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Abstract
A robust algorithm based on cross-correlations and lucky imaging reliably allows the correction
of spectrally diffused datasets. This step enables the resolution-limited analysis of the emission
fine structure of semiconductor quantum dots (QDs). Bright and dark excitonic transitions are
resolved with optimum signal-to-noise ratio, allowing for a precise determination of the angular
direction of linear polarization of the different lines. The angular phases between polarization
directions are intrinsically connected to the orientations of emission dipoles. This fact provides
a tool for accurate numerical computation of the azimuth ϕ and polar angle θ of the QD with
respect to the optical axis. Our in-situ characterization of QD fine structure and orientation
represents a precise and non-invasive method without requiring specialized equipment beyond a
standard luminescence setup. In this way, important information is provided whenever efficient
coupling of a quantum emitter to the electromagnetic field is targeted by various nano- and
micro-optic strategies.
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Montréal, Montréal H3T 1J4, Canada

Original content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1. Introduction

Semiconductor quantum dots (QDs) are efficient emitters
of single photons [1–4] and represent a promising resource
for future quantum technologies [5]. In contrast to heralded
single-photon generation based on spontaneous parametric
downconversion [6, 7], they are able to provide a much higher
and deterministic flux. Besides the powerful approaches based
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on epitaxial QDs [8–10], high emission rates and remarkable
photostability have also been demonstrated with core–shell
nanoparticles [11–13]. However, spectral diffusion due to fluc-
tuating electronic charges close to the surface of e.g. colloidal
QDs are still hampering both precise analysis and applica-
tions of single-photon emission from such systems [14–18].
To handle this issue, we developed a cross-correlation-based
algorithm exploiting the idea of lucky imaging [19] to effi-
ciently correct for spectral diffusion. A typical photolumines-
cence (PL) setup is sufficient for the technique without a need
for cumbersome extensions. As a first application of the cor-
rection, we present a method to determine the spatial orienta-
tion of the emission dipoles of a QD based on the polarization
dependence of the fine structure. This information is import-
ant for optimizing light-matter coupling in nanophotonic sys-
tems. For example, it enables optimum embedding of the
quantum system into an optical antenna or microresonator
to minimize total internal reflection at the semiconductor–
air interface and the divergence angle of emission [20–28].
Direct knowledge of the angular orientation of the crystal-
lographic axes and spatial shape of such small nanoobjects
can be obtained by imaging techniques offering atomic resolu-
tion as provided by e.g. high-resolution transmission electron
microscopy (HRTEM) [29]. These axes and the shape determ-
ine the electronic confinement potential. Therefore, they are
intrinsically linked to the directions of the transition dipoles
which can be probed by exploiting the optical properties of
the QD in e.g. polarization-sensitive measurements [30–35]
or slight defocusing of images [36–41]. Still, the techniques
to determine the 3D orientation often require a special sample
preparation (HRTEM), non-standard equipment, cumbersome
analysis and especially a precise understanding of the quantum
system. For example, a slight deviation of state mixing or
numerical aperture (NA) of the objective lens (OL) from nom-
inal values result in a variation of angular modulation of
the intensity in polarization-sensitive measurements or of the
diffraction pattern in defocusing methods. In particular, the
requirements are difficult to meet in a magnet cryostat where
the OL is located inside the sample space. In this case, e.g. the
NA might vary with the temperature of the OL. The accuracy
of determining the orientation is limited also by the inform-
ation about the eigenstates. This fact is especially true when
analyzing uncharged QDs with a rich band-edge fine structure
[17, 42, 43] and a time-dependent modulation of the degree of
polarization [44]. The state mixing and the associated degree
of polarization is mostly unknown and can only be preas-
signed assuming a defined shape of the confinement poten-
tial. These inaccuracies are caused by e.g. different elongation
of the nanoparticle, crystallographic strain, or both. In total,
existing methods for determining QD orientation are highly
suitable for the unambiguous polarization profiles provided by
e.g. quantum rods [31, 45, 46] or even more strongly elong-
ated systems like nanobelts [47] in combination with a well-
defined NA of the OL. Here, we present an in-situ method
to optically determine the three-dimensional orientation of a
QD only exploiting the relative polarization phases of dif-
ferent fine-structure lines, thus avoiding the uncertainties of
other methods mentioned above and resulting in an enhanced

accuracy. To this end, a sufficient signal-to-noise ratio (SNR)
of the fine structure of a single QD at high spectral resolu-
tion is required, as provided by our cross-correlation-based
algorithm.

2. Sample system

First, we apply wet chemical synthesis to produce hybrid
particles consisting of individual CdSe/CdS semiconductor
nanocrystals embedded in a protective polymer nanoshell [48].
This approach provides a strong decoupling of the semicon-
ductor from environmental influences, yielding emitters with
improved blinking behavior of the PL emission and high pho-
tochemical stability, as well as discrete exciton–phonon coup-
ling [49]. The ground state (GS) emission energy of the emit-
ter can be tuned by adjusting the size of the CdSe core and
the thickness of the CdS shell. The synthesis provides mono-
crystalline QDs with a hexagonal lattice structure [50]. QDs
with an average CdSe core radius RCdSe = (2 ± 0.4) nm and
an average CdS shell radius RCdS = (4.5 ± 0.6) nm exhibit a
bright type-I semiconductor heterostructure at cryogenic tem-
peratures [51]. The spatial dimensions of our system have
been determined by TEM of the cores and the core–shell
particles [28]. They are consistent with the energetic posi-
tions of excitonic emission [42, 52]. The particles exhibit rel-
atively small deviations from rotational symmetry in the a–b
plane perpendicular to the wurtzite c axis. The high repeat-
ability in growth parameters features an emission peak of
the ensemble centered at 635 nm with a narrow FWHM of
25 nm, reflecting the high homogeneity of the QDs [48]. In
the hybrid particles, a single inorganic QD is encapsulated
by a poly(methyl methacrylate) (PMMA) shell of a radius
varying between 15 nm and 30 nm. The PMMA nanoshell
improves both the photochemical as well as the mechanical
stability, while also enabling persistent single-photon emis-
sion [48, 49]. For analysis, randomly oriented hybrid particles
are spin-coated onto a (0001)-oriented quartz substrate at
low density to allow for optical addressing of individual
specimens.

It is now instructive to consider the fine structure of optical
emission arising from recombination of the GS exciton X0 to
the global GS of the QD. X0 is described by a total angu-
lar momentum F= 2. It is intrinsically split into four states
with different angular momentum projections mF. Adopt-
ing the notation |F,mF⟩, the bright exciton doublet is rep-
resented by |2, ± 1⟩. Radiative decay of the doublet |2, ±
2⟩ [42] to the GS is nominally dipole forbidden due to the
overall change of mF by ± 2 [17, 42, 53]. Electron–hole
exchange (EHX) interactions lift the degeneracy of these
states. Therefore, in QDs with a significant anisotropy in all
three spatial directions, the pure |2, ± 1⟩ and |2, ± 2⟩ states are
mixed, resulting in |A1⟩= 1√

2
(|2, + 1⟩−|2, − 1⟩) and |F1⟩=

1√
2
(|2, + 2⟩−|2, − 2⟩) which represent the initial states of

interband transitions A1 and F1 to the GS. |A2⟩ and |F2⟩ are
composed in an analogous way. The state mixing and assign-
ment of the lines in the PL spectra discussed in section 4 is
confirmed by the splitting behavior of the fine structure in
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an external magnetic field (see supplementary material (avail-
able online at stacks.iop.org/JPD/54/155106/mmedia)). The
moderate separation of the |Fi⟩ states is dominated by the
short-range EHX which results from the atomic crystal struc-
ture. In contrast, a larger energetic distance between the |Ai⟩
states generally arises owing to the long-range EHX which
also depends on the asymmetry of the electronic confinement
potential. Typically, three discrete luminescence lines result
from recombination to the GS, mostly including both A trans-
itions and one F transition. At low temperatures, the other F
transition is either degenerate due to a negligible short-range
EHX or it suffers in intensity because of the combination of a
weak dipole together with a low probability of occupation. The
strong state-mixing process finally results in a linearly polar-
ized emission for each of the components of the quadruplet
[43, 54].

3. Experimental setup

The experiment for determining the orientation of the emis-
sion dipoles of a single QD including polarization-resolved
spectroscopy at low temperatures is depicted in figure 1. We
excite single QDs on a substrate using a femtosecond Er:fiber
laser system operating at a repetition rate of 100 MHz [55]
which provides a tuning range of the frequency-doubled output
wavelength from 505 nm to 650 nm [56]. The sample is loc-
ated in a stabilized magnet cryostat offering variable sample
temperatures between 3.5 K and 300 K. The measurement is
performed in reflection geometry and allows targeted excita-
tion of single QDs. They are deposited on a (0001)-oriented
quartz substrate using a spin-coating process, resulting in an
average distance of single particles of (2.4±0.8) µm. The
sample holder is mounted with three stick-slip motors with
a full driving range of at least 5 mm in each direction (x, y,
z). The sub-nm fine positioning resolution allows addressing
of a single nanoparticle. The QD emission is collected via
a cryogenic OL (NA= 0.82) and separated from the excit-
ation light using a dichroic beam splitter and an additional
long-pass filter. The luminescence is resolved both in polar-
ization and energy using a combination of a half-wave plate
and a Glan–Thompson polarizer in front of a grating mono-
chromator. Finally, an electron-multiplying CCD (EMCCD)
camera offers single-photon sensitivity.

4. Luminescence experiments and correction
algorithm

To explore the considerations from section 2, single QDs at a
sample temperature of 6 K are addressed by our laser system
tuned to the quasicontinuum of densely packed absorption
lines approximately 100 meV above X0 (see figure 2(a)). The
hot exciton decays into X0 by phonon-assisted relaxation with
rate γ and recombines to the GS. The polarization of the emis-
sion is determined by a Glan–Thompson polarizer with an
extinction ratio of 10−6 and an achromatic half-wave plate,
defining a polar angle α between the principal axes of both
components (see figure 2(b)).

Figure 1. Experimental setup and detection scheme. A widely
tunable Er:fiber laser system provides a frequency-doubled
wavelength range of λSHG= (505−650)nm with variable pulse
duration in the femto- and sub-picosecond range. An objective lens
(NA = 0.82) allows to study the emission properties of individual
QDs. For the alignment, piezo-based stick-slip motors offer a
sub-nm resolution of positioning of the sample in x, y and z
direction. With a dichroic beam splitter (DBS) and an additional
long-pass filter (LP), the nanocrystal photoluminescence signal is
separated from the excitation light. The polarization states of the
incident photons are modified using a half-wave plate (HWP) and
projected in the detection [57] plane with a Glan–Thompson
polarizer (GTP). The QD emission is analyzed in a grating
monochromator with a spectral resolution of 230µeV and an
electron-multiplying CCD camera (EMCCD).

A time series of 100 PL emission spectra of a single
CdSe/CdS/PMMA hybrid particle (QD I) with an individual
integration time of 1 s is depicted in the upper panel of
figure 3(a). Here, the polarization angle is set to α= 70◦.

The emission is characterized by discrete shifts in the ener-
getic position which are likely caused by charge fluctuations
in the microscopic environment [18]. Owing to the protective
PMMA shell, the jumps occur on a typical time scale signific-
antly longer than the integration period required for a highly
resolved spectrum with an SNR adequate for detecting indi-
vidual fine-structure lines. When aiming for further improve-
ment of the SNR, the direct sum PLα=70◦ over all spectra res-
ults in a vanishing contrast of the emission fine structure (lower
panel in figure 3(a)).

To circumvent this issue, we have developed a fully auto-
mated post-processing correction of the spectral diffusion
based on a cross-correlation algorithm exploiting the idea
of lucky imaging [19]. The similarity of two spectra Ii (E)
and Ij (E) including an energetic shift ∆ is judged by the
cross-correlation coefficient

Ci, j (∆) := [Ii ∗ Ij] (∆) =

Emax∑
E=Emin

Ii (E) Ij (E+∆) , (1)

where Emin and Emax define the spectral boundaries.
The cross-correlation function Ci, j (∆) is evaluated
for all relative energetic shifts ∆ between both spec-
tra with Emin −E0 ≤∆ ≤ Emax −E0. E0 is the ener-
getic position of the maximal amplitude in Ij. The
maximum of Ci,j (∆) determines the energy shift ∆
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Figure 2. Energetic level structure, measurement principle and PL of a single nanocrystal at a cryogenic temperature of T=6 K.
(a) Excitation of the QD (Eex = 2.168 eV) to the quasicontinuum (QC) is followed by rapid non-radiative relaxation γ to the exciton ground
states (X0-GS) and a radiative recombination to the QD ground state (QD-GS) resulting in three fine-structure lines A1, A2 and F. (b) The
random orientation of the QD on the substrate with respect to the direction of observation n(ϕ,θ) is described by the azimuth ϕ and polar
angle θ. The QD PL signal is detected by an objective lens (OL) with NA= 0.82 at various polarization angles α selected with a half-wave
plate (λ/2) and a Glan–Thompson polarizer (GTP). (c) Spectrally resolved PL signal PL intensityα of a single CdSe/CdS/PMMA hybrid
particle, as averaged over all polarization angles.

Figure 3. Comparison of the uncorrected and corrected PL
emission from QD I for a polarization angle of α = 70◦. (a) Time
series of 100 color coded PL spectra with an individual exposure
time of 1 s (upper panel). Due to spectral diffusion, the emission
fine structure is lost when integrating over all spectra (lower panel).
(b) Result of the standardized algorithm for removing the spectral
jitter of the data depicted in (a) (upper panel). Averaging over the
corrected spectra results in a data set with enhanced signal-to-noise
ratio and a fine structure limited by the resolution of the
monochromator (lower panel).

yielding the best overlap between the two spectra. For
each individual spectrum Ik (E), we can now compute
a characteristic quantity Dk which serves as a measure

for the similarity of this spectrum with all other spectra
In (E):

Dk :=
∑
n̸=k

max(Ck,n (∆)) . (2)

In the spirit of lucky imaging, the reference spectrum exhib-
iting the highest structural similarity with respect to all other
spectra is characterized by the maximum global value of Dk.
This reference spectrum is now exploited to determine the
spectral shift ∆j of all remaining spectra by searching for the
maximum in Ck,j. We can now set a threshold in the abso-
lute value of Ck,j (∆j) to discard the spectra with insufficient
information content. Such data sets emerge e.g. when a spec-
tral jump occurs during a specific integration interval. All
remaining spectra Ij (E) are subsequently shifted in energy by
∆j and summed up. This step results in a data set which con-
serves the energetic fine structure at a drastically improved
SNR. The results of this procedure applied to the data from
the upper part of figure 3(a) are depicted in the upper part of
figure 3(b). Finally, the averaged sum is shown in the lower
part of figure 3(b). Very interestingly, this step results in a
spectral width of individual fine-structure lines of approxim-
ately 270 µeV which is close to the nominal energy resol-
ution of our spectrometer of 230 µeV. This finding clearly
demonstrates a high efficiency and reliability of our correc-
tion algorithm (see supplementary material for a quantitative
analysis). Obviously, the spectral diffusion results only in a
small perturbation to the excitonic quantum confinement and
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Figure 4. Polarization properties of emission fine structure and schematic of effective dipole orientations of an asymmetric QD. Top parts
of (a) and (b), left: PL intensity color coded as a function of polarization angle and relative photon energy of two randomly oriented QDs II
and III at a temperature of T = 6 K. The polarization-averaged signals PLα are depicted at right, respectively. Bottom parts of (a) and (b):
spectral slices around emission maxima F (red triangles), A1 (green dots) and A2 (blue squares) as a function of polarization angle. The full
lines represent least-square fits based on equation (3). (c) Schematic of dipolar emission from a QD with wurtzite crystal structure. The
crystallographic c axis is oriented along z and a slight distortion of the confinement potential exists in the x–y plane. Effective dipole axes
related to transitions F, A1 and A2 are indicated by red, green and blue arrows on top, respectively, and projections of the corresponding
dipolar emission patterns onto the x–y and y–z planes are depicted at the bottom following the same color coding. Here, the left scheme
represents the direction of view onto QD II and QD III is oriented close to the situation at right.

changesmainly the total bandgap energy of theQD. Therefore,
the exciton fine structure is hardly affected.

5. Analysis of three-dimensional orientation

As a first example, we depict fine-structure PL of the single
CdSe/CdS/PMMA nanoparticle QD I (figure 2(c)). The meas-
urement of the PL is averaged over the polarization angles α
⟨PL⟩α. It reveals three fine-structure lines labeled F, A1 and
A2. In this QD, the F transition is two-fold degenerate contain-
ing both projections mF =±2 of the total angular momentum
of the exciton. The weak pedestal with discrete resonances
appearing approximately 1 meV and 2 meV below the zero-
phonon lines originates from the emission of photons together
with acoustic phonons [49, 58]. Owing to the improved SNR,
all fine-structure lines are clearly resolved also in the excitonic
recombination assisted by emission of a longitudinal-optical
phonon which is red shifted by 28 meV [53].

To illustrate the physical principles for determining the
orientation, the luminescence of two other QDs (II and III)
with high-symmetry configurations is studied in figure 4. The
total emission intensity of both QDs is depicted as a func-
tion of energy relative to the F line in the right panel of
figures 4(a) and (b), respectively. As in figure 2(c), all three
fine-structure lines are resolved. The luminescence emission
spectra are color coded as a function of polarization angle α
in the left panels. The stability of our QDs in combination
with a relatively fast scan over all polarization angles leads
to a robust periodic modulation with pronounced differences

in the relative phase between the lines for QD II and QD III.
To investigate the origin of this variation, we now perform a
quantitative analysis with a spectral integration over the intens-
ity of each line. The results are depicted in the lower panels of
figures 4(a) and (b), respectively. The full lines represent least-
square fits to the data based on the angular intensity character-
istics expected for a dipole-like emission of each line [32]:

I(α) = Imcos
2 (α−ϕ0)+ I0. (3)

Here Im and I0 represent the modulation amplitude and amp-
litude offset, respectively, and ϕ0 is a phase offset. We define
the degree of linear polarization to be

p=
Im

Im + I0
. (4)

Regarding equation (4), we find an average degree of lin-
ear polarization of p= 0.81±0.16 for all lines. The deviation
from perfect linear polarization with p= 1 is caused predom-
inantly by the detection through a high-NA objective [32]. In
the selected examples of figure 4, the polarization of the F and
A1 lines reveals an in-phase behavior for QD II and an out-of-
phase behavior for QD III, respectively. As discussed below,
this difference is caused by the three-dimensional orientation
of each QD with respect to the optical axis, resulting in an
angle-dependent projection of the emitting dipoles.

We first introduce a unit vector n(ϕ,θ) as a function of the
azimuth angle ϕ and polar angle θ defining the observation
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Figure 5. Extraction of the orientation of QD I with respect to the optical axis n. (a) Spectrally integrated PL intensity of all three
fine-structure lines F (red triangles), A1 (green dots) and A2 (blue squares) versus polarization angle α. Least-square sinusoidal
fits (full lines) based on equation (3) lead to relative phase differences of ∆αA1,F = 79.2◦ ± 2.5◦, ∆αF,A2 = 70.9◦ ± 2.6◦ and
∆αA1,A2 = 150.2◦ ± 2.8◦, respectively. Insets: relative phase differences calculated with equation (7) and its equivalents color coded as a
function of angles ϕ and θ. Dashed contour lines belong to the measured values of angles∆αi and dash-dotted lines indicate values
of 180◦ −∆αi, respectively. (b) The three contour lines defined in (a) for all ∆αi versus angles ϕ and θ. The intersection points S1 and S2
are defining two possible angular orientations of the QD in (ϕ,θ) space. (c) Projections of the associated dipoles, oscillating directions
(colored arrows) and sketch of the confinement potential in the x–y plane (black ellipses) for the two configurations S1 and S2. The relative
order of intensity maxima following the black arrows is different for both orientations. In our example, the order of A1 → F→ A2 of
maxima depicted in (a) assigns the correct orientation of QD I to S1, resulting in ϕ= 54.1◦ ± 6.2◦ and θ = 76.0◦ ± 2.1◦.

direction with respect to the crystallographic c axis of the
wurtzite-type hexagonal lattice of each QD (see figure 2(b)):

n(ϕ,θ) =

 sin(θ)cos(ϕ)
sin(θ)sin(ϕ)

cos(θ)

 . (5)

In these coordinates, the z direction coincides with the c
axis while the x and y directions accord with the shorter and
longer main axes of the elliptical confinement potential of
the QD in the a–b plane, respectively (see figure 4(c)). The
probability of different GS transitions strongly depends on the
polarization angle of the emitted light. The F transitions are
preferentially polarized along the c axis [59, 60]. In contrast,
the transition matrix element PAGS related to the bright A trans-
itions exhibits a maximum if the polarization vector e of the
emitted light is perpendicular to the c axis [42]:

PAGS = |⟨GS |ep̂|A⟩| ∝ sin2 (θ) , (6)

where p̂ is the momentum operator. In case of a lifted degener-
acy of the |A⟩ states resulting in |A1⟩ and |A2⟩, the two dipole
axes are perpendicular to each other [43] and they are aligned
parallel to the short and long axis of the confinement potential.
As defined in figure 4(c), the effective dipoles eA1, eA2 and eF
are oriented along ex, ey and ez, respectively. The examples in
figures 4(a) and (b) have been selected because they may be
understood intuitively: the in-phase behavior of the F and A1

emission in figure 4(a) directly indicates that the ex–ez plane

of QD II includes the direction of observation and therefore,
ϕ≈ 0◦. From the out-of-phase behavior of the F transition
with respect to both A transitions of QD III (figure 4(b)), n
has to be parallel to the ex–ey plane with θ ≈ 90◦.

For the vast majority of randomly oriented QDs, such a
straightforward determination of both polarization angles is
impossible. The polarization-resolved PL intensity of a QD
with arbitrary orientation (QD I) is depicted in figure 5(a).
Here, the full information is encoded in the relative phase
differences ∆αA1,F, ∆αF,A2 and ∆αA1,A2 between all pairs
of fine-structure transitions. We perform least-square fits
to the angle-dependent PL intensity according to equation
(3) and calculate the difference in phase offsets like e.g.
∆αA1,F = ϕ0,F−ϕ0,A1 . In this way, we find∆αA1,F = 79.2◦ ±
2.5◦, ∆αF,A2 = 70.9◦ ± 2.6◦ and ∆αA1,A2 = 150.2◦ ± 2.8◦. It
is now important to remember that the polarization of the
luminescence is determined by the projection e ′ of the emit-
ting dipole e with respect to the plane perpendicular to the
detection axis n(ϕ,θ). For the two dipoles projections e ′A1

and
e ′A2

, corresponding to the transitions A1 and A2, this fact leads
to an angle difference

∆αA1,A2 = arccos

(
e ′A1

· e ′A2

|e ′A1
| |e ′A2

|

)
= arccos

(
−sin2 (θ)cos(ϕ)sin(ϕ)
|e ′A1

(θ,ϕ) | |e ′A2
(θ,ϕ) |

)
. (7)
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Our strategy to extract the angles θ and ϕ from equation (7)
and its equivalents for the other two pairs of transitions is
as follows: calculating ∆αA1,A2 for all combinations of θ and
ϕ leads to the two-dimensional relation between in the left
upper inset of figure 5(a). For QD I where∆αA1,A2 = 150◦ and
180◦ −∆αA1,A2 = 30◦, the dashed and dash-dotted lines res-
ult connecting pairs of values of ϕ and θ which are compatible
with this measurement. The relationships for∆αA1,F (ϕ,θ) and
∆αF,A2 (ϕ,θ) are color coded in the center and right insets
of figure 5(a). Again, all pairs of values for ϕ and θ compat-
ible with the measured difference angles are indicated by the
dashed and dash-dotted lines. All relations must be fulfilled
simultaneously, resulting in two intersection points S1 and S2
in figure 5(b) where all contour lines determined in the insets
of figure 5(a) have been plotted together. From this analysis,
we find θ = 76.0◦ and either ϕ= 54.1◦ or ϕ= 125.9◦ for QD
I. In order to resolve the remaining ambiguity, the absolute
polarization phases ϕ0 of all fine-structure lines, as defined
by equation (3), and the associated order of intensity maxima
have to be taken into account. From the sketch in figure 5(c), it
follows that the sequence of the intensity maxima according to
. . .→ A1 → F→ A2 → A1 → . . . belongs to ϕ= 54.1◦ and a
permuted ordering to ϕ= 125.9◦, respectively. In our case, we
observe an order following case S1, finally assigning an orient-
ation of ϕ= 54.1◦ ± 6.2◦ and θ = 76.0◦ ± 2.1◦ to QD I. The
high precision of our method is evident from the small error
margins which are calculated according to the supplementary
material.

6. Summary and outlook

In conclusion, a robust algorithm based on the idea of lucky
imaging is exploited to eliminate spectral fluctuations of the
luminescence fine structure of individual nanosystems. Our
method is not only limited to QD emission spectra at cryo-
genic temperatures, but also applicable whenever spectral jit-
ter limits long-term integration of PL measurements. As a first
application enabled by this tool, an all-optical way to determ-
ine the three-dimensional orientation of emission dipoles of
individual quantum emitters with respect to the axis of obser-
vation is demonstrated. The angular position is provided with
an accuracy of a few degrees by this fast and reliable approach.
Further improvement may be easily implemented exploiting
options to cancel out intensity fluctuations of a QD offered,
e.g. by parallel detection of different polarization compon-
ents [43] or enhanced total integration times in combina-
tion with fast variation of the polarization angle. Our correc-
tion method is of great benefit whenever a maximally precise
determination of emission patterns is important that are sub-
ject to temporal shifts. For example, the capability to identify
the spatial orientation of an emitter with standard equipment
present in typical luminescence setups is helpful to assemble
compound nanosystems providing a maximum of light-matter
coupling. These implementations are also of great importance
whenever anisotropic physical properties of nanoobjects are
to be determined like e.g. the angle-dependent g factors of
quantum-confined electrons in a magnetic field [61–63].
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