. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/205686/

Version: Published Version

Article:

Dey, A.B., Sanyal, M.K., Schropp, A. et al. (2023) Culling a self-assembled quantum dot as
a single-photon source using X-ray microscopy. ACS Nano, 17 (16). pp. 16080-16088.
ISSN: 1936-0851

https://doi.org/10.1021/acsnano.3c04835

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ 32, | University of Qe unIveRsITY

UNIVERSITY OF LEEDS & Sheffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1021/acsnano.3c04835
https://eprints.whiterose.ac.uk/id/eprint/205686/
https://eprints.whiterose.ac.uk/

Downloaded via UNIV OF SHEFFIELD on November 30, 2023 at 09:53:47 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Ho®

www.acsnano.org

Culling a Self-Assembled Quantum Dot as a
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ABSTRACT: Epitaxially grown self-assembled semiconductor [100]
quantum dots (QDs) with atom-like optical properties have l g L
emerged as the best choice for single-photon sources required for I 4 Q0

the development of quantum technology and quantum networks.
Nondestructive selection of a single QD having desired structural,
compositional, and optical characteristics is essential to obtain
noise-free, fully indistinguishable single or entangled photons
from single-photon emitters. Here, we show that the structural
orientations and local compositional inhomogeneities within a
single QD and the surrounding wet layer can be probed in a
screening fashion by scanning X-ray diffraction microscopy and X-
ray fluorescence with a few tens of nanometers-sized synchrotron radiation beam. The presented measurement protocol can be
used to cull the best single QD from the enormous number of self-assembled dots grown simultaneously. The obtained results
show that the elemental composition and resultant strain profiles of a QD are sensitive to in-plane crystallographic directions.
We also observe that lattice expansion after a certain composition-limit introduces shear strain within a QD, enabling the
possibility of controlled chiral-QD formation. Nanoscale chirality and compositional anisotropy, contradictory to common
assumptions, need to be incorporated into existing theoretical models to predict the optical properties of single-photon
sources and to further tune the epitaxial growth process of self-assembled quantum structures.

50 nm

KEYWORDS: epitaxially grown quantum dots, single quantum dot, single-photon sources, scanning X-ray diffraction microscopy (SXDM),
X-ray fluorescence (XRF), compositional inhomogeneities, nanoscale chirality

tom-like optical properties"” of a quantum dot (QD)
make them an active source of single’™> or entangled
6-8 .

photons”™" required for advanced quantum technolo-
giesg_ and communications.'”> A semiconductor QD-based
“single-photon emitter” coupled with nanostructured wave-

.1 13,14 ... 15 . 1. .
ides or cavities ° can produce a single indistinguish-
able'® photon at a time with a high repetition rate’ for the
development of fascinating quantum technology.”*”'’~"" The
QD-based photon emitters'® can provide an entangled
; 20 . . 2 21

photon—exciton state™ in future quantum logic operations,
and they are also suitable to investigate the intriguing solid-
state quantum electrodynamics that involves light—matter
interaction at the most fundamental level.”'®** Pulsed
resonant excitation of the selected single QD is required in

: L 23 c 24
these emitters to minimize decoherence™ and noise™ in
single-photon pulses.”*> However, culling of the suitable QD
from an enormous number of self-assembled epitaxially grown
QDs’® is now being carried out only based on optical
spectroscopy me::1suremer1ts,4’27’28 as a nondestructive way of
compositional and structural analysis of a single QD was not

possible.

11
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The Stranski—Krastanov (SK) growth mode of epitaxially
grown self-assembled QDs is popular because of its defect-free
nature.” As they are grown by an ultra-high-vacuum molecular
beam epitaxy (MBE) chamber, they are free of any chemical
passivation.l’26 Therefore, dot size, shape, and aspect ratio,
composition and compositional uniformity, crystal quality
(including interface quality), and lattice orientation are the
most important factors for shaping the optical quality of these
self-assembled SK-QDs." The composition and strain dis-
tribution of the materials within a single quantum dot can
greatly impact the bandgap and shape of the bandgap, and
therefore its optical properties.”” Although having identical
geometrical sizes and shapes, two SK-QDs can have completely
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different compositions and strain distributions."”**° The
homogeneity of the composition and strain within a single
QD is one of the key factors for having a sharp (largely
reduced full-width half-maxima) optical output.’® Another
important aspect is crystal quality, which includes the quality of
the interface between the QD and the wet layer, which can be
understood by the strain at the interface." The orientation of
the QD crystal with respect to the substrate is another
important aspect. Therefore, we have focused on the
crystallographic orientation, composition and compositional
distribution, strain distribution, size, and shape of the studied
single QD.

Combining destructive microscopic techniques such as high
resolution cross-sectional transmission electron microscopy
(HRXTEM)31 or scanning tunneling microscopy (STM)32
with optical measurements to select the best quality QD is
incredibly challenging to implement."”*>** The composition
map of an uncapped QD was determined by an iterative
process of elastic energy minimization by simulating
composition-dependent lattices in the framework of linear
elasticity theory with the help of XTEM measured [001]
components of the local lattices and finite elemental method
(FEM) by assuming a fixed QD’s shape.” The composition
was also evaluated by lattice fringe analysis (CELFA)* with an
assumption that all the QDs are identical, random slices of
different QDs were linked as if they are positioned at different
distances from the center of the QD.** However, this
assumption is not true, as QDs are different from one another
and there are indeed different sizes of QDs present in single
growth condition in SK growth mode." The HRXSTM and
HRXTEM analyses are limited to the structural analysis of a
single QD due to three major technical constraints. First, the
techniques are limited to the usually small size of the
investigated regions. This limits the possibility of measuring
the structures of several single QDs in a screening fashion.
Second, the size of the QDs is comparable with the thickness
of the prepared sample. We found that the observable lateral
size by XTEM techniques of the QD appears to be smaller
than the actual base size of the QD when the prepared cross-
sectional slice is not at the center cross-section of the QD.*
Therefore, it is necessary to understand where the prepared
slice lies, with respect to the QD’s center. Third, a complicated
interpretation of the observed results is needed with extensive
modeling, as the contrast depends essentially on both strain
and composition, two correlated variables, which results in the
observed lattice."

X-ray-based methods are generic tools for investigating the
structure of QDs. However, coherent X-ray diffraction
(CXD)* cannot provide a satisfactory signal in the lattice/
strain map of a single-crystal epitaxial single QD due to the
signal overlap of the crystal truncation rod and the Bragg
peak’” of the QD. Grazing incidence small-angle X-ray
scattering (GISAXS) with coherent beam generates the
reconstructed average size and shape from the data collected
over an ensemble of periodic QDs.** These non-self-assembled
QDs™ do not have the desired quality of being a “single-
photon emitter” due to contaminations and dislocations.”
Similarly, grazing incidence diffraction (GID)***’ and X-ray
standing wave (XSW)*° measure the average structural and
compositional information on an ensemble of QDs. X-ray
ptychography*® can probe the structure and shape of a single
nanoparticle.

Here, we demonstrate a protocol based on X-ray
microscopy, which is not limited by any of the above-said
constraints in different techniques and can easily determine the
structure without destroying the QD. Utilizing our protocol,
one can measure several single QDs in a screening fashion.
Here, we show that the local chemical composition and lattice-
strain map of a single QD can be determined through
simultaneous measurement of scanning X-ray diffraction
microscopy (SXDM)*' and elemental X-ray fluorescence
(XRF)* with a 30 nm step size with a 50 nm** (refer to
“Nano-Focused X-ray Beams” in Section I, Supporting
Information (SI)) monochromatic synchrotron X-ray beam
in transmission scattering geometry. This measurement
protocol can easily locate a single QD through fluorescence
mapping to select a suitable QD for develoging a single-photon
source. No special sample preparation’”” or complex data
analysis tools”*°™*® (such as a finite element or phase
retrieval) are essential here due to separately measuring the
composition and strain."*’ The main objective of this paper is
to show that a nondestructive X-ray microscopy protocol can
determine the complete structure and crystallographic
orientation of any single QD in a screening fashion. Here,
we study a few single QDs by X-ray microscopy and then
probe the same single QDs by surface electron microscopy and
atomic force microscopy to ensure that the proposed protocol
works. Such complementary measurements are possible only
on uncapped QDs. Although the optical emission is weaker in
the studied single QDs, it is necessary to study the structure of
an uncapped QD first to establish a platform for structural
determination of several single QDs in a screening fashion.
This protocol is also applicable to detect capped QDs in
similar elemental fluorescence mapping, particularly for GaAs
capping. A structure correlation between uncapped and capped
QDs has been already established earlier.””

Before discussing the obtained results, we present a
summary of the measurement protocol used in this study;
the details of the protocol can be found in Section I in the SI
The protocol is designed for simultaneous measurements of
the X-ray diffraction (XRD) and fluorescence (XRF) data from
a sample in transmission geometry using a synchrotron X-ray
beam. The monochromatic X-ray beams should be focused to
nanometer-sized dimensions, smaller than the nano-object
being investigated.”’~* The sample is mounted on a 3D
interferometer feedback piezo stage* and properly oriented to
collect diffraction data in the transmission geometry. An area
X-ray detector must be positioned on a translational and
rotational stage to measure Bragg peaks in the transmission
geometry. The substrate thickness should be small to make
sure that the diffraction data from the substrate do not
overshadow the diffraction data of the nano-object. The energy
of the X-ray beam should be higher than that of all elemental
Ka or La absorption edges of the sample. An energy dispersive
X-ray detector is used to collect XRF data of all of the elements
present in the sample during a scan. The data treatment for
generating SXDM, lattice mapping, and composition mapping
is discussed in Section II, SI. By following this protocol,
valuable insights into lattice structures, elemental composition,
strain distribution, and lattice twists in single nano-objects can
be obtained in a screening fashion.

In the present study, an enhanced ratio of the QD diffraction
signal to that of the substrate was ensured by reducing the
substrate thickness to 40 ym (refer to Figure la) (refer to
“Sample Preparation” in Section I, SI). Scanning electron
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Figure 1. Identifying a single QD in a screening fashion in the
transmission scattering geometry. (a) Schematic of the exper-
imental setup used to probe a single QD in a screening fashion. (b)
SEM image of the first preselected QD1 shows lateral dimensions
of 150 nm X 110 nm. (c) Indium Kea fluorescence intensity
mapping of the QD1 during mesh scan around the QD1. The black
ellipse represents the position of the QD1. The unit of the color
bar is intensity counts per second (c.p.s.).

microscopy (SEM) and atomic force microscopy (AFM)
measurements were performed before (Figure Slc) and after
(Figure S1d) the sample preparation process following the
measurement protocol step A2 in the SI. Three platinum
markers were deposited by ion beam induced deposition
(IBID) of a platinum-containing precursor using a focused ion
beam (FIB),"® two markers at the two edges of the sample (see
Figure S2, SI). Another smaller-sized marker was deposited at
an approximately 100 ym distance from the QDs for guidance
during actual measurement at the synchrotron beamline
following measurement protocol step A3 in the SI. Figure la
represents the schematic of the experimental setup on the
ptychographic nano-analytical microscope (PtyNAMi)* ™" at
the synchrotron radiation beamline P06 at PETRA-III, DESY,
which was used for these measurements. A photograph of the
experimental setup is shown in Figure S3, SI. The sample was
mounted perpendicular to the X-ray beam, with the back side
of the substrate facing the incoming beam in transmission
geometry as mentioned above. Alignments of the QD, tracking
of the precise sample movements, and stabilization of the
sample against any unwanted drift was managed using feedback
from a three-dimensional interferometric setup at the sample-
piezo-stage®’ (see Figure S3, SI). A photon energy of 28150 eV
was chosen to detect Ka fluorescence of indium, which is the
highest atomic number in the sample. Higher X-ray energy also
provides higher transmission in this geometry. A higher spatial
resolution is also achieved due to the lower rotation of the
sample (due to lower Bragg angle at higher energy) even at the
(400) Bragg condition. The X-ray beam is focused in a beam
size of 46 and 49 nm in the vertical and horizontal direction
(see Figure S5, SI) with two cylindrical Si lenses integrated
into the nanoprobe instrument at the PO6 beamline at PETRA
III (PtyNAMI)," and the 2D profile of the nanofocused X-ray
beam is characterized (see “Nano-Focused X-ray Beams” in
Section I, SI) by scanning coherent X-ray microscopy

(ptychography) on a Siemens star” using a 2D diffraction
detector (Eiger 4M, Dectris Ltd.) following measurement
protocol step B6 in the SI. An 2M GaAs lambda 2D detector
(XSpectrum) was positioned as shown in Figure la (step B7 in
the SI) and calibrated with a LaB, standard sample following
the measurement protocol step B8 in the SI as shown in Figure
S7a. The three platinum markers and the preselected region of
interest are relocated by utilizing a guiding marker-based
correlative microscopy approach and an in-line optical
microscope at the X-ray beamline in a first, rough alignment
step following the measurement protocol step B9 in the SI. At
beamline P06, the sample alignment was achieved by observing
the (400) and (600) Bragg peaks of the substrate, as depicted
in Figure S7c. It displays a merged diffraction image captured
at Bragg angles of 8.96° for the (400) peak and 13.52° for the
(600) peak of the substrate for the X-ray energy of 28150 eV
with corresponding g-values of 4.45 and 6.67 A™!, respectively.
Any sample tilt is compensated by a tilt stage with a +5° tilt
angle. In Figure S7c, the observed joining line between the
(400) and (600) substrate Bragg peaks is perfectly horizontal
on the detector panel, indicating accurate sample alignment
following the measurement protocol step B10 in the SI. An
energy-dispersive X-ray detector (Vortex EM with 2 mm SDD,
Hitachi) is positioned by optimizing the fluorescence signal
following the measurement protocol step B11 in the SI. Finally,
a 2D mesh scan was performed around several single QDs with
a 30 nm step size with a 50 nm X-ray beam to capture
simultaneous XRD and XRF data at each position during
scanning following the measurement protocol step B12 in the
SL

RESULTS/DISCUSSION

We have used the self-assembled QDs of indium gallium
arsenide (InGaAs) grown on a GaAs (001) substrate using
MBE*"***° (refer to “Sample Growth” in Methods). A
variation in sizes and shapes in the ensemble of self-assembled
QDs"*° is a common phenomenon as observed in this sample
(refer to Figure S1, SI). Here, we discuss the results of two
representative QDs, which were characterized by SEM and
AFM (refer to Figure S1). The first preselected QD (QD1) has
a length of 150 nm, a width of 110 nm (Figure 1b), and a
height of 20 nm (refer to Figure S1). The second preselected
QD (QD2) has a length of 144 nm, a width of 100 nm, and a
height of 20 nm (Figure S10a). The figures corresponding to
the QD2 are presented in the SI because the results obtained
from the QD2 are similar to the results obtained from the
QD1. The QD1 (refer to the black ellipse in Figure 1c), QD2
(refer to the black ellipse in Figure S10b), and their
surrounding interface are found and characterized by the
indium Ko fluorescence intensity mapping with a 30 nm step
size with an X-ray beam size of S0 nm. The single QDs and
their interface with the substrate can be seen as red (higher
intensity) and yellow (medium intensity), respectively, in the
indium XRF intensity map. There is a clear difference between
the region occupied by indium atoms (Figure lc) and the
shape of the single QDs (Figure 1b) observed by microscopy
measurement. It is to be noted that the XRF map is sensitive to
the indium concentration, whereas the SEM and AFM are
sensitive to the physical boundary of the QD.

We collected the (400) diffraction data from the aligned
QDs by scanning (a typical 2D mesh scan with a 50 nm
monochromatic X-ray beam) the sample region enclosed by
the black ellipse shown in Figure 1lc. Both the diffraction and
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fluorescence data were collected simultaneously at each
position during the 2D mesh scan. Figure 2a shows the
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Figure 2. Scanning X-ray diffraction microscopy on the single QDs.
(a) Reciprocal space mapping of the (400) diffraction signals when
the X-ray beam hits the regions within the QD1 (within the black
ellipse in Figure 1c). H and K in the x-axes and y-axes, respectively,
denote Miller indices of the GaAs substrate. (b) Scanning X-ray
diffraction microscopy of the Q-space enclosed within the red box
in (a). The color bar is in units of intensity counts per unit second
and mapped in logarithm (log) scale.

reciprocal space mapping around the (400) Bragg peak of QD1
and the GaAs substrate as obtained from the entire mesh scan.
The substrate, which is present under the QD1 within the
black ellipse (refer to Figure lc), gives an intense (400) Bragg
peak, shown as a blue box in Figure 2a. We observe less intense
diffraction peaks at lower H-values (the red box in Figure 2a)
in reciprocal (H—K) space coming from the QD1. As the
measured diffraction intensities are stored from each position
during the mesh scan, one can infer the real-space location on
the sample that gives rise to diffraction data, and this is the
basis of the SXDM technique. For example, the measured
integrated diffraction intensity in the reciprocal space marked
by the red box of Figure 2a (a square region on the detector)
can be mapped back to the corresponding positions on the 2D
mesh scan grid of the real-space positions of QD1. Figure 2b
depicts the real-space SXDM image of the integrated
diffraction intensity on the red box in Figure 2a. This region
encompasses QD1 and its surrounding interface, which are
distinctly discernible in the SXDM image. This provides a
platform for a deeper understanding of the QD’s internal
structure and highlights the capability of SXDM in nanoscale
materials. For example, we observed that the in-plane area
observed (red center, Figure 2b) by SXDM is slightly larger
than the area that contains higher indium (red center, Figure
1c) and the physical boundary of the QD1 (refer to Figure 1b)
as measured by microscopy techniques (SEM, AFM). This
observation indicates that the lattices at the interface between
QD1 and the substrate get affected over larger length scales.
For consistency, we presented the results obtained from the
QD2: the reciprocal space mapping of (400) diffraction data in

Figure S10c in the SI and SXDM in Figure S10d in the SL
Both quantum dots QD1 and QD2 show similar results.

We observe directional anisotropies in the in-plane
distribution of composition (Figure 3a) and strain (Figure
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Figure 3. | Directional anisotropy in composition and strain within
the QD. (a) Indium composition mapping within the QD1 and its
interface as obtained from elemental X-ray fluorescent signals for
the QD1. (b) Absolute in-plane strain (in %) mapping within the
QD1 and its interface as obtained by comparing the lattices
calculated by Vegard’s law from the indium composition in (a) and
the lattices measured from X-ray diffraction. (c) Line (~ 50 nm
width) profiles of the indium composition along (c) [100] and
[010] and (d) [110] and [110], passing through the center of the
QDI1. The average indium compositions of the QDI and its
interface along the (e) [100] and (f) [110] directions. The yellow
highlighted regions represent the regions inside the QD1. Line
(~50 nm width) profiles of average composition within the QD1
and its interface are plotted along the (g) [100] and (h) [110]
directions.

3b) within the single QD. The XRF data obtained during
SXDM measurement produce an indium composition map (x)
(refer to “Composition Map”, Methods) within the QD, where
the QD material is denoted by In,Ga,_,As. The error bar in
the indium composition map comes from the standard
deviation of the noise. We obtain that the maximum
compositional error is +0.04. The composition map (refer to
Figure 3a) shows that the indium loading within the QD is
different along the [110] and [100] crystallographic directions.
To further illustrate the directional asymmetry in the elemental
composition, we show a few indium composition line profiles
of about 50 nm width through the center of the QD along
[100] and [010] (refer to Figure 3c) and along [110] and
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Figure 4. QD’s lattice expansions and chirality. (a) Three different portions (three colors) of the QD (QD1) are shown to demonstrate the
(400) diffraction intensities from the different portions. The inset shows the atomic force microscopy (AFM) image to demonstrate how an
X-ray hits different portions in a cross-sectional view. (b) Central (C), (c) the left-upper (LU), and (d) the right-lower (RL) portions of the
QD1 using the (400) diffraction. (e) A schematic representing how the diffraction spots are related to the in-plane lattice of the QD1, WL,
and substrate. (f) Lattice expansions and angular rotation of the QD1 (red-yellow), wet layer (green), and substrate (blue) vary linearly. The
schematic shows the vertical positions of the in-plane lattices within the QD1 (in a cross-sectional view).

[110] (refer to Figure 3d). The yellow highlighted regions in
these figures represent the regions inside the QD. We observe
an almost constant indium concentration (~0.4 + 0.04) within
the QD in the line profile along [100]. Few prepared slices of
QDs, grown at different temperatures between 480 and 530
°C, are studied by X-TEM and X-STM where a comparatively
higher indium concentration is observed.””***”** The heights
of these QDs varied between 2.2 and 9.4 nm. Due to the larger
size of the studied QD of height around 20 nm compared to
the previously studied QDs by X-TEM and X-STM, we
observe that the maximum value of indium concentration is
lower (x ~ 0.4) than that observed for smaller-sized QDs (x ~
0.6—0.7). At the interface of the QD, a sharp decrease of
indium concentration to ~0.2 + 0.04 is observed from the flat-
top profile along [100] as it approaches the wetting layer
(WL). The WL is the thin 2D layer that is just above the
substrate. In contrast to the indium concentration distribution
along [100], the indium concentration is only higher in the
central portion of the QD and drops dramatically, giving a
“Gaussian-like” profile in other crystallographic directions,
[010], [110], and [110]. We determine strain (€¢) from the
differences between measured lattice parameters, aypp(x),
from (400) diffraction data (refer to “Lattice Map”, Methods)
and Vegard’s law calculated lattice parameters, aypp(x), from
the obtained composition through the XRF map. In Figure 3b,
we show the obtained in-plane strain map of the sin§le QD
defined as €y, [axrp(x) = axpe(x)]/axe(x). ’ The
maximum relative strain error in the strain mapping is
+0.24%. The strain map within QDs shows compressive
strain, as expected,””* except in the areas having maximum
indium concentration, where the strain value decreases
drastically. The directional anisotropies in the strain show a
trend similar to that obtained in the composition map and
show a flat compressive strain close to zero (~—0.2 + 0.24%).
The flat compressive stress along [100] (red line in Figure 3e)
becomes more compressive (~—2 + 0.24%) toward the
interface. Strain profiles in other crystallographic directions,
along [010] (blue line in Figure 3e) and along [110] and
[110] (black line and green line in Figure 3f, respectively) are
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quite different (Gaussian-like profile) from that observed in the
[100] direction (flat profile) within the QD. The previously
reported””*” composition/strain variation was obtained for the
average QD through measurements carried out on an
ensemble of QDs. HRXTEM measurements’**>***" reported
earlier on a single QD showed an inhomogeneous indium
distribution within the dot along the [001] growth direction.
The in-plane indium distributions within the single QD alon%
different directions are difficult in microscopic studies”®*>**°
and are assumed to be independent of in-plane crystallographic
directions. The nature of the indium concentration and strain
line profiles remains very different in various in-plane
directions even after integrating over the entire QD (refer to
Figure 3g,h); this lateral anisotropy is a primary observation of
this study, and it raises a question regarding the effectiveness of
the theoretical models to calculate optical properties that
assume lateral azimuthal symmetry."*>*”**>" The composi-
tion (Figure S11a, SI) and strain (Figure S11b, SI) map of the
QD2 show lateral anisotropy, similar to that discussed for
QD1. The maximum indium composition also reaches around
0.4 + 0.04, and strain remains at the minimum value at the
center of the QD2.

We identify different portions of the QD1 as central (C),
left-upper (LU), and right-lower (RL), which are marked by
red, yellow, and violet colors, respectively, in Figure 4a to
understand the nature of the lattice distortion. The
corresponding (400) diffraction signals of these three portions
of QD1 are shown in the reciprocal space (H—K) map in
Figure 4b—d. The central portion of the QD1 (“C” region)
contains the QD1 tip (refer to the AFM image in the inset in
Figure 4a) and has the maximum indium concentration. The
“C” region exhibits mostly a larger lattice (5.83 A) (Figure 4b)
as expected for higher (~0.4) indium composition (Figure 3a)
and has negligible strain (~—0.02%), as discussed above
(Figure 3b). The peripheral regions, “LU” and “RL”, represent
the base regions of the QD1. The “LU” and “RL” regions show
primarily a lattice constant of 5.82 A (Figure 4c) and 5.81 A
(Figure 4d), respectively, due to a relatively lower indium
content (Figure 3a). The traces of 5.83 A lattices are also
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obtained in both positions of QDI. Similarly, the central
region of the QD2 contains a higher lattice (5.82 A) compared
to the lattices (5.80 A) present in the “LU” and “RU” region of
the QD2 as shown in Figure S12, SI. The (110) cleaved surface
of the previously studied InGaAs QD>* showed a similar trend
of having a higher lattice (~6.06 A) at the center and a lower
lattice (5.86 A) at the side of the QD. All three portions of the
QD1 exhibit (400) diffraction signals at nonzero K-values
(Figure 4b—d), and the K-values approach zero as indium
concentration decreases to reach the GaAs substrate (400)
peak.

The nonzero K-values imply that (400) planes of a QD are
not parallel to the real-space lattice vector of the substrate in
the y-direction, a,. Instead, the planes are inclined by some

y
angles (A®) to d, as shown in Figure 4e. For consistency

throughout Figure y4e,f, the red, yellow, green, and blue colors
represent the QD tip, QD base, WL, and substrate,
respectively. The rotation angle can be quantified by A® =
tan™'(K/H). The values of the in-plane lattice rotations are
found to be ~1°, 0.58° and 0° at the QD tip, QD base, and
wet layer, respectively, with respect to the substrate in-plane
lattice. This in-plane rotation can be understood by in-plane
shear stress. The shear strain on a crystal lattice can introduce
in-plane lattice rotation by causing a change in the crystal’s
orientation. In a planar view, stress has four components: two
normal stress components (o,,, oyy) and two shear stress
components (Txy, Tyx). A nonzero value for the planar shear
stress is responsible for a planar rotation of the lattice. The
shear stress originates from the unequal composition of
neighboring unit cells in different crystallographic directions.
In the case of any shear stress, the rotation angle (A®) is
proportional to the applied shear torque. Here, the torque
comes from the anisotropic lattice expansion due to the
anisotropic composition distribution of the indium, as shown
in Figure 3 and discussed in the previous section. This rotation
(A®) can be quantified by measuring the relative orientation
of the crystal lattice planes. The (400) diffraction data of the
QD [in red (tip) to yellow (base) gradient color], wet layer
(green color), and substrate (blue color) are shown with in-
plane lattices and the rotation angles in Figure 4f. We observe
two trends; the first trend (blue arrow in Figure 4f) shows only
lattice expansion without any shear stress. This is the case for
the WL (refer to green signals in Figure 4f). The (400)
diffraction signal for the WL comes at a zero K-value (A® = 0°
line in Figure 4f), indicating no resultant shear force due to a
uniform composition*® within the 2D thin layer. The second
trend (gray arrow in Figure 4f) shows lattice expansion under
shear stress as the indium composition increases inside the
QD. The rotation angle varies linearly with the lattice
expansion in this region. The tip region (a larger lattice) has
a higher in-plane lattice rotation, and the base region (a smaller
lattice) has a lower in-plane lattice rotation with respect to the
substrate in-plane lattice (Figure 4f). A linear extrapolation of
the second trend (gray arrow in Figure 4f) intersects the first
trend (K = 0 axes in Figure 4f) precisely at the WL in-plane
lattice. It leads to two crucial interpretations; first, a QD’s in-
plane lattice can only expand without shear stress if the
elemental composition (here, indium) stays below a certain
value (here, x, = 0.21 + 0.01). The value of x, for the QD2 is
also around 0.21, as shown in Figure S13b, SL. Second, the wet-
layer lattices lie at the intersection point of the two observed
trends and act as a mediator between a QD’s lattices and its

substrate’s lattices. We interpret that the action of mediator of
the WL provides the perfect interfacial platform.

This study demonstrates that the lattices of the QDs exhibit
twisting relative to both the substrate and the wet layer. Within
the QD structure, two possibilities can occur. The first
possibility suggests that the QD lattice maintains a constant
twist angle throughout its height while undergoing lattice
expansion due to compositional changes from the base region
to the apex of the dot. The second possibility suggests a
continuous twist throughout the QD’s height, accompanied by
lattice expansion, indicating chirality. The X-ray diffraction
technique allows us to distinguish between these two
possibilities. In the first scenario, the (400) QD Bragg intensity
should distribute along any parallel line of the violet arrow in
Figure 4f, where rotation angle remained constant in the (A®,
ay) space for QD1. Conversely, in the second scenario, where
a continuous twist is present, the (400) diffraction signal
distribution should not follow the violet arrow or any arrow
that is parallel to the violet arrow in Figure 4f. For QD1I, the
(400) diffraction signal follows the gray arrow in Figure 4f,
intersecting the violet arrow at a specific angle. This suggests
that QD1 falls under the second scenario, where a progressive
change in the twist angle of the in-plane lattice is observed.
The intersection angle between the violet arrow (representing
a specific twist case) and the gray arrow (depicting the actual
distribution of the (400) diffraction signal in reciprocal space
mapping) provides insights into the rate of change of the twist
angle along the height of the QD.

As the indium composition increases from the base toward
the tip of the QD, our results suggest progressive rotation of
the in-plane lattice to form a helix naturally observed in the
chiral nanostructures.”* > Such a progressive in-plane rotation
at different heights along the length of a single crystal
nanostructure can produce chirality by altering the symmetry
of the crystal structure.’>>® Chirality is a property that
distinguishes between right-handed and left-handed objects
and arises when a structure has no reflectional symmetry and is
not superimposable on its mirror image. This chirality can
impact the optical and electronic properties of the crystal,
leading to distinct behavior that is dependent on the rotational
orientation of the crystal. A variation of such in-plane lattice
rotation was previously observed on a micron-sized hetero-
structure epitaxial nanowire (NW)>>>* due to an inhomoge-
neous strain profile, and in-plane rotation introduced chirality
was observed in several other nanostructures.’”>> A con-
tinuous twist in the in-plane lattice throughout the height of
the nanowire was found,>” and the observed accumulated twist
angle reached up to 21° with a rate of change in continuous
twist rotational angle of 0.012° per nanometer height for a
typical nanowire with a height of 1.8 ym and a diameter of 64
nm.>® For QD1, with a height of 20 nm and a major (length)
and minor (width) diameter of 150 and 110 nm, respectively,
the lattice rotation varies from 0.6° to 1° with a progressive
lattice rotational rate of (0.4°/20 nm) 0.019° per nanometer
height, as shown in Figure 4f. For QD2, which has a 144 nm
major diameter and 100 nm minor diameter, the lattice
rotation varies from 0.3° to 0.6° with 0.015° per nanometer
progression in lattice rotation (refer to Figure S13b, SI). To
obtain precise quantitative information for QDs, a detailed
further investigation of the lattice rotational angle concerning
the diameter and height of single QDs is required. However, to
the best of our knowledge chiral QDs were not observed
before. A QD has significantly better interface quality and
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shows higher photon—exciton coupling than an NW due to
higher-order confinement. Nanoscale chirality can control
electrical, optical, and mechanical®>** properties of an NW and
produces one of the best nanostructure-based active materials
by material engineering in the field of energy harvesting,
nanoelectronics, and so on.”****> An improved nanoscale-
chirality-based single photon®® and optoelectronic properties
are expected by replacing NWs with QDs as an active source.

CONCLUSIONS

In summary, the simultaneous measurements of XRF and
SXDM in transmission X-ray scattering geometry have been
applied here to investigate epitaxial QDs. Several QDs can be
studied using the presented techniques in quick succession to
choose any desired quality in the QD for the development of a
single-photon source. SXDM along with complementary
optical spectroscopy”*® measurements will help to tune the
desired properties of a single QD for improving the pairwise
photon indistinguishability in the temporal strings of single
photons rec%uired for the further advancement of quantum
technology.”””*> The obtained results show that both
composition and strain profiles have a strong dependence on
the in-plane crystallographic directions. They also show that
the lattice expansion after a certain composition limit
introduces shear strain within the QD. The observed in-
plane lattice rotation mediated by the WL during growth
enables controlled chiral-QD formation. We believe the
directional asymmetry and chirality need to be incorporated
into calculations of the optical properties of these QDs for the
development of better single-photon sources.

METHODS/EXPERIMENTAL

Growth of QDs. The InAs-QDs on the GaAs substrate were
deposited by MBE techniques using a Veeco Gen III system. A buffer
layer of GaAs of 250 nm was grown on the cleaned GaAs (001) wafer
at 580 °C followed by the InAs QD layer grown at 515 °C. The
growth rates for GaAs and InAs were 1 and 0.027 ML/s. The indium
shutter was kept open for 2.8 ML of the InAs layer growth. Different-
sized and -shaped self-assembled QDs were formed on the surface
during the self-assembly process.

Microscopic Characterization of the QDs. The epitaxially
grown QDs are characterized by AFM and SEM techniques at the
DESY NanoLab, as shown in Figure S1b,c. A variation in sizes and
shapes is observed in self-assembled QDs. The larger-sized QDs are
slightly semiellipsoidal in shape, having major dimensions around
130—150 nm and minor dimensions of 100—110 nm at the base with
an eccentricity factor (¢) of 0.6 to 0.64. The eccentricity factor varies
with the height of the QDs. There are a few medium-sized QDs with
major dimensions of 75—80 nm and minor dimensions of 70—75 nm
with a lower eccentricity of 0.33—0.38. There are highly populated
smaller-sized QDs with an equal value of major and minor dimensions
of S0 nm with an eccentricity close to zero.

Characterization of Single QDs. Two larger QDs were selected
for our study. The AFM image of the studied QD1 in the article is
shown in Figure Sle. It confirms that the major and minor lengths are
151 and 107 nm, respectively. The height of the QD is found to be 20
nm. Different lateral dimensions of the QD are also measured at
various heights; for example, the QD has major (minor) lateral
dimensions of 83 &+ 2 nm (74 + 2 nm) and 48 + 2 nm (46 + 2 nm)
at heights of 8 and 16 nm, respectively, from the base. Figure S10a
shows the microscopy image of the second QD, QD2; the major and
minor base dimensions are observed as 144 and 100 nm, respectively,
with a height of ~20 nm.

X-ray Microscopy. The sample was mounted on a frame of a
SiNx membrane (Figure S3, SI), which could be fitted with the
standard sample holder in beamline P06 at PETRA-III, DESY. Before
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mounting, substrate crystallographic orientation was measured at
beamline P08, PETRA-III, DESY, using a six-cycle goniometer. By
observing the crystallographic orientation of (200), (220), (400), and
(440) Bragg peaks of the GaAs substrate, the sample was mounted on
the sample holder in such a way that the (400) planes remained
vertical and parallel to the X-ray beam during SXDM measurements at
the P06 beamline at PETRA-III, DESY. The alignment of the sample
was again confirmed by observing (400) and (600) Bragg peaks of the
substrate at the PO6 beamline (Figure S7, SI). The X-ray energy was
finely tuned at the indium Ka-absorption edge, 27940 eV, with the
help of a fluorescence detector and indium foil. During measurements,
energy was tuned to 28 150 eV to get indium Ka (24 210 eV), gallium
Ka (9250 eV), and arsenic Ka (10540 eV) fluorescence signals
simultaneously to the fluorescence maps of the sample. Alignments of
the QD, tracking of the precise sample movements, and stabilization
of the sample against any unwanted drift were managed using
feedback from a three-dimensional interferometric setup at the
sample-piezo-stage (see Figure S3, SI). A photograph of the
experimental setup is also shown in Figure S3.

The three markers and the preselected QDs are relocated by
utilizing a guiding marker-based correlative microscopy approach and
an in-line optical microscope at the X-ray beamline in a first, rough
alignment step. All the QDs were visible in indium Ko fluorescence
intensity mapping by performing mesh scans (Figure S8, SI). It also
indicates that any size and shape single QD can be chosen for
structural investigation without any markers. This makes the
measurement protocol easily implementable to find and investigate
any individual QD. The scanning was carried out over an area of 600
nm X 600 nm containing only one QD and its surrounding WL.

Composition Map. The integrated fluorescence intensity around
the Ka fluorescence signal of indium (23700—24500 eV) and gallium
(9000—9550 eV) has been captured by an energy-dispersive
fluorescence detector. The substrate and WL contributions come
into the fluorescence intensity when the X-ray hits a region without a
QD. On the other hand, the substrate, WL, and QD contribute to the
fluorescence intensity when the X-ray hits a region where a QD is
present. Therefore, the difference in the fluorescence intensities
between a position containing a QD and a position not containing a
QD can be approximated as the intensity contribution of the QD.
Details of the composition mapping procedure are discussed in
Section II: Interpretation of the captured data is in the SI.

Lattice Map. The lattice values of any particular Bragg intensity
are calculated using standard Bragg’s law from the reciprocal (H, K)
vectors, as shown in Figure 4b—d. An average lattice a¥y, within a
specific part of the single QD is achieved by taking the diffraction
intensity (I}},) weighted lattice aj} . Here, (i, j) represents the index in
the 2D mesh scan and (m, n) represents the pixel number of the area
detector. The Bragg intensities lying within the red enclosed area
(Figure 2a) were taken only during the average lattice calculation for
the QD. XRF calculates compositions within the single QD. The
XRF-determined composition-dependent lattice can be calculated by
ayre(x”) = 5.653 A + x7(6.058 — 5.653) A. The difference in values
between aygp(x) and axgp(x) gives the strain of the QD unit cell as
calculated previously in the article.
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