explained that phenomenon using
k · p+CI theory and Gaussian fitting of luminescence spectra using emission energies extracted from our
theory. We identify, that the anomalous temperature shift is induced by mixing of different QD and
interlayer excitons. This enabled us to confirm results of our electronic structure theory of the studied system
and identify a change of band alignment from type-I to type-II for QDs overgrown by more than one
monolayer of GaSb. Notably, we found that the k-indirect electron–hole transition in type-I regime at low
temperatures is optically more intense than the Γ-direct.

Finally, we provided predictions for the retention time of (In,Ga)(As,Sb)/GaAs/AlP/GaP QDs capped
with the GaSb layer to be used as storage units in the QD-Flash nanomemory device. Strikingly, by
considering a GaSb layer only 2ML-thick, we find the projected retention time of our dots reaching the
non-volatility limit of ten years and making these QDs excellent candidates for their application in QD-Flash
devices.
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Appendix A. AFM investigations

In order to have a better insight on the surface morphology immediately after the QD capping, AFM
measurements were carried out on the surface of (In,Ga)(As,Sb) QDs capped with only the 6 nm GaP
capping layer, the 1.4ML-thick GaSb layer, and with both GaSb and GaP layers, see layer structures in
figure 13. We note that we previously carried out extensive morphological characterization of such QDs
without the GaSb layer, particularly by TEM [29, 35] and XSTM [28].

The AFMmicrographs of the samples analyzed in this work are shown in figures 12(a)–(c), respectively.
Figure 12(a) shows a very small surface modulation of about 1 nm, indicating small high-density QDs
homogeneously covered with the GaP cap. Here, we point out that such QDs have an exceptionally high
density of ca. 4 · 1011 cm−2, see also in [28] for more details. Figure 13(b) shows an increased modulation of
ca. 2.5 nm with the largest 3D islands emerging from the background, indicating an average larger size of the
QDs after deposition of the GaSb layer right after their formation. Figure 13(c) shows instead an increased
surface modulation of ca. 5 nm when both the GaSb and the GaP capping layers are grown and more distinct
hillocks can be observed, revealing an enlargement of the QDs upon growth of both capping layers. In
addition, ring-like defects are present with a density of∼107 cm−2, width of 150–200 nm and height around
5–7 nm. Such structures were formed during the final GaP capping process due to a local clustering of
Ga(Sb,P).
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Figure 12. (In,Ga)(As,Sb) QD samples studied via AFM: QDs overgrown with (a) a 6 nm GaP cap, (b) the GaSb layer and (c) both
GaSb and GaP layers.

Figure 13. AFMmicrographs of (In,Ga)(As,Sb) QDs capped with (a) 6 nm-GaP cap only, (b) 1.4ML GaSb layer only, and (c)
both GaSb and GaP layers (scales are adjusted for better visualization of the capped QDs).

Appendix B. Theory methods

In the following sections we describe our theory model.

B.1. Eight band k·p theory forΓ-states
In eight-band k · p, we consider the single-particle states as linear combination of s-orbital like and
x, y, z p-orbital like Bloch waves [33, 56, 57] at the Γ point of the Brillouin zone, i.e.

Ψan (r) =
∑

ν∈{s,x,y,z}⊗{↑,↓}

χan,ν (r)u
Γ
ν , (4)

where uΓν is the Bloch wave-function of s- and p-like conduction and valence bands at Γ point, respectively,
↑/↓marks the spin, and χan,ν is the envelope function for an ∈ {en,hn} [e (h) refers to electron (hole)] of the
nth single-particle state. Thereafter, the following envelope-function k · p Schrödinger equation is solved

∑

ν∈{s,x,y,z}⊗{↑,↓}

Ĥk·pν ′ν (r,T)χan,ν (r,T) = Ek·pn (T) ·χan,ν ′ (r,T) , (5)

where Ek·pn (T) on the right side is the nth single-particle eigenenergy for temperature T. Note that χan,ν ′ in
equation (5) is dependent also on T, which is due to the envelope function k · pHamiltonian

Ĥk·pν ′ν (r,T) =

[

EΓ
ν (r,T)− h̄2∇2

2me
+V0 (r)

]

δν ′ν +
h̄∇· pν ′ν

me
+ Ĥstr

ν ′ν (r)+ Ĥso
ν ′ν (r) . (6)

In equation (6), EΓ
ν (r,T) is the position and temperature dependent energy of bulk Γ-point Bloch band ν,

V0(r) is the scalar potential (e.g. due to piezoelectricity), Ĥstr
ν ′ν(r) is the Pikus-Bir Hamiltoninan introducing

the effect of elastic strain [32, 70], and Ĥso
ν ′ν(r) is the spin-orbit Hamiltonian [32, 70]. Furthermore, h̄ is the

reduced Planck’s constant,me the free electron mass, δ the Kronecker delta, and∇ :=
(

∂
∂x ,

∂
∂y ,

∂
∂z

)T
. Finally,

we remark that the temperature dependence is considered in our calculations using the Varshni relation [41]

Eg (T) = E0 −αT2/(T+β) , (7)
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where α and β are parameters and E0 = EΓ(r,0) is the energy projected to 0K. The parameters α and β were
taken from Nextnano++ database [32] for constituent material at position r.

B.2. Effective mass theory for L- and X-states
The single-particle states for L and X electrons are obtained within the envelope function method based on
effective mass approximation, i.e. the following equation is solved [70]

ĤL,X (rrr,T)χn (rrr,T) = EL,Xn (T)χn (rrr,T) , (8)

where EL,Xn (T) and χn(rrr,T) are the nth eigenenergy and the envelope function for temperature T,
respectively, and ĤL,X(rrr,T) is given by

ĤL,X (rrr,T) =− h̄2

2
∇∇∇·

(

1

m∗ (rrr)

)

∇∇∇+ EL,X
c (rrr,T)+V0 (rrr) . (9)

Here, EL,X
c (rrr,T) is the position and temperature dependent bulk conduction band energy for L or X points,

V0(rrr) is the external potential induced by, e.g. elastic strain. The temperature dependence of EL,X
c is included

again using equation (7) for parameters from Nextnano++ library [32]. The effective mass parameterm∗(rrr)
is given by [70]

m∗ (rrr) = [m∗
l (rrr)−m∗

t (rrr)]kkk0kkk
T
0 +m∗

t (rrr)1113x3, (10)

wherem∗
l (rrr) andm∗

t (rrr) are positionally dependent longitudinal and transversal effective masses, respectively,

k̂kk0 = ⟨100⟩ (k̂kk0 = ⟨111⟩/
√
3) for X-point (L-point) of the Brillouin zone and 13×3 is 3× 3 the identity matrix.

B.3. Configuration interaction for excitons
We use single-particle states computed by the aforementioned methods as basis states for our CI. Since we
consider the temperature effect already on single-particle states and that transfers into our CI calculations,
we drop the dependence on T in the following equations, to avoid any confusion. In CI we consider the
excitonic (X) states as linear combinations of the Slater determinants

ψX
i (r) =

nSD
∑

m=1

ηi,m
∣

∣DX
m

〉

, (11)

where nSD is the number of Slater determinants |DX
m⟩, and ηi,m is the ith CI coefficient which is found along

with the eigenenergy using the variational method by solving the Schrödinger equation

ĤXψX
i (r) = EXi ψ

X
i (r) , (12)

where EXi is the ith eigenenergy of excitonic state ψX
i (r), and ĤX is the CI Hamiltonian which reads

ĤX = Ĥs.p. + V̂X, (13)

with Ĥs.p. and V̂X representing the electron–hole transition energies of the non-interacting single-particle
states, i.e. either

Ĥs.p.
n,m = Ek·pm,e − Ek·pn,h, (14)

for exciton composed from Γ electrons and Γ holes, or

Ĥs.p.
n,m = EL,Xm,e − Ek·pn,h, (15)

for exciton composed from L or X electrons and Γ holes. Further, the matrix element V̂X in the basis of the
Slater determinants

∣

∣DX
m

〉

is [54, 56, 57, 63]

VX
n,m =

〈

DX
n

∣

∣ Ĵ
∣

∣DX
m

〉

=− 1

4πϵ0

∑

ijkl

¨

drdr ′
e2

ϵ(r,r ′) |r− r ′|

×
{

Ψ∗
i (r)Ψ

∗
j (r

′)Ψk (r)Ψl (r
′)−Ψ∗

i (r)Ψ
∗
j (r

′)Ψl (r)Ψk (r
′)
}

=
∑

ijkl

(

VX
ij,kl −VX

ij,lk

)

.

(16)
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Here Ĵmarks the Coulomb operator, e labels the elementary charge and ϵ(r,r ′) is the spatially dependent
relative dielectric function, ϵ0 is the vacuum permittivity. Note that for ϵ(r,r ′) in equation (16) we use the
position-dependent bulk dielectric constant. The Coulomb interaction in equation (16) described by VX

ij,kl

(VX
ij,lk) is called direct (exchange).
Furthermore, we note that the integrals in equation (16) between L and X electron states and Γ holes are

carried out only between L and X single band electron and s-Bloch state component of the hole eight-band
k · p wavefunctions [63]. That approach for excitons consisting of L and X electrons and Γ holes is justified
since, as will be discussed also later, our QDs are mostly composed of GaAs and in that material the bulk
energy of L-Γ and X-Γ transitions between conduction and valence bands for temperature of 0 K are
1.815 eV and 1.981 eV [32], respectively. Note, that coupling between bulk conduction and valence Bloch
bands scales with the inverse of bandgap [54, 71].

Finally, the sixfold integral in equation (16) is evaluated using the Green’s function method [53, 55, 56].
The integral in equation (16) is split into solution of the Poisson’s equation for one quasiparticle a only,
followed by a three-fold integral for quasiparticle b in the electrostatic potential generated by particle a and
resulting from the previous step. That procedure, thus, makes the whole solution numerically more feasible
and it is described by

∇
[

ϵ(r)∇Ûajl (r)
]

=
4π e2

ϵ0
Ψ∗

aj (r)Ψal (r) ,

VX
ij,kl =

ˆ

dr ′ Ûajl (r
′)Ψ∗

bi (r
′)Ψbk (r

′) ,

(17)

where a,b ∈ {e,h}.
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Petr Klenovský https://orcid.org/0000-0003-1914-164X

References

[1] Bimberg D, Kirstaedter N, Ledentsov N N, Alferov Z I, Kopev P S and Ustinov V M 1997 IEEE J. Sel. Top. Quantum Electron. 3 196
[2] Ledentsov N 2011 Semicond. Sci. Technol. 26 014001
[3] Ledentsov N et al 2003 Electron. Lett. 39 1126
[4] Heinrichsdorff F, Mao M H, Kirstaedter N, Krost A, Bimberg D, Kosogov A O and Werner P 1997 Appl. Phys. Lett. 71 22
[5] Schmeckebier H and Bimberg D 2017 Quantum-dot semiconductor optical amplifiers for energy-efficient optical communication

Green Photonics and Electronics ed G Eisenstein and D Bimberg (Springer International Publishing) pp 37–74
[6] Unrau W and Bimberg D 2014 Laser Photon. Rev. 8 276
[7] P Michler (ed) 2017 Quantum Dots for Quantum Information Technologies (Springer International Publishing)
[8] Müller T, Skiba-Szymanska J, Krysa A B, Huwer J, Felle M, Anderson M, Stevenson R M, Heffernan J, Ritchie D A and Shields A J

2018 Nat. Commun. 9 862
[9] Salter C L, Stevenson R M, Farrer I, Nicoll C A, Ritchie D A and Shields A J 2010 Nature 465 594
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[52] Zieliński M 2012 Phys. Rev. B 86 115424
[53] Stier O, Grundmann M and Bimberg D 1999 Phys. Rev. B 59 5688
[54] Klenovský P, Schliwa A and Bimberg D 2019 Phys. Rev. B 100 115424
[55] Schliwa A, Winkelnkemper M and Bimberg D 2009 Phys. Rev. B 79 075443
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