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Abstract: The sacrificed-QD-layer method can well control the indium deposition amount to grow
InAs quantum dots (QDs) with isotropic geometry. Individual Si dopant above an (001)-based InAs
QD proves a new method to build a local electric field to reduce fine structure splitting (FSS = X1—-X2)
and show D3}, symmetric excitons. The lowest FSS obtained is 3.9 peV with the lowest energy X state
(LX) anticlockwise rotate from [1-10] (i.e., zero FSS will be crossed in a proper field). The lateral field
projection induces a large eh separation and various FSS, LX, and emission intensity polarization.
The lateral field along [1-10] breaks the X1-X2 wavefunction degeneracy for independent HH and VV
cascade emissions with robust polarization correlation. With FSS ~4 peV and T ~0.3 ns fastened in a
distributed Bragg reflector cavity, polarization-resolved XX—X cross-correlations show fidelity ~0.55
to a maximal entangled state | HH> + | VV>. A higher fidelity and zero FSS will be obtained in the
hybrid QD structure with a junction field integrated to tune the FSS and a sub-bandgap excitation to
avoid influences from electrons in the barrier.

Keywords: single quantum dot; cascade exciton emission; fine structure splitting; local electric field;
polarization correlation; emission intensity polarization

1. Introduction

Cascade emission in a semiconductor quantum dot (QD) from the biexciton state XX
to the ground state G via the intermediate exciton states X (|1 and |}1}, 1, |: electron,
1), I : hole spin) can emit polarization-entangled photon pairs |LR > + |RL > (R (L): right
(left) circular polarization). However, a real epitaxial QD with in-plane anisotropy (e.g.,
[1-10] and [110] on (001) plane) shows X1 and X2 (|1} £ |}{}) with fine structure splitting
(FSS) and horizontal (H) or vertical (V) linearly polarized two photon emission in a state
|HH> + T, 55/ | VV > (T;: time delay between XX and X photons, i.e., intrinsic X radiative
lifetime Ty, Figure 1a). The FSS must be smaller than a lifetime-limited radiative linewidth
1/(2nT1) (e.g., 4.9 peV for T; = 134 ps fasten in a microcavity [1]) to erase decay-path
information for entanglement [2—4]. For strain-driven (001)-based InAs QDs with a flexible
wavelength (A), 870~1600 nm [5-8], structures (e.g., strain-coupled QD bilayer [5], dot-in-
barrier [6], or dot-in-well [7]) and microcavity integration, it shows FSS > 10 peV [9-12]
typically and spin scattering time Tss ~1.9 ns [2]. The FSS can be reduced by growing
Csy QD on (111) surface [13-17] or a post-grown electric field (different Stark shifts for
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X1 and X2) [18,19] or stress [10,11,20,21] tuning. Due to a deviation of X1 and X2 from
the main crystal axis [110] and [1-10], the erasure of FSS requires a biaxial stress (in-
plane) tuning or a combination of stress (in-plane) and electric field (vertical) tuning.
Besides, QD geometrical anisotropy (e.g., shape, strain or charged environment) induces
light hole (Ih)-heavy hole (hh) mixing (in degree ) and photon polarization mixing as
the emission intensity polarization (EIP) reflects [22-24], which is quite correlated to the
growth parameters such as growth temperature, indium deposition amount and surface
migration time. For instance, in our experiments (shown elsewhere), for single InAs
QDs at A = 870 nm formed among dense small QDs at A = 860 nm (a broad PL spectral
profile) by indium migration, a little increase of indium deposition will induce a great
EIP transition from a pure dipole to an ellipse and finally a circle (i.e., § ~ 0) with QD
emission intensity increasing monotonously. These parameters are well controlled in the
sacrificed-QD-layer growth method we developed to obtain QDs with isotropic geometry.
In this work, individual Si dopant intentionally added above a QD proves a new method
to build a local electric field for electron-hole (eh) separation in the [001] axis to show Ds},
symmetric excitons as pyramidal (111) QDs [16,17] and reduce FSS to zero (in an as-grown
sample with no fine tuning, the lowest FSS obtained is 3.9 peV with the lowest-energy
X state (LX) anticlockwise rotate from [1-10], i.e., zero FSS will be crossed in a proper
field). QDs show small Ih-hh mixing degree: § ~ 0 with no doping or in a vertical electric
field, and 3 =~ 0.2 (close to strain-free GaAs QDs, implying no strain contribution) in an
in-plane field. With FSS ~4 eV and T1 ~0.3 ns in a distributed Bragg reflector (DBR) cavity,
polarization-resolved XX-X cross-correlations reflect a fidelity F ~0.55 to the maximal
entangled state | HH> +|VV>. The lateral field projection in a diverse direction shows a
great eh separation for various FSS, LX and EIP. The lateral field along X2 [1-10] breaks
X1-X2 wavefunction degeneracy and forbids spin flip between them to show independent
HH and VV cascade emission for polarization-correlated applications. Compared to
pyramidal (111) QDs or droplet epitaxial QDs with small FSS as grown, the (001) QDs
with Si doping above to reduce FSS have advantages: (1) easy to grow with the growth
parameters well controlled; (2) easy to integrate a microcavity (e.g., DBR, circular Bragg
grating or photonic crystal) to reduce T; and enhance QD light extraction; (3) with fewer
interface defects. Compared to biaxial stress tuning or the combination of stress and electric
field tuning post-grown to reduce FSS [20,21], the local field has advantages: (1) easy to
realize and the electric field tuning to erase FSS can be realized by integrating a p-i-n
or Shockley junction, facilitating device fabrication; (2) the local field helps to deplete
neighbor defects and ‘purify” the QD environment; (3) the hybrid QD structure can be well
designed (e.g., the field magnitude and the barrier height with AlGaAs [25-27]) and the
QD geometry is optimized independently. With a junction field integrated to tune FSS and
a sub-bandgap excitation to avoid spin flip from electrons in the barrier, the hybrid QD
structure has the potential to get zero FSS and a higher entanglement fidelity.
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Figure 1. (a) XXX cascade emission, green: H [110] and blue: V [1-10], Txx and Ty: intrinsic XX and X radiative lifetimes, red
dashes: exciton population, Te: population time, (b) a QD near a Si dopant, schematic band and epitaxial structures (grey region:

QD; circle with “+: Si donor; red dot: a possible defect >50 nm away from QD) and electron (green) and hole (red) wavefunctions,

(c) AFM image of a typical QD, with symmetric morphological profile (red and black curves) in two orthogonal directions (red

and white). Scale bar: 20 nm, (d) element angles for polarization measurement, detailed in the main text.
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2. Materials and Methods

Dilute InAs/GaAs QDs were grown by a solid-source molecular beam epitaxy on a
semi-insulating GaAs (001) substrate and located at the middle of a planar 1A-GaAs cavity
between the bottom (24.5x) and the top (4x) GaAs/Aly9Gag 1As DBRs with A at 920 nm in
situ calibrated to enhance light extraction. QDs were grown at a rate of 0.005 monolayer/s
in Asy flux pressure of 1 x 10~° Torr at a nominal temperature (T) 540 °C. A sacrificed
QD layer was grown first to monitor island by reflection high energy electron diffraction
(RHEED) and determine the proper indium deposition amount [28,29] and then evaporated
at 670 °C for 15 min until the point array in RHEED pattern disappeared (the residual
indium atoms were removed). After a 80 nm GaAs capping at 580 °C to flatten the surface
and space a possible defect introduced in the sacrificed layer, the formal QDs were grown
without substrate rotation to yield gradient indium flux and QD density along [1-10] [30,31].
As the atomic force microscope (AFM) image in Figure 1c shows, the uncapped QD has
a height ~8 nm and a base diameter ~40 nm, symmetric in shape. After a 10 nm GaAs
capping, a Si §-doping layer in surface density of 1 x 108 cm~2 (i.e., individual Si atoms in
a microregion) was added to compensate the background p-type impurities (e.g., carbons,
that induce a dominant X* [32,33]) for dominant X and XX emissions, followed by a
20 nm GaAs before raising T to 580 °C for the residual structure growth. See Figure 1b,
the 10 nm GaAs capping built a 4-nm space (d) between the QD and the Si dopant above
it, corresponding to the maximal Coulomb field of E = e/47ege,Gansd> = 75 kV/cm at
the QD to reduce electron (at QD top) and hole (at QD base) wavefunction overlap [34]
for small FSS and higher D3}, exciton symmetry, i.e., a three-fold rotation symmetry and a
mirror one along the [001] axis. The local field helps to purify the QD environment from
fluctuation charges of a hole defect [35] (red dot) that is at least 50 nm away from the hybrid
QD structure and only induces a linewidth broadening of ~15 peV from spectral diffusion.
The influence is only from electrons near the Si dopant for tunneling and spin flip. For a Si
dopant near a QD, the extra electron fills in QD with lower energy level and builds a local
electric field and a Fermi level pin at QD level in favor of XX population. These electrons
are depleted by filling neighbor defects to enhance the local field and show a dominant
X* and a weak XX with a strong electron tunneling (the XX population is unaffected in
the sub-bandgap excitation). The 4 nm barrier (i.e., height and thickness) is flexible for
design to optimize the local field and reduce tunneling [19]. Similarly, in a two-dimensional
heterostructure, modulated doping to form electron gas is inserted in the AlGaAs barrier
a little spaced from the interface. Since the Si atoms are randomly distributed, to build a
desired vertical field, one dopant for each QD is desired. Molecular beam epitaxy is quite
suitable for the control of such QD/barrier interface and the growth of such hybrid QD
structure. Here, since the local field was diverse and unknown in an as-grown sample,
to investigate the field dependence, no AlGaAs capping was used and a high field was
evidenced from a weak XX and an electron level coupling between QD e; and Rydberg
level at Si dopant.

Single QD spectroscopy was performed by a micro-photoluminescence (uPL) setup
with fiber routes and a 0.75 m grating monochromator equipped with a liquid-nitrogen
cooled charge coupled device camera (spectral resolution: 50 peV). The sample cooled in a
helium-flow cryostat (T = 5 K) was cw-excited at 632.8 nm [32]. A polarization selective
filtering (i.e., a half-wave plate (HWP) and a linear polarizer (LP)) suppresses a distinct
fine-structure component to observe the subtle shift below the spectrometer resolution in
resolution of ~2 peV. As Figure 1d indicates, the sample strip along [1-10] was positioned
as reference, the LP was fixed at 45° from [1-10] while the HWP (dash lines) rotated
clockwise with angle o to select a linear polarization: « = 67.5° for that along [110] and
o = 22.5° for that along [1-10]. X and XX showed FSS oscillations in the same scale and
opposite signs; X* and X~ showed zero FSS. The electron level coupling between QD el
and Rydberg level at Si dopant in a high field induced FSS in X~ (lelh in QD and 1e near
Si dopant) and zero FSS in XX (1e2h in QD and le near Si dopant). The FSS of each QD
was characterized to find one <7 peV (30%) and ~4 ueV (only 10%). For as-grown sample
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with no fine tuning, the FFS and LX polarization (i.e., angle 6 from [110]) were strongly
dependent on the local field. The various FSS and LX 6 can be well depicted by X1-X2
coupling [19]: in a vertical field, for anti-crossing coupling, as the field increased, the FSS
first reduced to a minimum A and then increased; the LX 6 varied slowly from ~90° (X2
along [1-10]) in a low field to 0° < 8 < 90° in a medium field to get A and ~0° (X1 along
[110]) in a much higher field; for crossing coupling with zero A, a fast anticlockwise rotation
from [1-10] 6 = —90°, equivalent to 6 > 90°, occurred, as shown in Figures 2 and 3; for an
in-plane field, the case was opposite: clockwise rotation corresponds to a small FSS and
anticlockwise rotation a large FSS, as shown in Figure 4. The EIP (i.e., angle ¢ from [110])
was orthogonal to the LX that reflected a stronger emission in the higher-energy X state
(HX) from lh-hh mixing [22] in the local field; there was little strain contribution since a QD
with no doping shows nearly isotropic emission intensity (e.g., QD29 and 30 in Figure 4).
The EIP was obvious in a lateral field and disappeared in a high vertical field; its degree
(i.e., p) characterized the geometrical anisotropy of QDs buried in GaAs, identical in the
same sample (e.g., QD20, 27 and 28 in Figures 3 and 4b with a 12 nm capping before Si
dopant). Polarization-resolved XX-X cross-correlations g2XXin in the basis {i, j} = {H, V,
R, L, D (diagonal), A (antidiagonal)} were measured by a Hanbury Brown-Twiss setup
integrated on the uPL [32] in time resolution ~600 ps, including a 50:50 beamsplitter, each
beam with a narrowline bandpass (NBP, <0.5 nm, OD®6) to filter X or XX photons and a
polarization filter (i.e., an LP and a quarter-wave plate (QWP), for H/V and D/A, only LP
in different angles was used; for R/L, LP and QWP with 45° angle offset were used) before
fiber collection, two avalanched Si single-photon counters and a time-to-digital converter
for coincidence count histogram. Polarization correlation and entanglement fidelity F were
reflected in the correlation contrasts Cjj = (g% — gzij) /(g% + gzij) (j opposite to i), and
compared to the theoretical (F, FSS) fitting curve [2,3].
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Figure 2. Excitation power (black: weak, pink: moderate, wine: high)-dependent uPL spectra of three QDs with D3y,
symmetric XXp1 ", XX11 and X11* exciton emissions, (a) QD1; (b) QD2; (c) QD24, and (d) QD21 (in a high field like QD24
and with a dominant X*). The numbers near exciton labels represent spectral linewidths. Insets: intensity excitation power
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dependence (slope marked, Py = 25 uW) in (a) QD1 and (b) QD2; photon cross-correlations of XXp"-X* cascade in (a)
QD1, XX=X cascade in (b) QD2, and X-X* in (d) QD21 (fitting times are given); polarization-resolved FSS oscillations in (a)
QD1 (FSS = 3.7 ueV, measured by a rotate LP only (45° corresponds to [110]) and extracted from a sinusoid fitting of the
polarization-related XX-X relative energy offset), (c) QD24 (FSS = 3.9 peV in X, 0 in XX and 32 peV in X™) and (d) QD21
(FSS =7.1 peV in both X and XX); EIP in a polar plot (orange arrow indicates the LX orientation); green line: along [110]
with a = 67.5° (135° in polar plot), blue line: along [1-10] with o = 22.5°.
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Figure 4. pPL spectra and EIP (arrow indicates LX) of (a) left: QD23, QD6, QD3 and QD8 with a
10-nm capping and Si dopant varied from the center for a larger lateral field and (c) right: QD30
and QD29 un-doped, QD20 and QD28 with a 12-nm capping before dense Si dopant; (b) middle:
their FSS oscillations with sinusoid fitting, blue: [1-10], green: [110]. Each QD is in a different color

for clarity.

3. Results and Discussion

3.1. D3y, Symmetric Exciton Emissions

Figure 2 presents the QDs with D3, symmetric exciton emissions in a spectral feature
as pyramidal (111) QDs [16,17] from valence band mixing and lh h; for e;-h, transitions
XXyT, Xg7t and XXj; and eq-h; ones XX;], X5+ and XX;; (indexes mean the hole numbers
in hy (first) and hy (second) with a bar classifying the transitions) [16,33], located around
XX as a mirror. XXp;* singlet built a cascade with X* as the bunching peak in their cross-



Crystals 2021, 11, 1194

6 of 12

correlation reflects, weaker than before [33] due to a fast electron capture in X* to populate
XX; X131+ doublet (split by App, & (Alen + Allg,): 150 peV in QD1 or 50 peV in QD2) and XX
doublet (split by Apn—A%;, [16] of near zero); a broad XXt~ (doublet split by ~A%4,/2[33])
also appeared. In QD1, the three peaks in XX;; were well depicted by Dj), transition
diagram (o-polarized) while the three peaks in XX%r1 with the vg; branch appearing to
reflect C3 [16], the lack of a mirror symmetry; in QD2, both XX;1 and XX;; showed one
peak from Dy}, (z-polarized) [16]. In QD24, the higher field showed a relatively lower
emission intensity and made these peaks a little far from XX that has a negative binding
energy. QD5 in Supplementary Materials (SM) shows more D3}, exciton emissions while the
QDs in a high electric field, e.g., QD21 and QDs in Figures 3 and 4a, only show e;-h; ones,
XXy* singlet located between X and XX, XX;; doublet split by Apn—A%%} of 70 peV and
Xii+ doublet far from XX, from a large h; —h; energy offset in the field. For epitaxial QDs
with a less lateral confinement, the eh separation and Stark shift in the lateral direction to
tune FSS requires a relatively lower electric field [36]. The appearance of the D3}, symmetric
excitons reflects a vertical field for eh separation along [001] for higher exciton symmetry;
the FSS, varying from dot to dot, e.g., QD4 in SM with similar spectral features and a high
XX as QD1 but FSS of 11 peV, is from an in-plane field projection as a perturbation; the FSS
is also reported in pyramidal QDs from composition alloy or piezoelectric potential [15].
For QD1 and QD2, the Si dopant filled two electrons in QD e; (Fermi level pin), resulting
in the first appearance of X~ (slope: 1.0 or 0.9) before X under weak excitation (black line),
a higher slope for X (1.8 or 1.3) and an effective XX population under high excitation
(wine line) in the slope of 2.4~2.7, the same as X" (2h capture); QD1 had a higher total
intensity and a relatively higher XX saturated intensity (50 kcps), reflecting a fluent electron
capture due to electron level coupling by tunneling that also broadens the spectral line.
The line-shape of each spectral line is a Gaussian envelope with different linewidths,
broadened by 10~70 peV after subtracting the spectrometer resolution, and tails in the
lower-energy side reflecting wavefunction tunneling into the barrier, in spite of a natural
radiative linewidth of a few ueV in a Lorentzian line-shape. The spectral diffusion from
fluctuating charges >50 nm from a QD leads to a linewidth broadening ~15 ueV (Stark
shift slope of ~50 ueV/(kV/cm) [18]); the rest broadening of 0~60 peV is from electron
tunneling and wavefunction coupling between QD e; and Rydberg level at the Si dopant.
In QD2, XX* (linewidth: 81 peV) with respect to X* (71 peV), X (61 peV), XX (63 peV)
and X~ (62 peV) reflected no electron tunneling broadening; in QD1, XX+ (93 peV) with
respect to X* (98 peV), X (81 neV), XX (96 peV) and X~ (85 peV) reflected an electron
tunneling broadening of ~45 peV for XX and X* that showed the same linewidth (similar
for QD4 in SM). As a result, in QD1 and QD4, the XX population at saturation was greatly
enhanced. The QDs in Figure 4a also showed the first appearance of X~, a relatively
higher XX and LX clockwise rotate from [1-10] related to a lateral field projection. In
contrast, for QD24, the Si dopant built a strong vertical field for small FSS of 3.9 peV in
X; electron level coupling in the field induces abnormal FSS, zero in XX and 32 peV in
X~ and X7, a less electron tunneling broadening of ~16 peV for XX (linewidth: 86 peV)
and X~ (117 peV) after subtracting its FSS, but zero for X* (95 ueV) after subtracting its
FSS due to its greatly lower field (2h in QD and 1e at Si dopant) and the first appearance
of X under weak excitation. Mostly, a QD in a vertical field with little tunneling shows
a dominant X* and a weak XX (e.g., QD21), with the same FSS for X and XX. The XX-X
cross-correlation in QD2 shows an asymmetric profile, with characteristic times for the
antibunching dip of 1 ns (i.e., 2T, for XX population and T, = 0.5 ns for X) and the bunching
peak of T1~0.3 ns, i.e., intrinsic X radiative lifetime, the XX repopulation (i.e., the upper Te
in Figure 1a) therefore competes with the cascade emission. The bunching peak remains if
XX has tunneling (zero FSS) while it disappears if X has tunneling (zero FSS), see QD26 and
QD27 in Figure 3. An asymmetric antibunching profile is shown in X-X* cross-correlation
in QD21 with the fitting times 1.4 ns reflecting slow electron capture and 2.0 ns reflecting
X* (1e2h) population. The different correlation profiles help to identify the dominant X, X*
or XX peak.
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3.2. ESS Field Dependence

The FSS field dependence is illustrated in Figure 3 (QDs in a high vertical field with a
dominant X* and a weak XX) and Figure 4 (QDs with a lateral field (Figure 4a: QDs with
10 nm GaAs capping before Si dopant and lateral field projection for EIP; Figure 4b: QD20
and QD28 with 12 nm capping and dense Si dopants (5 x 108 cm~2) for a diverse lateral
field; QD29 and QD30 undoped with an intrinsic weak in-plane field (e.g., strain or charged
environment) to show LX varying from X2 [1-10]). For a vertical field, the FSS is tuned in a
scheme: LX clockwise rotation from [1-10] shows a large FSS, 19.8 ueV in QD22 and 10 peV
in QD25, i.e., X1-X2 anti-crossing; LX anticlockwise rotation with 6 = 103° (158°) in QD24
(QD21) shows a small FSS, 3.9 peV (7.1 peV), i.e., X1-X2 crossing with zero A. For a lateral
field, the FSS is tuned in an opposite scheme: LX clockwise rotation from [1-10] shows a
small FSS, 4~7 peV in QD3, 6, 8 and 23 and 24 peV in QD20 (a QD with similar EIP and LX
as QD20, QD19 in SM, shows FSS = 5.9 neV), LX anticlockwise rotation shows a large FSS,
53 peV in QD28 and 34peV in QD27; similar things occur in undoped QDs (with a weak
lateral field (e.g., strain or charged environment) rotates LX from [1-10]): 8.8 peV in QD30
with LX clockwise rotate and 25 peV in QD29 with LX anticlockwise rotate. The electron
tunneling in XX (zero FSS) improves XX population in QD27 and shows a smaller 2T, of
0.8 ns in XX-X correlation and the T keeps 0.3 ns. QD26 even showed electron tunneling
in X for zero FSS and no cascade emission (i.e., no bunching in XXX correlation). With a
high barrier to avoid tunneling and a sub-bandgap excitation, the XX population will keep
dominant. QD27, 28 and 20 are QDs with a larger GaAs capping (12 nm) before a higher Si
doping (5 x 108 cm~2) that show a strong lateral field to cause the obvious EIP (§ = 0.2),
a Cyy-featured XX* peak (QD20) andDj3p, symmetric XXp peak (only in QD27 in a much
strong vertical field with LX clockwise rotation to nearly along [110] and FSS = 34 ueV
far beyond the minimum). Compared to it, QD25 with LX nearly along [110] showed
a smaller FSS (10 peV) reflecting a fast LX rotation related to its high symmetry, a little
misaligned from the main crystal axis [1-10]. QD22 and QD25 showed nonzero FSS in XX
(not presented) the same as QD21. QD24 in Figure 2 and QD22, 25 and 26 in Figure 3 in
a high vertical field showed zero EIP; while QDs with a lateral field projection (QDs in
Figure 4a) showed an obvious EIP (3 < 0.2) in different orientations, consistent with the
EIP-electric field dependence as reported [37]. QD30 and QD29 with no doping showed no
EIP. QD20, 27 and 28 showed a large EIP (3 = 0.2) related to the growth parameters.

The LX 0 and EIP orientation (i.e., angle ¢ from [110]), as summarized in Table 1, were
nearly orthogonal, reflecting a stronger emission in the HX; in a dipole emitter assumption,
the EIP orientation reflects the lateral field direction. The lateral field along HX increases
its hh energy to mix the LX lh (in spite of lh-hh separation of tens of meV) and reduce
transition to the LX hh [22]. In QD23 with LX along [1-10], the lateral field along HX [110]
increased its Stark shift for a small FSS = HX-LX (6.2 peV) and XX showed a negative
binding energy (similar for QD28); in QD3, 6 and 8, the LX was rotate clockwise from
[1-10] (0 of 50~60°) for a smaller FSS (4.1~6.8 peV); the lateral field is in a direction as the ¢
(—60~—20°) depicted; in QD7 in Figure 5, the lateral field was along LX [1-10] to increase
its Stark shift for a large FSS (22 peV) and break wavefunction degeneracy.



Crystals 2021, 11, 1194

8 of 12

Table 1. PA ¢, LX 6 and FSS for QDs. Sample A: with 10 nm GaAs capping before Si doping in
density of 1 x 108 cm~2; Sample B: with 12 nm capping before Si doping in density of 5 x 108 cm~2;
Sample C: with no doping. QD21, 22, 24~27: in a high vertical field; QD3, 6, 7, 8, 23 and QD19, 20, 28:
with a lateral field projection.

Sample 2P PAe  LX© FSS Sample QP PA@ IXO  FSS
A QD24 no 103° 3.9 ueV A QD25 no 0° 10 peV
A QD21 105° 158° 71 peV A QD26 no - 0 eV
A QD2 135° 60° 19.8 peV B QD27 100° 12° 34 peV
A QD8 —60° 50° 41 peV B QD20  -25°  65° 24 peV
A QD3 450 50° 6.8 peV B QD19  —20°  55°  59peV
A QD6 —20° 60° 45 peV B QD28 20° 110° 53 peV
A QD23 0° 90° 6.2 peV C QD30 no 65° 88 peV
A QD7 90° 110° 22 eV C QD29 95° 110° 25 peV

-
- 22 ueV [
[ 915.496
= 915.488 2
= 0 45 90 135 r
L2 HWP angle (°) 1
8 _
> & 0
= o ol
a
a I
9 1
: L
- |
X . | 0 A
Bg910 915 920 925 Delay (ns)

Wavelength (nm)
(a) (b)

Figure 5. QD7 with EIP along [1-10]. (a) uPL spectrum, FSS oscillation and EIP in polar plot (orange
arrow indicates LX); (b) polarization-resolved XX-X correlations.

3.3. XX—X Photon-Pair Correlations

Figure 6 presents the measured polarization-resolved XX-X correlations in QDs with
dominant X and XX emissions. A negative contrast in the RL/RR basis and a positive one
in the HH/HV and AD/AA bases indicate the maximal entangled state |HH>+1VV>and
F = (1+Cxy+Cpa —CRrp)/4 to it: F = 0.55 in QD6 (FSS = 4.5 peV), F = 0.48 in QD23 (6.2 peV);
both HH and HV bases show bunching, a little from spin precession in time h/FSS [3]
(0.6 ns for FSS = 6 peV) and mainly from spin flip with electrons in the barrier; a large
correlation contrast remains in the AA /AD basis; in QD6 with a smaller FSS, the correlation
contrast in the RR/RL basis is large (0.49), reflecting a nice restoring of X1-X2 degeneracy.
QD8 and QD3 show a negative contrast in the AA/AD basis and a positive one in the
RL/RR basis, reflecting F = (1 + Cgy — Cpa + Crp)/4 to the maximal entangled state

|HH>— | VV>: F = 0.57 in QD8 (FSS = 4.1 peV) and F = 0.49 in QD3 (FSS = 6.8 peV), with a
large contrast in the HH/HYV basis (0.73 in QDS, 0.44 in QD3, in contrast to 0.21 in QD23
with nearly the same FSS as QD3) and a nearly zero contrast in the RR/RL basis since the
lateral field has a large component on [1-10] to break X1-X2 wavefunction degeneracy
and block spin flip between them, i.e., HH and VV cascade emissions are independent.
This phenomenon is also clearly shown in QD7 in Figure 5, where the EIP (i.e., lateral
field) was completely along [1-10] and the LX was nearly parallel to it for a large Stark
shift, a large FSS and a large eh separation to break X1-X2 wavefunction degeneracy;
like QDB8, the correlation contrast in the HH/HYV basis was 0.46 even for FSS = 22 ueV;
the correlation contrast in the RR/RL basis was zero, reflecting independent HH and VV
cascade emissions. There was no entanglement, while the robust HH/VV polarization
correlations in this kind of QDs, insensitive on the FSS, can be used as photon-pair sources
for quantum detection. The weak XX in QD8 was equivalent to a pulsed excitation of
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XX-X cascade emission to avoid XX repopulation for the highest HH bunching peak; it
also showed a larger T; ~0.4 ns. For QD3, Figure S2 in SM provides 18 combination of
polarization-resolved XX-X correlations; the AA/AD and RL/RR bases show nearly zero
contrast due to independent HH and VV emissions. The lh-hh mixing and EIP lead to
unbalanced bunching peaks in the DA/AD or HV/VH basis. The deduced F is an optimal
one excluding the unbalanced bunching and without background subtraction. Due to a
finite Ih-hh mixing (3 < 0.2), the two split lines HX and LX are nearly orthogonal linearly
polarized [22,23] and can be purely filtered. Figure 7 plots these F we measured and the
theoretical (F, FSS) curves (i.e., Equation 1 presented below, where f is the fidelity, gy’
the fraction of photons uninfluenced by spin scattering, x and k the proportion of light
exclusively emitted by the QD defined by T, Tss and g%(0) given in the inset) [2,3]. QD6,
QD3 and QD23 with T; ~0.3 ns showed a reduced F from spin flip compared to the fitting
curve with Tgg = 1.9 ns; QD8 with T; ~0.4 ns and weak XX (i.e., few electrons in the barrier
for spin flip) showed a higher F, 0.57, little varied from the fitting curve prediction with
Tss = 100 ns, reflecting little spin flip or spin scattering. A higher electric field to deplete
these electrons as QDs in Figure 3 with AlGaAs barrier as capping [18,25-27] to reduce
tunneling and a sub-bandgap optical excitation is desirable.

=148y +2kgiyy/ (1 +x2)) /4,

1
g}iV:(1+Tl/TSS)7lr x =FSS x gl Ti/h, k=1— g%(0) @

5[FH AA HH 4
STHV [AD r [
SN CCTR
s 0 1 1 [l 1 [l [l 1 1 1 1 -I [l 1 1 1 s o n
~ RL DA =0.5540.75 "
o3 FRR FAD F=0.55 o4
of i Jo.50 i
1 »\ﬁw- 0.25 2
04502 44202442024°% 0 4
Delay (ns) Delay (ns)
(a) (b)
1.8[AH FAA 3fHH FAD
1otV [AD [V FAA
e . D23 - -
FaaVam |
L 0.0 Ho ot
"o 1.8[RL AR Noans| F=048] o 8_
1.2[ - A 2t
0.6- [1.2ns J 0.25 :) [
00 2054 4502442024 0%
Delay (ns) Delay (ns)
(c) (d)

Figure 6. Polarization-resolved XX—X cross-correlations in (a) QD6, (b) QDS, (c) QD23, and (d) QD3. The estimated F, the
convoluted fitting (blue) and the fitting times are given.
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Figure 7. Experimental F of QDs we measured (QD3, QDS8, QD6 and QD23) and theoretical (F, FSS)
curves with gz(O), Tss and Tp given.

4. Conclusions

In conclusion, with a Si dopant above an (001)-based InAs/GaAs QD to build a

local electric field, D3}, symmetric excitons and small FSS ~4 peV (with a possible zero
minimum) are obtained, which facilitates the FSS erasure with a little junction field tuning.
The diverse field projection in the lateral plane shows various FSS, LX and EIP with a
universal field dependence; a strong vertical field is desired to restore X1-X2 degeneracy
with no EIP. With FSS ~4 peV and T; ~0.3 ns in a DBR cavity, polarization-resolved XX-X
correlations reflect cascade emission with a fidelity ~0.55 to the maximal entangled state
|HH> + | VV>; spin flip from electrons in the barrier can be reduced with a weak XX
excitation or in a higher electric field with these electrons depleted, combined with a
sub-bandgap excitation. The breaking of wavefunction degeneracy with a lateral field
along [1-10] ensures independent HH and VV cascade emission with robust polarization
correlation and no spin flip, promising for photon-pair correlation applications.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/cryst11101194/s1, Figure S1: Excitation power-dependent uPL spectra in QD5 with more
D3}, exciton emission features and QD4 with similar Dy}, exciton emission features as QD1 and
FSS ~11 neV, Figure S2: Eighteen combinations of polarization-related XX-X correlations in QD3
(FSS = 6.8 peV, F = 0.49), Figure S3: uPL spectrum, FSS oscillation and EIP in a polar plot in QD19.
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