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InAs quantum dots embedded in InP nanowires form an important platform for basic research studies, as well
as for quantum dot applications. Notably, understanding of nanowire quantum dot spectral properties is essential
in both cases. Therefore, in this work we use atomistic theory to study spectra of the single exciton (X), the
biexciton (X X), the triexciton (XXX), and the positively and negatively charged trions (X* and X ) confined in
these nanostructures. We focus on the role of vertical and lateral confinement, therefore, we systematically study
a large family of quantum dots with different heights and diameters, and find the important role of correlations
due to presence of higher states. We find that the order of excitonic binding energies is a characteristic feature
of InAs/InP nanowire quantum dots being (ordered from negative to positive values): X ~, XX, and X, with
strongly bound X ~, rather weakly bound XX, and typically unbound X . Next, we determine the key role of
alloy randomness due to intermixing, which turns out to especially important for larger quantum dot heights and
phosphorous contents over 40%. In selected cases, the alloying can lead to an unbound biexciton, and can even

reverse ordering of excitonic lines.
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I. INTRODUCTION

Nanowire quantum dots [1,2], grown by the vapor-liquid-
solid (VLS) procedure [3.,4], offer the advantage of efficient
spatial positioning [5-8], with possibility of post-growth
tuning [6,7,9], combined with high-quality optical spectra
[9-12]. Nanowire quantum dots are often grown on [111] ori-
ented substrates, what by virtue of symmetry should [13-19]
lead to highly reduced bright exciton splitting [20,21]. These
specific features allow for potential applications of nanowire
quantum dots in quantum information and cryptography
[22-28].

Apart from the possible control of their position, nanowire
quantum dots offer the opportunity of efficient tailoring of
quantum dot dimensions via the manipulation of catalyst size
[5,10]. Such control, and understanding of physical properties
of nanowire quantum dots with respect to their spatial dimen-
sion, is in principle essential for further future applications.
Therefore, in the following we study spectral properties of
[111] oriented InAs/InP nanowire quantum dots that vary
by height and diameter, aiming to understand how different
quantum dot spatial dimensions and chemical compositions
affect properties of various excitonic species confined in these
dots, namely, the single exciton (X), the biexciton (XX), and
positively (X ) and negatively charged (X ~) excitons, as well
as the complex of three excitons, i.e., the triexciton (XX X).

II. METHODS

We study here selected spectral properties of several exci-
tonic complexes (X, XX, XXX, X*, and X ™) for a family
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of disk-shaped InAs quantum dots embedded in InP host
nanowire. These quantum dots have heights varying from ap-
proximately 1 to 7.25 nm (3 to 18 monolayers), and diameters
varying from 20 to 30 nm (Fig. 1), thus covering a broad
range of dimensions including those obtained experimentally
[5], with diameter-to-height aspect ratios changing consid-
erably from 4 to 30.! We consider 10 different heights and
5 different diameters leading to overall 50 various quantum
dot systems. More computationally challenging calculations
were additionally performed for a family of alloyed nanowire
InAs;_,P, quantum dot, as will be discussed later in the text.
The disk shape of quantum dots is expected due to the VLS
growth mode and the cylindrical shape of host nanowire. The
InP nanowire in which dots are embedded has a diameter
equal to 72 nm, thus much larger than quantum dot diame-
ters, corresponding to a case of so-called clad [10] nanowire
quantum dots.

The first stage of the calculation starts with finding atomic
positions that minimize total elastic energy. This is achieved
by using the valence force field method of Keating [29,30] and
minimization of strain energy performed with the conjugate
gradient method [31]. In the [111] (growth) direction we
account for a 120-nm-long section of a nanowire that contains
over 18 million atoms. This is sufficient for converged single-
particle and many-body spectra [32] of nanowire quantum dot
with respect to the host nanowire section length. The valence
force method is described in more detail in Refs. [33,34]
and in our previous papers [31,35-37]. Next, from atomic
positions, the piezoelectric potential [38—42] is calculated by

'Higher aspect ratio nanowire quantum dots were studied by us in
Ref. [16] in the context of heavy- to light-hole exciton transition.
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FIG. 1. Schematic view of the system under study: InAs;_,P,
quantum dot embedded in InP nanowire. Nonalloyed InAs quantum
dots correspond to x = 0. Dimensions are not to scale. See text for
details.

accounting for both linear and quadratic contributions. Here,
we use piezoelectric coefficients from Ref. [40]. For compar-
ison, and to study the role of piezoelectricity, we also present
results calculated with piezoelectric potential artificially ne-
glected. Then, the single-particle spectra of electrons and
holes are obtained with the empirical tight-binding method
accounting for d orbitals and spin-orbit interaction [36,37].
The single-particle tight-binding Hamiltonian for the system
of N atoms and m orbitals per atom can be written in the
language of the second quantization as follows [35]:

N m
HTB — ZZEWC Cia + Z Z )\.,‘a,lgC;;Ciﬁ

i=1 a=1 i=1 a=1,=1

m

+ Z Z lia Jﬁclaclﬁ’ (1)
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where c (cie) 1s the creation (annihilation) operator of a
carrier on the (spin) orbital « localized on the site i, Ej, is the
corresponding onsite (diagonal) energy, and ¢, ;s describes
the hopping (off site and off diagonal) of the particle between
the orbitals on the four nearest-neighboring sites. i iterates
over all atoms, whereas (i, j) denotes all pairs of nearest
neighbors. « is a composite (spin and orbital) index of the
onsite orbital, whereas f is a composite index of the neigh-
boring atom orbital. Coupling to further neighbors is thus
neglected, and A;, g (onsite and off diagonal) accounts for the
spin-orbit interaction following the description given by Chadi
[43], which includes the contributions from atomic p orbitals.
Here, we use the spd’s* parametrization of Jancu [44]. The
tight-binding calculation is effectively performed on a smaller

domain than the valence force field calculation [32,45]. How-
ever, the number of atoms in the tight-binding computational
box still exceeds 0.5 million, and the dimensions of the tight-
binding Hamiltonian exceed 107. The details of the spd>s*
tight-binding calculation were discussed thoroughly in our
earlier papers [31,35-37].

Finally, the excitonic spectra are calculated with the config-
uration interaction method. The Hamiltonian for the interact-
ing electrons and holes can be written in second quantization
as follows [46]:
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where Ef and E!" are the single-particle electron and hole
energies obtained at the single-particle stage of calcula-
tions, respectively, and V;j; are Coulomb matrix elements
(Coulomb direct and exchange integrals) calculated according
to the procedure given in Ref. [35]. In this approach, not
being able to calculate the effective Coulomb interaction self-
consistently [47] one assumes a statically screened Coulomb
interaction [35,48]. Further, since in this work we study the
much larger nanowire diameter than diameters of quantum
dots, corresponding to so-called clad [10] nanowire quantum
dots, the large dielectric mismatch between the nanowires
and their surroundings should not play a significant role [49].
Moreover, the role of image charges at the InAs quantum
dot—InP nanowire dielectric interface is expected to be small
[50] in part because of much smaller dielectric mismatch
[51-53], and in part due to cancellation between the self-
energy interaction of each particle with its own image charges
and the excitonic corrections [54]. Having said all the above,
the role of dielectric interfaces on the spectra of nanowire
quantum dots is an intriguing line of research, and will be
continued in our future work.

More details on Coulomb matrix element computation
for tight-binding wave functions can also be found in
Refs. [55,56] as well as in our recent work [57,58].

III. EXCITON

Excitons are formed by interacting electron-hole pairs, it is
thus instructive to study first electron and hole single-particle
spectra. Therefore, Fig. 2 shows several lowest electron states
as a function of nanowire quantum dot height, and for three
different quantum dot diameters. As excepted, for disk-shaped
quantum dots, electron states form well-defined shell structure
[46,59] that remains present for various heights and diameters.
For all considered cases, we observe a monotonic decrease
of electron energy levels with increasing height (and diam-
eter), as anticipated due to decreased quantum confinement.
Thus, there is a pronounced, over 200 meV, ground electron
state energy difference between quantum dots of smallest
and largest considered heights. Interestingly, with an increas-
ing height, spacings between subsequent shells (e.g., energy
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FIG. 2. Dependence of several lowest single-particle electron levels calculated as function of quantum dot height for three nanowire
quantum dots of different diameters: (a) d = 20.4 nm, (b) d = 25.2 nm, (c) d = 30 nm. Higher-energy levels are omitted for clarity. Lines
connect and order states energetically. Letters mark approximate symmetry of subsequent shells.

difference between s and p levels) increase with height, yet
they decrease with diameter. This will have an impact on
excitonic complexes’ spectra as discussed later in the text.
However, electron states demonstrate behavior consistent with
predictions of simple models [46], and are presented here
mostly for completeness.

Contrarily, hole states, as shown in Fig. 3, reveal non-
monotonic change with quantum dot height [16] and generally
lack of simple shell structure for quantum dots of larger
heights. This is particularly well visible for quantum dots of
smaller diameters [Fig. 3(a)] where the hole p shell stands out
from the rest of the spectrum for heights up to approximately
3 nm, before crossing with higher excited states. For larger dot
diameters, the hole p shell is present until approximately 4.5
and 5 nm heights for diameters 25.2 and 30 nm, respectively.
However, for quantum dot heights larger than 6 nm, none of
the quantum dots considered here have a well-defined shell
structure of hole states. In other words, for “flat” quantum
dots the hole shell structure is present for all considered
diameters, whereas for “tall”, high-aspect ratio quantum dots
is it practically not present at all (see also the Appendix). This
will play an important role for excited excitonic states, and
have an impact on spectra of excitonic complexes as discussed
in the following.

Next, Fig. 4 shows the evolution of excitonic ground state
as a function of height and diameter. The height of quantum
dot goes on the x axis, whereas quantum dot diameter is

denoted by diameter (and color/shade) of each data point.
This allows to put both height and diameter dependence
on a single two-dimensional plot in a form of a “bubble
chart” (not to confuse with a contour plot). As shown in
Fig. 4, excitonic ground-state energy decreases with respect
to both increasing quantum dot height and diameter. The
dependence on height is more pronounced due to domi-
nant confinement in the growth direction. However, larger
height quantum dots have also bigger spread of energies due
to diameter variation. In the considered range of quantum
dot sizes, the ground-state excitonic energy changes from
about 1000 to 720 meV. This energy shift is mostly at-
tributed to changes in single-particle electron energy due to
decreasing confinement with increasing quantum dot height,
which was discussed above, and to a much lesser degree to
changes of hole single-particle energies, and electron-hole
interactions.

For nonalloyed nanowire quantum dots considered here,
the exciton has no fine structure of either dark and bright
excitons due to strict C3, symmetry [13,15]. Fine-structure
splitting due to alloying, and resulting exchange effects, has
been studied thoroughly in our recent paper [18]. Addition-
ally, let us note that (isotropic) exchange splitting (also studied
in Ref. [18]) between dark (ground and first excited, doubly
degenerate) and bright (third and fourth excited, doubly de-
generate) exciton states is on the order of hundred peVs, thus
much smaller than energy scale considered in Fig. 4.
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FIG. 3. Dependence of several lowest single-particle holes levels calculated as function of quantum dot height for three [(a)—(c)] nanowire
quantum dots of different diameters: (a) d = 20.4 nm, (b) d = 25.2 nm, (¢) d = 30 nm. Note reverse ordering of hole levels and different
energy scales on each plot. Higher-energy levels are omitted for clarity. Lines connect and order states energetically. For clarity, only spectra

of quantum dots with heights larger than 1.6 nm are shown here.
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FIG. 4. Evolution of the ground-state exciton energy as function
of nanowire quantum dot height and diameter. There are results for
10 different heights and 5 distinct diameters shown here. Quantum
dot diameters correspond to size/color of each circle on the plot.

The single exciton is a fundamental object studied in
nanowire quantum dots, and the energy corresponding to
emission from its bright states acts as a reference level to all
other complexes studied in the following.

IV. NEGATIVELY CHARGED EXCITON

Exciton with an additional electron forms a negatively
charged exciton X ~, also know as a negative trion [46,59,60].
In the photoluminescence experiment (that could be viewed
as electron-hole pair recombination in a presence of an addi-
tional electron) one does not measure the trion’s ground-state
energy, but rather emission energy defined with respect to a
neutral (single) exciton. Therefore, Fig. 5(a) shows quantum
dot size dependence of negatively charged exciton binding
energy, defined as an energy difference between charged
and neutral excitons’ optical emission line energies. Nega-
tive values of binding energies correspond to the charged
exciton emission energy lower than the neutral exciton. In

— : : —— T T [ e B A |
%.[® ot |® V583
£ | 2 o
—~ -1 o oo B

2 .'. 3 °°“8°° eot?
23 ofl7 1E 1°¢88e0? ..
O 1og8°%° >-2-o’ °° 1
2 1@ ° o ® °°
= ) °
T4 1c ° e J -J
c w 3 ee eh

° 3 N
2 . o corr(X)

2 3 4 5 6 7
QD height (nm)

1

2 3 4 5 6 7
QD height (nm)

FIG. 5. Negatively charged exciton X~ binding energy (a), and

its division (see the text) into contributing components (b) as function
of nanowire quantum dot and diameter. Quantum dot diameters
correspond to size/color of each circle on the plot.

such situation, the charged exciton is considered to be bound
with respect to the neutral one. Figure 5(a) shows that the
absolute value of X~ binding energy generally decreases with
the increasing quantum dot height and diameter. For smaller
quantum dot heights, the X~ binding energy is on the order of
—4 meV, whereas for largest height dots it reaches approx-
imately —2 meV. Notably, the X~ binding energy depends
rather strongly on the diameter for small height quantum
dots. One could argue that for low-height quantum dots, the
overall confinement is effectively more strongly reduced by
the increase of the diameter than for higher quantum dots
which already have much lower confinement in the growth
direction. One can quantify this statement by using a formula
to describe negatively charged excitons binding energy as
[19,61-63]

EX’ = Jee - Jeh + COIT(Xi)a (3)

where J,, is the electron-electron repulsion, J,;, is the electron-
hole attraction (hence minus sign), both calculated for electron
and hole in their ground states, corr is a correction due to the
presence of higher levels, i.e., configuration mixing, as well
as exchange interaction due to spin degrees of freedom [20].
However, since the exchange term is relatively small (fraction
of a meV), and the magnitude of corr is typically dominated
by mixing of configuration, from now on, we will call corr
shortly as related to correlations. Let us also note that ground
excitonic states of all complexes studied in this paper are
dominated by configurations (with different spin alignments
[46]) involving predominantly ground electron and hole states
(both doubly degenerate due to spin [20]). These ground-state
contributions are usually well over 90%, however, despite
being much smaller, contributions due to higher states still
play significant role in excitonic spectra, as shown further in
the text.

Equation (3) allows therefore to decompose the Ex- bind-
ing energy into a “Coulomb direct” term J,, — J,;, and a term
due to correlations corr(X ~) as shown on Fig. 5(b). Addition-
ally, individual J,,, J.;,, and Jy;, integrals size dependencies are
shown in the Appendix for comparison. Figure 5(b) shows that
the Coulomb direct term (full circles) is mostly responsible
for the overall dependence of Ex- binding energy with height,
with strong height dependence of its magnitude. Notably, the
value of Ex- is negative, with both contributing terms [J,, —
Jon and corr(X )] being of the same sign. Binding energy of
X~ is mostly related to negative value of J,, — J,;, and thus
larger magnitude of J,;, than J,,., indicating stronger electron-
hole attraction (see the Appendix) that electron-electron re-
pulsion, and therefore stronger spatial localization of hole
states than electron states. In the language of continuous
matter approximation, this difference between electron and
hole integrals could be traced back to larger effective mass of
hole states, and the fact that particles with larger mass tend to
localize more in a given potential [64]. This can be assessed
in terms of numbers. For example, for a family of quantum
dots of 3 nm height the electron has approximately 57% of
its charge density localized in the quantum dot region with
pronounced 43% tails in the nanowire. For the same height,
the ground hole state has over 97% of its charge density in the
quantum dot volume. However, for 2 = 7.2 nm the ground
electron state is 88% confined in the quantum dot, and the
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FIG. 6. Positively charged exciton X ™ binding energy (a), and its
division (see the text) into contributing components (b) as function
of nanowire quantum dot and diameter. Quantum dot diameters
correspond to size/color of each circle on the plot.

hole state has over 99% of its charge in the dot area. In the
latter case J,, — J,; difference should be smaller and hence
contribute less to X~ binding energy. Moreover, the increase
of quantum dot dimensions, and the larger volume for the
electron and the hole to occupy, leads to smaller Coulomb
interactions, as is manifested in typically decreasing values
of all J integrals with quantum dot sizes (see the Appendix).

The corr(X ~) correction due to correlations [empty circles
on Fig. 5(b)] varies between —1 and —1.5 meV for low-
height quantum dots, and is approximately equal to —0.5 meV
for largest considered heights. The corr(X ™) is negative as
correlations are generally expected to reduce excitonic com-
plexes’ energies [46,60]. For quantum dot heights of 5 and
6 nm there is an apparent gap in corr(X ) value, which
is related to a complicated level structure of excited hole
states at these quantum dot heights [since corr(X ~) accounts
for higher shells], and it transforms to a visible, yet weak,
reversal of X~ binding energy trend with diameter for 7 = 6
nm [Fig. 5(a)]. Generally, however (as constituted by two
electrons and only one hole), X~ complex is rather weakly
affected by peculiarities of excited hole states.

To summarize, the negatively charged exciton binding
energy is determined mostly by properties of electron and hole
in their ground states, with a relatively small correction due to
excited states. The magnitude of X~ binding energy generally
decreases with height and diameter, showing a larger spread
of values with respect to the diameter for flat dots, and a small
dependence on the diameter for taller dots.

V. POSITIVELY CHARGED EXCITON

Consistently, an exciton with an additional hole forms a
positively charged exciton X, also known as a positive trion
[46,59,60]. Analogously, its binding energy can be given as
[19,61-63]

Ex+ = Juy — Jon + corr(X 1), 4

where Jy;, is the hole-hole repulsion, consistently calculated
in the ground hole and, respectively, corr(X ) is a correction
to Ex- due to presence of higher levels (correlations and
exchange interaction). Figure 6(a) shows positively charged
exciton binding energy as a function of quantum dot height
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FIG. 7. Biexciton XX binding energy (a), and its division (see
the text) into contributing components (b) as function of nanowire
quantum dot and diameter. Quantum dot diameters correspond to
size/color of each circle on the plot.

and diameter. This energy is typically positive, yet the height
dependence is nontrivial, varying from about 0 to 3 meV for
smallest quantum dot heights, and showing very little diam-
eter dependence for highest considered quantum dots (with
values close to 1.25 meV). Only for two considered heights
(close to about 2 nm) and largest considered diameters, the
binding energy has small negative values. Moreover, the
height dependence is nonmonotonic and the binding energy
decreases with height up to approximately 3 nm, and then the
trend is reversed.

The distribution of excitonic values with diameter is related
to the spread of J, — J.;, values as shown in Fig. 6(b). This
can vary from 3 up to even 8§ meV, and origins from different
degrees of the electron and hole spatial localization, analo-
gously to a previously discussed case of X . Interestingly,
Jnn — Jen, has a positive sign (since the hole is generally more
confined), whereas corr(X ) maintains a negative sign. This
latter correction has, however, larger magnitude than for X —,
and varies from approximately —4 to —2 meV. Arguably,
correction due to correlations is more pronounced for Ex+ due
to smaller level spacing of hole states as compared to electron
states, and thus stronger configuration mixing.

In summary, positively charged exciton X is generally un-
bound (i.e., has emission energy larger than X') and shows sub-
stantial diameter dependence for small quantum dot heights,
and contrarily very little diameter dependence for larger quan-
tum dot heights.

VI. BIEXCITON

Recombination of an interacting electron hole in a presence
of another electron-hole pair leads to a biexciton emission
spectra. Similarly to charged complexes, the biexciton binding
energy can be written as [19,61-63]

EXX = Jee + th - 2Jeh + COI'I'(XX), (5)

with all the notations consistent with previously analyzed
cases. The XX binding energy is typically weakly negative
(with the exception of one, smallest considered quantum dot)
and revealing a complicated size dependence as shown in
Fig. 7. This complexity is related to a nontrivial size depen-
dence of J,, + Ju, — 2J.;, as shown in Fig. 5(b). Here, the
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FIG. 8. Excitonic ground-state energy difference between cases
with and without piezoelectricity accounted for (see text for details).
Quantum dot diameters correspond to size/color of each circle on
the plot.

Joe + Iy — 2J,, term can be viewed as sort of measure of a
difference between electron-hole attraction and an “average”
of electron-electron and hole-hole repulsive interactions. Ap-
parently, this term reverses its diameter dependence, when
going from small to large heights, and notably for h =5
nm there is virtually no dependence on the quantum dot
diameter. Moreover, corr(XX) is negative with values similar
to corr(X ™) leading to an overall negative, though of relatively
small magnitude, binding energy of the biexciton.

In summary, in studied nanowire quantum dots, the biexci-
ton is typically weakly bound and shows nonmonotonic trend
with respect to both quantum dot height and diameter.

VII. PIEZOELECTRICITY

To further inspect excitonic binding energy size depen-
dencies, in this section we will compare results presented
so far with those obtained by artificially neglecting piezo-
electricity. We have checked that, for a considered family
of nanostructures, piezoelectricity (due to “flat” nanowire
quantum dot shape and relatively low strain in InAs/InP
nanostructures) has a little impact on absolute single-particle
electron and hole energies despite [111] orientation tradi-
tionally connected to substantial role of piezoelectricity [65].
Consistently, piezoelectricity has also a little effect on the
energy of the ground exciton states. These differences being
on a meV scale, and thus so small that they would not
be notable either on single particle or on excitonic energy
plots showed earlier. However, binding energies of excitonic
complexes are related to energy differences, and therefore it
is instructive to study piezoelectricity impact on the ground
excitonic state energy, as shown in Fig. 8. Here, we present
energy difference of excitonic ground-state difference be-
tween cases with or without the piezoelectric contribution
accounted for. Notably, as mentioned above, piezoelectricity
induces rather small, on the order of meVs, shift to single
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FIG. 9. Comparison of excitonic complexes’ binding energies
(see text for details) for a case with (a) piezoelectricity accounted
for and (b) artificially neglected. Symbols/colors denote different
complexes. Sizes of symbols mark distinct quantum dot diameters.
See text for details.

exciton ground-state energy. Interestingly, the ground exciton
state is shifted to higher energies for low-height quantum
dots, and to lower energies for larger-height nanostructures.
Moreover, the piezoelectricity induced energy shift depends
on the diameter only for high-aspect ratio quantum dots, and
shows virtually zero-diameter dependence for flat, low-height
nanostructures. Therefore, piezoelectricity may play a certain
role only for quantum dots with larger heights, consistent with
the usual [66] understanding of piezoelectric potential built
up with quantum dot size. Importantly, these energy shifts
are related to electron and hole single-particle energy changes
due to piezoelectricity, whereas electron-hole interactions are
affected by piezoelectric potential on a much smaller sub-
meV scale (0.2 meV and less, and as such are not discussed
here).

Since the biexciton has the ground-state energy approxi-
mately being equal to twice the energy of the exciton, the
biexciton ground-state piezoelectricity dependence is quali-
tatively similar to that of a single exciton, yet multiplied by
factor 2, as confirmed by our calculations. The piezoelectricity
correction, on a scale of meVs, at first may not appear to be a
major contribution to the biexciton spectra, since the biexciton
ground-state energy is approximately 2 eV.> However, the
biexciton emission spectra, as already mentioned, is related
to the energy difference of the initial biexcitonic state, and
the final single exciton state. In effect, a small correction of
excitonic spectra due to piezoelectricity, as shown in Fig. 8§,
will directly transfer to the biexciton binding energy.’

Figure 9(a) therefore shows combined results of X —, X+,
and XX binding energies with piezoelectricity accounted

2The biexciton ground-state energy is approximately twice that of
exciton ground-state energy since there are two excitons forming
the biexciton state, thus being on a scale of 1-2 eV. This biexciton
ground-state energy is, however, not directly measured, but rather the
energy difference between the biexciton and the single exciton state
[35] is accessible experimentally, and corresponding to biexcitonic
line in the quantum dot emission spectra.

3We emphasize again that the biexciton recombination is process of
electron-hole recombination in a presence of another electron-hole
pair, thus leaving the exciton as a final state.
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FIG. 10. Schematics of excitonic levels and recombinations in-
volving (a) excitonic s shell, (b) excited excitonic states with hole
occupying “p” shell, (c) triexciton spectra with both electron and
hole occupying excited, p-shell states.

for, but placed together on one plot. Results obtained by
neglecting piezoelectricity are shown in Fig. 9(b). On both
figures, for clarity, points corresponding to different diameters
are plotted using the same colors (shades), whereas different
colors (shades) as well as symbols are now used to mark dis-
tinct excitonic complexes. Piezoelectricity generally affects
excitonic binding energies rather weakly, and most impor-
tantly will not affect the ordering of excitonic lines. The only
substantial effect of piezoelectricity can be observed for larger
height nanowire quantum dots, where the piezoelectricity is
responsible for the change (reversal) of the biexciton binding
energy dependence on the diameter.

VIIIL s-p SHELL SPLITTING

Excitonic complexes studied so far are dominated by con-
figurations involving electrons and holes in their ground states
of (approximately) s symmetry. To inspect the role of the
higher levels, namely the “p” shell, one can study higher-
lying exciton states involving configurations with electron in
the ground state, whereas the hole is placed into excited (p-
shell) states [shown schematically on Fig. 10(b)]. Figure 11(a)
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FIG. 11. s-p shell splitting calculated for a single exciton (a) and

a triexciton (b) as function of nanowire quantum dot and diam-
eter (see text for details). Quantum dot diameters correspond to
size/color of each circle on the plot.

shows therefore the energy difference between the first excited
exciton state and the exciton ground state, the former involv-
ing the hole &, state (using a notation that neglects spin). For
quantum dot heights up to approximately 4 < 5 nm, this s-p
energy difference decreases with quantum dot diameter due to
reduced lateral confinement and thus smaller interlevel spac-
ings. Interestingly, the dependence on vertical confinement
is quite opposite since as discussed earlier in this paper, the
s-p single-particle hole spacing first increases with height, yet
then (for larger heights) the order of hole p states is reversed
and the notion of p shell is no longer valid. These changes in
the single-particle hole spectra for quantum dot height # > 5
nm are thus reflected in excited state s-p splitting, and its
reversal, as shown on Fig. 11(a).

However, in a usual photoluminescence experiment one
does not observe s-p shell splitting by means of excited
single-exciton spectra, but rather by increasing laser pumping
power to populate quantum dot simultaneously with three
excitons forming a triexciton state (3X) [46,59]. As shown
schematically on Fig. 10(c), the triexciton emission spectra
involve (apart from s-s recombination) electron and hole re-
combination from both charge carriers occupying their p-shell
levels. Since now both electron and hole are in their excited
state, the triexciton s-p splitting is larger than single-exciton
s-p splitting. This is shown in Fig. 11(b) with values of this
splitting* varying from approximately 20 to 60 meV, decreas-
ing with the diameter, thus in good qualitative and quantitative
agreement with experimental results [5]. For the triexciton, the
magnitude of s-p splitting is dominated, and thus determined
by the single-particle electron s-p shell splitting as studied
earlier (Fig. 2). Therefore, similarly to s-p single-exciton
splitting, it systematically decreases with a diameter, and
increases with height reflecting changes of s-p electron (e;
and e,) level spacings, as shown discussed earlier in the text.

Since the triexciton p-shell spectra are dominated by the
electron contribution, the lack of shell structure for hole levels
does not seem to play a big role for the 3X complex, however,
for smaller diameter quantum dots one does observe reversal
of the s-p splitting trend with height. Namely, for small
quantum dot diameters s-p splitting grows with the height up
to about 5 nm and then decreases. Notably, this effect is not
present for larger diameter quantum dots.

IX. ALLOYING

Alloying in nanowire quantum dots seems to be inherent
to the VLS growth process [3,4] and has to be addressed
in any realistic modeling [18]. Importantly, the amount of
phosphorous atoms due to intermixing can reach up [9,67]
to 80% (i.e., leading to a InAsy,Ppg quantum dot) strongly
affecting excitonic emission energies as well as inducing non-
negligible bright exciton splitting [18] due to reduction of
symmetry for Cs, to C; [15]. It is thus important to verify how
alloying affects binding energies of main excitonic complexes.

4Single-exciton s-shell recombination line energy is used as a refer-
ence here since this energy was used a reference level throughout the
entire paper. Notably, however, the triexciton s-shell recombination
has energies very similar to single exciton s-shell recombination.
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FIG. 12. Excitonic complexes’ binding energies calculated as
function of phosphorous content (see text for details) for a quantum
dot of height equal to 4.2 nm and diameter equal to 30 nm. Colors
mark different excitonic complexes. Dashed line marks zero binding
energy value as a reference.

Figure 12 shows the evolution of X~, X*, and XX bind-
ing energies with an increasing phosphorous content, for a
InAs;_,P, nanowire quantum dot of height equal to 4.2 nm
and diameter equal to 30 nm. Here, there are altogether 29
different average P compositions varying from 0% to 80%.
x = 0, thus zero P content, corresponds to nonalloyed, InAs
quantum dot discussed in the earlier part of the paper. The
P content changes from 10% to 80% with a 5% increment,
and from 0% to 10% with a 1% increment for better accuracy.
There are thus 28 various average compositions for alloyed
quantum dots considered here, whereas for each average
composition there are six randomly generated samples [18,63]
leading to total of 168 different nanostructures (plus one
nonalloyed case for P = 0).

Alloying leads to randomness-related spread of binding
energies between different quantum dot samples. Whereas this
effect plays a rather smaller role for the negatively charged
exciton (Fig. 12), the impact of alloying is particularly pro-
nounced for P contents larger than 40%, and for X * and XX.
In case of these two complexes, alloying may not only change
their absolute energies, but may even alter their energetic
ordering. In some high-P content cases the biexciton may
be even unbound, whereas X ™ binding energy can have both
negative and positive values (from approximately —1 meV to
2 meV).

Since, in the earlier part of the paper we have determined
the height as a key factor affecting nanowire quantum dot
spectra, therefore, in Fig. 13 we study binding energies of
excitonic complexes of interest, calculated as a function of
quantum dot height, while keeping the diameter fixed and
accounting for alloying by assuming P content equal to 80%.
For each quantum dot height (and diameter) we generate 8
random samples leading altogether to total of 88 different

3_A | IA | N X+
%E) 2_e 4 o XX/

1.4 =B o X |]
; 1§ 2 A % A A & é ﬁ A
Solssliegedagd
o 1. BER-82, g o B
QO - __n g E B E E . B E
o 24 o _
S 18 8 coB o8O B
2388983 :
oM '4 T T |o T T T T

2 4 6 8
QD height (nm)

FIG. 13. Excitonic complexes’ binding energies calculated as
function of quantum dot height, and for fixed quantum dot diameter
equal to 30 nm and phosphorus content equal to 80% (InAsg,Ps;
see text for details). Colors mark different excitonic complexes.

nanostructures. Results obtained for P contents equal to 50%,
60%, and 70% as shown in the Appendix for comparison.

As shown in Fig. 13, alloy randomness is a strong effect
that cannot be neglected in modeling of realistic intermixed
quantum dots. Alloying apparently smears out some of the
subtle trends discussed earlier, yet one can note that gen-
erally the order of excitonic binding energies (from lowest
to highest: X~, XX, X™) is a typical feature of considered
nanowire quantum dots. However, for highly alloyed quan-
tum dots XX and X' can swap their order, especially for
smaller height quantum dots. Yet (on average) the biexciton
is typically weakly bound (with approximately —1 meV bind-
ing energy), whereas the positively charged trion is weakly
unbound. Negatively charged exciton is again less prone to
both alloying and height with binding energy values close
to —3 meV. Moreover, apparently binding energy variations
due to alloying seem to be more important than the role of
the diameter. Additionally, alloying somewhat flattens trends
related to the height dependence studied earlier.

Our results indicate that should one search for a system
with small XX binding energy (e.g., crucial in certain entan-
glement generation schemes [68]), one should opt for highly
alloyed nanowire quantum dot, yet with relatively small
heights. Nevertheless, the random distribution of excitonic
complexes’ spectral properties demands ‘“cherrypicking” of
samples of desired properties from an ensemble of quantum
dots of nominally the same sizes and average composition.
Our result also indicates that the correlating results of theoret-
ical modeling with single quantum dot experiment [69] may
be significantly affected by alloying.

X. CONCLUSIONS

In this work we have studied the role of height, di-
ameter, and alloy randomness on the main excitonic com-
plexes’ binding energies in InAs/InP nanowire quantum dots.
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FIG. 14. Several lowest single-particle hole levels for nanowire
quantum dot of (a) # = 3 nm and (b) # = 7 nm, and as a function of
quantum dot diameter. Lines connect and order states energetically.
h, is the hole ground state. s, p, and d denote approximate shells. See
text for more details.

Binding energies reveal nontrivial trends with quantum dot
sizes especially for larger quantum dot height and for com-
plexes involving two hole states (the biexciton and the pos-
itively charged trion). The order of excitonic states was
generally established to be X, XX and X™*, with rather
strongly bound X, relatively weakly bound XX, and typi-
cally unbound X*. We have found that trends of excitonic
complexes’ binding energies can be understood by means
of different confinement of single-particle electron and hole
states constituting these complexes, whereas piezoelectricity
was determined to play a rather lesser role with a notable im-
pact only for highest considered quantum dots. Additionally,
we have studied triexciton spectra as well and obtained good
qualitative agreement with the experiment, and confirmed
experimental finding of 3X s-p shell splitting decreasing with
nanowire quantum dot diameter. Next, aiming for accurate
modeling of realistic nanowire quantum dots, we have pre-
sented results obtained for a family of alloyed InAs;_,P,.
Alloying was determined to be one of the key factors affecting
main complexes’ binding energies, especially for phosphorus
contents larger than 50%. Whereas alloying leaves X~ to be
well bound, it can strongly affect XX and X * binding energies
leading to unbound biexciton, and even reorder of binding
energies XX and X7 states.

Finally, our results indicate that apart from the control
of quantum dot lateral and vertical dimensions, the control
of average composition (due to related alloying) is likely
necessary for tailoring of excitonic complexes’ spectra in
nanowire quantum dots in order to match their desired prop-
erties, and this may be essential for further nanowire quantum
dot applications.
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APPENDIX A: HOLE STATES AS FUNCTION OF
DIAMETER

Figure 14 shows several lowest hole levels as a function
of quantum dot diameter, and for two selected quantum dot
heights. For “flat” quantum dot of 7 = 3 nm the hole shell
structure is present for all considered diameters, as one can
unambiguously distinguish shells up to (approximately) a d
shell. However, for the larger quantum dot height equal to
7.2 nm there is no apparent no-shell structure for all studied
diameters. See the main text for more details.

APPENDIX B: COULOMB DIRECT INTERACTIONS J FOR
GROUND ELECTRON AND HOLE STATES

Coulomb integrals J,., J.;, and J;;, combined with Egs. (3),
(4), and (5) allow for useful estimate of exciton binding energy
trends as discussed in the main part of the paper. Figure 15
shows each of these integrals separately as a function of
quantum dot height and diameter. Larger-diameter quantum
dots generally correspond to larger spatial single-particle
states delocalization and thus smaller Coulomb interactions,
which in all cases monotonically decrease with diameter. For
the same reason, all these integrals generally decrease with
height, with the exception of integrals involving the electron
(Jee and J,;) and smallest considered quantum dot height
(h < 3 nm), where the trend is reversed. Moreover, as the
hole is more confined than the electron, integrals involving
the hole (J,; and Jy;,) generally have larger magnitudes than
electron-only terms (J,.).
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APPENDIX C: BINDING ENERGIES FOR DIFFERENT P
CONTENTS

Here, for completeness we present results of excitonic
complexes’ binding energy spectra, calculated as a function
of quantum dot height, and for a fixed quantum dot diameter
equal to 30 nm. These spectra were calculated in a way
identical to those of Fig. 16, yet for three different average

P contents equal to 50%, 60%, and 70%. All the pictures
are qualitatively quite similar underlying the key important
role of alloy randomness in modeling of nanowire quantum
dot. Additionally, as shown in Fig. 16 with the increasing
average P content X and XX are more likely to reverse their
order together with simultaneous (on average) reduction of the
binding energies as discussed in the main part of the paper.
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