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Realization of linearly polarized exciton emission in wurtzite zinc oxide quantum dots
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Linearly polarized exciton emission from a quantum dot is very appealing for polarized light emitting diodes
and quantum information science and technologies. However, it has been very difficult to access it, because
conventional wurtzite quantum dots (QDs) usually favor circularly polarized exciton emission originating from
a single electron bound to a hole with dominant heavy hole (A band) character. Here we explore the exciton
fine structure of wurtzite ZnO QDs by means of plane-wave million-atom atomistic pseudopotential calculations
and a configuration interaction approach. We demonstrate that linearly polarized emission could be realized in
these QDs by (i) enhancing the quantum confinement effects and (ii) applying hydrostatic pressure. Such an
exciton has a polarization exclusively along the c-axis direction of the QDs, which derives from a single electron
bounded to a hole state with a split-off hole (C-band) character. This work paves the way for the exploration of
the fundamental properties of wurtzite ZnO QDs and their potential applications in optoelectronic devices and

quantum technologies.
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I. INTRODUCTION

Semiconductor quantum dots (QDs) have demonstrated
their viable role in current optoelectronic devices and have
shown a great promise as a light source for quantum in-
formation processes. Incorporation of QDs ensembles in the
optically active layers greatly improves the color saturation
and device efficiencies of laser diodes and QD-based light
emitting diodes, which have great potential in the next gen-
eration of display and solid-state lighting [1,2]. The proposed
quantum computer applications rely on photons with distinct
energy and polarization vectors, which can be seen as the
ultimate demand on photons emitted from individual QDs
[3]. A common requirement raised for several optoelectronic
applications, e.g., liquid-crystal displays, three-dimensional
visualization, (bio)dermatology [4], optical quantum comput-
ers [5], and quantum cryptography [6], is the need of linearly
polarized light for their operation. For existing operations, the
generation of linearly polarized light is obtained by passing
unpolarized light through a combination of polarization se-
lective filters and waveguides, accompanied by an inevitable
efficiency loss. These losses can be drastically reduced by
employment of light sources, which directly generate photons
with desired polarization direction.
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Zinc oxide (ZnO), a typical group II-VI compound with
wurtzite structure, has a band gap close to GaN. First-
principles calculations [7] and magneto-optical measurements
[8,9] have brought deep insight into the valence-band or-
dering and excitonic structure in bulk ZnO. Two important
characteristics are revealed [cf. Fig. 1(a)]: (i) crystal field,
which is a common feature for wurtzite structure, splits the
I'1, band into a twofold I'y, band and a fourfold I's, band;
(i1) “negative” spin-orbit splitting, which is rather unique for
ZnO, splits the fourfold I's, band into I'7, and I'y, bands. Both
of them are twofold and the former band lies unusually above
the latter one. The incorporation of the spin-orbit interaction
also translates the I'y, band to the I'7, band. These three
valence bands from top to bottom, I'7,, I'g,, I'7,, are the
so-called A (heavy hole), B (light hole), and C (split-off hole)
bands, respectively. Bulk ZnO material belongs to the Cg‘v
point group. Consequently, the highest point-group symmetry
for colloidal ZnO QDs is C3,, having a threefold rotation axis
along its growth direction (i.e., [0001] crystallographic direc-
tion). In this contribution, we report that linearly polarized
exciton emission could be realized in these high-symmetry
ZnO QDs by (i) enhancing quantum confinement and (ii)
applying hydrostatic pressure.

II. COMPUTATIONAL DETAILS

We consider oxygen-centered ZnO QDs within the strong
and intermediate quantum confinement regime with sizes
(diameter D = 1.7 and 3.6 nm) which can be easily achieved
experimentally via the well-established colloidal fabrication
method (e.g., cf. Ref. [10]). The interatomic distances are
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FIG. 1. (a) Symmetry evolution of the conduction-band mini-
mum (CBM) and valence band maximum (VBM) with including
crystal field (A.) and/or spin-orbit interaction (A,) in bulk ZnO
with point group symmetry Cg,. Symmetry analysis of ZnO quantum
dots (i.e., C3, point group symmetry) with diameter (b) D = 3.6 nm
and (c) 1.7 nm both without and with spin-orbit interaction. The
left column of each sub-panel gives the symmetry of the lowest
unoccupied molecular orbital (LUMO) and first two highest occu-
pied molecular orbital (HOMO) states. The right column gives the
resulting excitons with their corresponding point-group symmetries.
A thick black dashed line indicates an optically dark state, and a
solid black (red) line indicates an in-plane (out-of-plane) polarized
optically bright state. The degeneracy of the corresponding energy
levels is shown in the parentheses. We employ Koster’s notation for
both the single and double group symmetry representations.

taken as the experimental bulk values, which naturally leads
to a C3, symmetry for spherical colloidal QDs, characterized
solely by their diameter D. The dangling bonds at the surface
of the QDs are passivated by a high-band-gap artificial ma-
terial, as successfully practiced previously [11]. The single-
particle calculations are based on the atomistic empirical
pseudopotential method using well-tested pseudopotentials
[12], taking strain, band coupling, coupling between differ-
ent parts of the Brillouin zone, and spin-orbit coupling into
account. The correlated excitonic states are calculated by the
configuration interaction approach using all possible singly

excited determinants constructed from the 12 lowest (highest)
energy electron (hole) states, thus taking correlations into
account. The Coulomb and exchange integrals are calculated
from the atomic wave functions and are screened by the
phenomenological microscopic, isotropic, and uniform model
proposed by Resta [13]. The optical dipole matrix elements
are calculated within the dipole approximation, and the oscil-

3., 66

lator strength is calculated via Fermi’s “golden rule.”

III. RESULTS AND DISCUSSION

We start the exploration from a high-symmetry ZnO QD
in the regime of intermediate quantum confinement (e.g.,
D = 3.6 nm). The corresponding electronic structure and
band-edge exciton fine structure are shown in Fig. 1(b). In the
absence of spin-orbit and exchange interactions, the electron-
hole pair is always fourfold degenerate (not shown). This
fourfold manifold is split into a threefold triplet state and a
onefold singlet state when exchange interaction is switched
on. The triplet state is spin forbidden, being optically dark
and energetically lower, while the singlet state is spin allowed,
being optically bright and energetically higher. The singlet-
triplet splitting is around 11.3 meV [i.e., energy difference
between the I'; states in the left panel of Fig. 1(b)]. We found
that the first dark exciton state has '3 symmetry and originates
from the HOMO-1 — LUMO transition, where the HOMO-1
and LUMO states belong to the I's, and I'y. representations,
respectively. The first bright exciton state exhibits I, symme-
try, stemming from the HOMO — LUMO transition, where
the HOMO and LUMO states have I';, and I'j. symmetries,
respectively. When the spin-orbit interaction is included, the
LUMO state is found to have I'y. symmetry, while the HOMO
and HOMO-1 states have 'y, and I's, @ [, symmetries,
respectively. To further elucidate the electronic structure, we
project the fast oscillating atomic wave functions onto the
bulk Bloch states. This gives us access to the envelope func-
tions, which is more convenient to visualize. It appears that
the LUMO state has a S-type envelope function and has a
dominant contribution from the lowest I';. conduction band
(cf. Fig. 2). However, the HOMO state, which has an equal
contribution from bulk A and B bands, exhibits a Py ,-type or-
bital character. The neighboring hole states, namely HOMO-
1 and HOMO-2 states, have a dominant contribution from
bulk A-band and B-band, respectively [cf. second column of
Fig. 2 (rows 3 and 4)]. As mentioned previously (Fig. 1), we
find that the HOMO — LUMO transition does not lead to
the formation of the ground-state exciton manifold. On the
contrary, the transition from the HOMO-1 state to the LUMO
state forms the ground-state exciton manifold. This surprising
phenomenon is attributed to the different Coulomb interaction
between the electron and hole states having the same S-type
orbital (larger) compared to electron state with S-type orbital
and the hole state with Py,-type orbital (smaller). A larger
(negative) Coulomb interaction therefore drags the exciton
manifold formed from the HOMO-1 — LUMO transition
down to the ground state [cf. Fig. 1(b)].

According to the group theory analysis, the exciton sym-
metry can be obtained as the direct product of the single-
particle electron and hole state involved in the transi-
tion. We find that the exciton manifold ensuring from the
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FIG. 2. Envelope functions for the electron (LUMO) and first three hole states (HOMO, HOMO-1, HOMO-2) for high-symmetry ZnO
quantum dots with diameter D = 1.7 nm and with D = 3.6 nm under various pressures. The isosurfaces enclose 75% of the state densities.
To trace the parentage of each dot state for analysis purpose, the real atomistic dot wave function is projected on the top three valence-band
states (labeled as A, B, and C) and the lowest conduction-band state (labeled as El). We use the notation w, to describe the symmetry of
the envelope functions, where w donates the number of nodes encountered by moving across the in-plane (xy direction) or out-of-plane (z
direction) directions, and ¢ represents the direction in which we find the node(s). The number of nodes can be easily counted on the three
projected planes. The possible values for w are S, P, etc., where § indicates the form of the envelope function without a node (in this case,
we neglect the subscript ¢), P with one node, etc. The obtained Bloch function characters and envelope function character for each state are

presented beside and above each plot, respectively.

HOMO — LUMO transition consists of a singly degenerate,
out-of-plane polarized bright state with I'j symmetry being
energetically lower, a singly degenerate dark state with I',
symmetry being energetically higher, and a doubly degenerate
in-plane polarized state with I'; symmetry in between. The
ground-state exciton manifold is found to be formed from
HOMO-1 — LUMO transition, which gives a twofold dark
state with I'; symmetry at a lower energy and a twofold,
in-plane polarized bright state with I'; symmetry at a higher
energy. This doubly degenerate I'; bright exciton state gives
rise to a vanishing fine-structure splitting (FSS), therefore
making these high-symmetry ZnO QDs as ideal sources of
entangled photon pairs. A similar proposal has been suggested
for [111]-grown epitaxial zinc-blende QDs and heterostruc-
ture quantum wires [14,15], and has been experimentally real-
ized by fabricating QDs on a high-symmetry crystallographic
(111) substrate [16]. Nearly dephasing-free polarization en-
tangled photon pairs generated from a zinc-blende quantum
dot utilizing strain has been experimentally demonstrated very
recently [17]. As aforementioned, only ideal high-symmetry
(C3y) ZnO QDs with nearly spherical shape are considered
in this work. Any change in the shape or the presence of
impurity on the surface would lead to the lowering of the

atomistic symmetry of the quantum dot from C3, symmetry,
which in turn will cause the splitting of the twofold I'; states
and therefore the presence of FSS. Although being optically
active, the I'j state exhibits an oscillator strength a few
orders of magnitude weaker than the ground-state, in-plane
polarized I'; state, and is therefore nearly optically dark. The
corresponding photoluminescence spectra exhibits a circu-
larly polarized band-edge emission as a result [cf. Figs. 3(c)
and 3(d)].

When the QD is brought into the strong quantum confine-
ment regime (i.e., D = 1.7 nm), we find that in the absence of
spin-orbit interaction, the HOMO and LUMO states remain
I';, and I'|, symmetries, respectively [cf. Fig. 1(c)]. However,
due to the increase in the quantum confinement, the HOMO-1
state switches from a I';, symmetry to a I'y, symmetry. This
results in a threefold spin-triplet exciton state with I'; symme-
try being the ground state. When the spin-orbit interaction is
included [cf. the right subpanel of Fig. 1(c)], the LUMO state
keeps the S-type orbital character and its bulk origin (e.g., the
I'7. conduction band; cf. Fig. 1). The HOMO state remains
P,,-type orbital and mainly derives from an equal contribu-
tion of bulk A and B bands. Strikingly, the hole state (e.g.,
HOMO-1) with a dominant C-band contribution rises above
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FIG. 3. Simulated photoluminescence spectra of ZnO quantum dots with diameter (a), (b) D = 1.7 nm and (c), (d) 3.6 nm, (a), (c) excluding

or (b), (d) 1nc1ud1ng spin-orbit interaction. A Gaussian broadening function is employed w1th a linewidth T,

= 10 meV. In-plane polarized

exciton emission (E 1L ¢) is shown in black curve, and that along the out-of-plane direction (E | ) is shown in red curve. The symmetry of

the exciton state is indicated alongside the emitting peak.

that with a dominant A-band counterpart (e.g., HOMO-2)
and becomes energetically more favorable. This is attributed
to the nontrivial interplay between the symmetry mixing,
spin-orbit coupling, and quantum confinement effects on the
QD valence-band electronic structure. A similar behavior has
also been found in InN nanowires explored by first-principles
calculations based on many-body perturbation theory [18].
Such a reordering in the hole states causes a drastic change
in the band-edge exciton symmetry as shown in Fig. 1(c). The
HOMO-1 — LUMO transition again forms the ground-state
exciton manifold but consists of a singly degenerate, optically
inactive state with I, symmetry at a lower energy, a singly
degenerate, optically active and out-of-plane polarized state
with '] symmetry at a higher energy, and a doubly degenerate,
in-plane polarized state with I'; symmetry in between [cf.
Fig. 1(c)]. We find that the I'; and I'; exciton states are
closer in energy (e.g., 20 ueV) and I'; state is significantly
far away (E;;1 — Ex ' =0.03 meV). Concerning the emission
intensity, the oscﬂlator strength of the I'; exciton is four orders
of magnitude weaker than that of its I'; counterpart. Conse-
quently, the corresponding photoluminescence spectra exhibit
a band-edge emission exclusively along the ¢ axis of the QD
[cf. Figs. 3(a) and 3(c)]. We note that the temperature effect is
not considered throughout the work. In general, it should have
profound effects on the exciton fine structure, as has already

been found in bulk ZnO [19]. The states with energy splittings
in the energy range of a few tens of microelectron volts are
likely to be overlapped in a room-temperature environment.
As shown above, ZnO QDs within the intermediate quan-
tum confinement regime exhibits a circularly polarized exci-
ton emission. In an attempt to possibly manipulate its emis-
sion polarization to reach finally linearly polarized light emis-
sion, we apply hydrostatic pressure in these QDs. The pressure
is created by equally compressing the lattice constants in
both the in-plane and out-of-plane directions. The pressure
values are obtained approximately by using the Murnaghan
equation of state [20,21], P = (B/B )[(V()/V)B — 1], where
Vo and V are the volumes without and with applied pressure,
respectively, taking the bulk modulus of ZnO B = 142.4 GPa
and the pressure derivative of the bulk modulus B =3.6[22].
To fully capture the pressure effect, our screened atomic pseu-
dopotentials v, (with &« = Zn, O) incorporate the dependence
on the local hydrostatic strain Tr(e) through the relation [21]
Ve (r, €) = va! (r; 0)[1 + ¥, Tr(e)], where vy is the pseudopo-
tential at zero pressure and y, is a fitting parameter. In our
calculations, y, is taken as 0.304 which gives the pressure
coefficient for bulk ZnO equal to 24.7 meV/GPa, repro-
ducing exactly the experimental value 24.7 0.1 meV/GPa
[22]. For each applied pressure, the atomic positions for the
dot atoms are relaxed to the minimum strain energy using
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point-group symmetry) with diameter D = 3.6 nm under hydrostatic

pressure (a) P = 4.52 GPa and (b) 10.72 GPa, respectively, considering the spin-orbit interaction. The left column of each subpanel gives the
symmetry of the electron and hole states involved in the formation of the band-edge exciton manyfold. The right column gives the resulting
band-edge excitons with their corresponding point-group symmetries. A thick black dashed line indicates an optically dark state, and a solid
black (red) line indicates an in-plane (out-of-plane) polarized optically bright state. The degeneracy of the corresponding energy levels is
shown in the parentheses. (c), (d) Simulated photoluminescence spectrum of ZnO quantum dots with diameter D = 3.6 nm under pressure (c)
P =4.54 and (d) 10.72 GPa, respectively. A Gaussian broadening function is employed with a linewidth I'y = 10 meV. In-plane polarized
exciton emission (E" L ©) is shown in black curve, and that along the out-of-plane direction (E || €) is shown in red curve. The symmetry of

the exciton state is indicated alongside the emitting peak.

Keating’s valence force field (VFF) model for wurtzite materi-
als [23]. As the VFF input parameters, the two bond-stretching
constants (¢ and «') and two bond-bending constants (8
and ') are taken as @ = 59.15 N/m, & = 80.23 N/m, 8 =
6.88 N/m, and 8 = 7.63 N/m, respectively. The resultant
elastic constants (C;;) and bulk modulus (B) are C;; = 209.7
GPa, C33 = 211.4 GPa, C, = 121.8 GPa, Cy3 = 103.8 GPa,
Cys =41.32 GPa, Ceg =43.9 GPa, and B = 143.1 GPa,
respectively, reproducing almost exactly the corresponding
experimental values [22,24]: C;; = 209.7 GPa, C33 = 210.9
GPa, C12 =121.1 GPa, C13 = 105.1 GPa, C44 =42.47 GPa,
Cee = 44.3 GPa, and B = 142.4 GPa. After the relaxation,
the structure remains the C3, symmetry.

We find that the LUMO state under pressure is purely
derived from bulk Bloch I';. conduction band (~90%), re-
taining the same parentage as in the zero-pressure case (cf.
Fig. 2), whereas, for the hole states, the applied pressure
exhibits two important effects: (i) it increases significantly
the bulk Bloch C-band contribution to the dot hole states,
(ii) it brings the state which mainly (or purely) derives from
bulk Bloch C band and presents an S-type orbital up to

an energetically more favorable position [hs (P = 0) — h»
(P = 4.54 GPa) — ho (P = 10.72 GPa)]. These two effects
turns out to have a significant effect on the QD band-edge
emission. For relatively weak pressures, the hole state with a
dominant A-band contribution having a I's, @ I's, symmetry
is energetically more favorable, which is similar to the zero
pressure case. The transition from this hole state to the lowest
electron state forms the ground-state exciton manifold, con-
sisting of a twofold I'; dark state and a twofold I'; in-plane
polarized bright exciton states. Thanks to the pressure effects,
the hole with a dominant C-band contribution and a S-type
orbital rises up. This is attributed to a smaller deformation
of bulk C band compared to that of bulk A and B bands
[25]. When the pressure keeps increasing and reaches up to a
critical pressure (e.g., P. = 4.54 GPa), an energetically more
favorable hole state with pure C-band parentage, which com-
bines with the lowest electron state, contributes exclusively
to the ground-state exciton manifold. Similar to the QDs in
the strong confinement regime, this ground-state manifold
produces a I'y state with emission polarization exclusively
along the c-axis direction [E || ¢, cf. Fig. 4(c)]. Further increase
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in the pressure causes a blueshift in the emission spectra and
a significant enhancement in the linear polarization emission
intensity [cf. Fig. 4(d)].

IV. CONCLUSION

To summarize, we have theoretically resolved the exciton
fine structure of high-symmetry wurtzite ZnO quantum dots
by employing a million-atoms atomistic empirical pseudopo-
tential method combined with a configuration interaction
approach. We find that these high-symmetry QDs in the in-
termediate quantum confinement regime exhibits a circularly
polarized light emission, which mainly originates from a
doubly degenerate I'; exciton formed from an electron state
derived from the lowest bulk conduction band and a hole
state contributed from the bulk valence A band. We have
demonstrated that a linearly polarized exciton emission can
be effectively activated via (i) enhancing the quantum con-
finement effects and (ii) applying hydrostatic pressure. The
band-edge exciton with polarization solely along the c-axis

direction have a parentage from a singly degenerate I'; state
stemming from an electron state derived from the lowest bulk
conduction band and a hole state contributed nearly purely
from the bulk valence C band. This work paves the way for
the exploration of the fundamental properties of wurtzite ZnO
QDs and their potential applications in optoelectronic devices
and quantum technologies.
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