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ABSTRACT: We demonstrate the ability to fabricate vertically
stacked Si quantum dots (QDs) within SiGe nanowires with QD
diameters down to 2 nm. These QDs are formed during high-
temperature dry oxidation of Si/SiGe heterostructure pillars,
during which Ge diffuses along the pillars’ sidewalls and
encapsulates the Si layers. Continued oxidation results in QDs
with sizes dependent on oxidation time. The formation of a Ge-
rich shell that encapsulates the Si QDs is observed, a configuration
which is confirmed to be thermodynamically favorable with
molecular dynamics and density functional theory. The type-II
band alignment of the Si dot/SiGe pillar suggests that charge
trapping on the Si QDs is possible, and electron energy loss spectra
show that a conduction band offset of at least 200 meV is
maintained for even the smallest Si QDs. Our approach is compatible with current Si-based manufacturing processes, offering a new
avenue for realizing Si QD devices.
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The ability to fabricate quantum dots (QDs) in a
controllable manner compatible with current Si-based

manufacturing processes is highly desirable for a wide range of
applications including quantum computing,1−3 optoelec-
tronics,4−8 and microelectronics.9,10 One way to ensure such
compatibility is to implement QDs from the Si/SiGe materials
system through the fabrication of SiGe, Ge, and Si QDs. SiGe
QD formation has been accomplished on Si(100) surfaces
through a variety of patterning and deposition methods11−13 as
well as through the use of SiGe/Si heterostructures.13 Ge QDs
have also been realized through growth on Si(100)
surfaces,14−18 as well as through controlled oxidation of SiGe
nanostructures.8,19,20 In particular, vertically stacked Ge QDs
have been fabricated through SiGe pillar oxidation,21 with the
Ge QD position being controlled via Ge QDs “burrowing”
through SiO2 to reach SiN layers.22−24 Vertically stacked Si
QDs encapsulated in SiO2 have also been fabricated through
oxidation of corrugated Si nanopillars,25 resulting in stacked Si
QDs with visible to near-infrared photoluminescence. How-
ever, SiO2 is limited as an encapsulating material for some QD
microelectronics applications in part due to the insulating
nature of oxide.
Si QDs encapsulated in a SiGe host may be particularly

useful for applications reliant on charge trapping. Due to the
type-II band alignment between Si and compressively strained
SiGe, a Si QD encapsulated in SiGe can achieve quantum

confinement for one or more electrons,26,27 which is desirable
for single-electron transistors, single-photon generation/
detection, and qubit devices.6,27,28 Further, core−shell Si−Ge
nanostructures have been shown to offer enhanced perform-
ance for a variety of applications.29−31 We propose the
fabrication of core−shell Si−Ge QDs encapsulated in a SiGe
host nanowire as an intriguing route to tune QD properties in
the Si/SiGe materials system.
In this work, we demonstrate the formation of site-

controlled, stacked, strained single-crystal Si QDs encapsulated
in vertical SiGe nanowires by leveraging an enhanced Ge
diffusion process during thermal oxidation of Si/SiGe nano-
heterostructures.32,33 These Si QDs are tunable in size down to
2 nm, and the fabrication process is compatible with current
silicon wafer manufacturing techniques. We also observe a Ge
shell surrounding the Si QDs, which we suggest is a
thermodynamically favorable result using molecular dynamics
(MD) and density functional theory (DFT). In all QDs
examined, electron energy loss spectroscopy (EELS) analysis
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demonstrates a conduction band offset of at least 200 meV,
allowing for charge trapping on the QDs.

■ Si/SiGe NANOPILLAR FABRICATION
A Si/SiGe superlattice was grown on a 300 mm n-type Si(100)
wafer with alternating layers of 15 nm-thick Si and
pseudomorphic Si1−xGex layers (x = 0.3). Four layers each of
Si and SiGe were grown for a total Si/SiGe stack height of 120
nm. Vertical pillars were defined using e-beam lithography and
deep reactive ion etching (DRIE), resulting in 120 nm-tall
features with initial diameters ranging from 25 to 200 nm
(additional details in the Supporting Information). A conven-
tional tube furnace at 900 °C with flowing O2 was used to
oxidize each sample for a different amount of time to create a
time series. Additional deposited oxide protected the pillars
during focused ion beam cross-section preparation and allowed
for subsequent removal of all material surrounding the pillars
using a wet-chemical etch method developed for cross-
sectional transmission electron microscopy (TEM) of 3-D
nanostrucutres.34

■ Si QD FORMATION VIA HIGH-TEMPERATURE
OXIDATION

The evolution of 60 nm-diameter pillars during oxidation is
shown in cross-section using high-angle annular dark-field
(HAADF) scanning transmission electron microscopy
(STEM) images in Figure 1. After a 5 min oxidation (Figure

1B), a thin SiGe layer forms along the sidewalls of the pillar,
resulting in encapsulated Si discs. Increasing oxidation time
results in these discs becoming more spherical and decreasing
in diameter as shown in Figure 1C. Continued oxidation
further reduces the size of these Si dots while still retaining a
defined, extended defect-free Si dot interface as shown in
Figure 1D. Figure 1E shows STEM energy dispersive X-ray
spectroscopy (EDS) Si K mapping of the 20 min oxidized
pillar, highlighting the formation of three stacked, single-crystal
Si QDs encapsulated in the vertical SiGe nanowire. With this
result, we demonstrate the ability to tune the Si dot size
through oxidation time. With continued oxidation, we achieve
Si QD sizes down to approximately 2 nm in diameter. EELS Si
compositional mapping of a 2 nm-diameter Si QD is available
in the Supporting Information. We note that the initial
diameter of the pillar used for Figure 1B was approximately
20% larger than the other pillars in the series, so while the Ge
sidewall behavior is a good representation of the pillar
evolution, the absolute diameter of the 5 min oxidation
sample is not indicative of 60 nm-diameter pillar oxidation.
Also of note, the pillar in Figure 1C was slightly overetched
during the DRIE, leading to loss of the topmost Si layer.
The pillar sidewall shape evolves during oxidation, gradually

becoming concave as oxidation time continues and affecting
the Si QD dimensions. Previous work studying the oxidation of
Si nanopillars revealed slower oxidation rates at the top and
bottom of pillars due to curvature effects.35 A similar

Figure 1. HAADF STEM images of 60 nm-diameter SiGe (light gray)/Si (dark gray) pillars after oxidation under flowing O2 at 900 °C for (A) 0
min, (B) 5 min, (C) 10 min, and (D) 20 min, demonstrating encapsulated Si dots. The top, middle, and bottom Si dot widths in (D) are 5, 6, and
11 nm, respectively. (E) The Si EDS map corresponding to Figure 1D highlighting three stacked Si dots. (F) A higher magnification of the top Si
dot in Figure 1D with the Ge-rich shell surrounding the Si dot highlighted by black arrows. (G) The middle dot of the pillar in 1D with a
corresponding graphic shown in (H) demonstrates the 3-D layers present in the nanostructure. The oxide has been removed from the Si/SiGe
pillars before imaging for increased resolution.
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retardation of the oxidation rate at the top and bottom of the
Si/SiGe pillars is observed, leading to encapsulated Si dots that
evolve at different rates during oxidation. For example, the top
Si dot shown in Figure 1F is slightly larger than the middle dot
shown in Figure 1G, likely due to the higher oxidation rate at
the middle of the pillar when compared with the top or bottom
of the pillar. If necessary, it may be possible to mitigate this
effect through a multiple-step oxidation in the self-limiting
oxidation regime36,37 such as that done by Ye et al. to reduce
variations in Si nanopillar oxidation38 or by placing the Si
layers further from the substrate via a deeper RIE.
SiGe oxidation is known to occur in a similar fashion to Si

oxidation, with the new oxide layer forming at the oxide/SiGe
interface. Prior studies report a temperature regime from
∼800−1000 °C for SiGe oxidation that selectively oxidizes Si,
creating a Ge-rich pile-up layer in the SiGe at the SiGe/SiO2
interface.39−43 Continued oxidation results in further increase
of the Ge concentration in the SiGe. To investigate the
composition of our pillars, EDS and EELS analysis were used
to reveal Ge concentrations up to 80% in the SiGe after
oxidation (compared to the initial 30% Ge concentration). Our
nanostructures remain dislocation-free despite the lattice
mismatch between Si and Si0.2Ge0.8.

44 A possible explanation
is that some strain relaxation has occurred through elastic
deformation due to high free surface area of the nanowires,45

rather than plastic deformation as would be evidenced by
dislocations.

■ INVESTIGATION OF A Ge SHELL AROUND A Si QD
Interestingly, a bright halo suggesting higher Ge content
around the encapsulated Si QD is observed during longer
oxidation times as indicated by black arrows in Figure 1F and
the illustration in Figure 1H. Other sources besides composi-
tional differences can also cause intensity variation in STEM
imaging of crystalline materials, including strain fields and
sample thickness variations. While strain is known to affect the
contrast in ADF STEM, the intensity changes due to strain are
highly dependent on the detector angle.46 In HAADF STEM
images, the intensity changes due to strain are small and the
lattice bending due to strain causes decreased, not increased,

intensity due to dechanneling of the electron probe.47−49

Increased sample thickness for STEM images leads to an
increase in detected intensity,50−52 so to minimize thickness
variation while investigating the bright halo around the Si dot
we compare gray value intensities in the STEM images along
the vertical axis of the pillar.
Previous studies have met with success in investigating the

interface of core−shell QD structures through a combination
of simulation and HAADF STEM imaging.53 Therefore, to
assist in the investigation of the nanostructure composition,
HAADF STEM simulations were carried out using SICSTEM
software54 and compared to experimental HAADF STEM
images as shown in Figure 2 (additional details in the
Supporting Information). A bright, defined shell around the Si
dot is experimentally detectable (Figure 2A) through a gray
value line scan along the pillar axis as shown by the red dashed
line in Figure 2C. The line scan through the simulated STEM
image from a model with a Ge shell (Figure 2B) is shown by
the blue line in Figure 2C, and the results from a model
without a Ge shell are shown by the green line. As both models
include strain, a good agreement between the experimental and
Ge-shell simulation data suggests that a Ge-rich shell, and not
strain, is the cause of the change in intensity for the
experimental STEM image.
Similar Ge behavior was also observed by Di et al. while

oxidizing a SiGe-on-insulator (SGOI) material system, where
Ge pile-up was seen at the oxidizing interface as well as at the
SiGe/buried-oxide (BOX) interface for long oxidation times.55

Di et al. speculated that the second pile-up region at the SiGe/
BOX interface was due to a combination of the Ge rejection at
the oxidizing surface and the slow rate of Ge diffusion into the
BOX. The analogous SiGe/BOX interface for our Si/SiGe
pillars is the SiGe/Si dot interface, where Ge piles up for long
oxidation times in part due to the slow rate of diffusion of Ge
into Si.
We also carried out MD and DFT calculations to investigate

the favorability of Ge shell formation around an encapsulated
Si dot (see Supporting Information for details). From MD
calculations, we retrieve an overall energy difference of 10
meV/atom between the Ge shell and no Ge shell structure,

Figure 2. HAADF STEM images of the bottom half of a Si dot, Ge shell, and SiGe pillar after a 35 min oxidation at 900 °C with (A) the
experimental image and (B) the simulated image. (C) Graph of the gray values of the STEM images along the lines drawn in parts (A) and (B) of
the experimental (top red line) and the simulated (middle blue line) results, with zero distance corresponding to the top of the STEM image. The
simulated STEM image without a Ge shell (bottom green line) is also graphed, and the image is available in the SI. The data sets have been offset
for clarity, and dashed lines indicate the boundaries of the Si, Ge, and SiGe regions in the models used for the simulated STEM images.
Experimental data matches well with a model that includes a Ge shell around the Si dot.
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favoring the formation of a Ge shell. However, this result
should be treated with caution as the energy difference is
below the size of typical systematic errors in MD simulations.
Further, the interatomic potentials in our MD calculations do
not explicitly treat the electronic structure of the chemical
bonds comprising the interface. Therefore, we use DFT to
make an energetic comparison based on a fully quantum
mechanical approach to the electronic structure.
Applying DFT to slices of the atomic configurations realized

in the MD simulation, we predict an energy difference of 64
meV/atom, again in favor of the Ge shell case. We calculate the
entropic contribution to the free energy at room temperature
to be approximately 12 meV/atom in favor of mixing within
the Ge shell region, leading to a total free energy difference of
approximately 50 meV/atom in favor of Ge shell formation.
While this energy difference is still within the methodological
uncertainty of DFT, multiple chemical tools parametrized at
both a classical and quantum mechanical level indicate that Ge
shell formation is, in fact, a thermodynamically favored
outcome for these Si QDs.

■ STRAIN AND ELECTRONIC STRUCTURE OF Si QDS
The strain present in the Si dot and surrounding material will
affect the band structure and band alignment present in these
nanostructures, which will in turn affect the utility of these
QDs for many device applications. Conventional experimental
methods to determine strain from atomic resolution STEM
images using geometric phase analysis are frustrated by the
embedded nature of the Si QD. To address this, strain values
were extracted from the MD calculations, as shown in Figure 3.
Stress on the silicon is hydrostatic and tensile while stress on
the Ge shell is nonuniform and compressive. Figure 3A shows
the inverse relationship between strain of the Si QDs and QD
diameter. Error bars account for variations in strain across the
Si QDs. Computational stress maps, as seen in Figure 3B,C,
reveal that the vast majority of stress on the system is placed
on the Si dot and surrounding Ge shell with stress in the
surrounding SiGe rapidly approaching zero. The stress map of
a 10 nm-diameter Si dot is available in the Supporting
Information. As the ratio of the Si dot to SiGe pillar diameter
becomes larger, the Si lattice parameters appear to dominate,
leading to roughly zero lattice strain in the Si for the 16 and 23
nm-diameter Si dots.
The electronic structure of our strained Si QDs differs

significantly from bulk Si due to the presence of both strain
and quantum confinement. To investigate this, monochro-
mated EELS inside a 60 kV STEM was used to measure high-
resolution Si L2,3 edges for the embedded Si QDs. The near-
edge fine structure in these spectra, shown in Figure 4, is a
direct measure of the unoccupied conduction band (CB)
density of states.56 Figure 4A shows the spin-3/2 component
of the L2,3 spectra, after background removal, of the portion of
the Si/SiGe nanostructure with only SiGe as well as the
portion of the Si/SiGe nanostructure with the embedded Si
dot/Ge shell (Supporting Information). Figure 4B is the L3
spectra of just the Si dots, a result of subtracting the SiGe
pillar/Ge shell contribution from the Si dot/Ge shell/SiGe
pillar spectra. The inflection points, indicated by red markers,
give the energy of the conduction band minima (CBM).57 We
see a large difference of approximately 350 meV in onset
energy between the Si0.2Ge0.8 pillar and Si substrate spectra,
suggesting a type-II band alignment that would allow charge
trapping on the Si QDs. We see that the near-edge structures

of the Si QDs resemble that of bulk unstrained Si, suggesting
that our QDs are under hydrostatic strain and no splitting of
CB valleys has occurred.57

The Si QD energy shift consists of three contributions as
illustrated in Figure 5: a strain-dependent shift in the 2p core
levels, a strain-dependent shift in the Si Δ valleys, and a shift
due to quantum confinement for electrons occupying the Si
QDs under a type-II band alignment. The two strain-
dependent shifts push the respective energy levels in opposite
directions, increasing the relevant transition energy under
hydrostatic tensile strain. The effect of confinement also tends
to increase the relevant transition energy and only implicitly
depends on strain in that the relevant band offsets depend on
strain.
To compare with the MD calculations, we estimate the

magnitude of the strain in our Si QDs using EELS data. By
employing the equation shown in Figure 5, with an estimated
2p core level shift of 6 eV58 and the aggregate shift in the Si
ΔCBM due to the dilatation and uniaxial deformation
potentials inferred as 4.6 eV,59 we expect that a 1% hydrostatic
tensile strain will result in a 106 meV shift in the transition

Figure 3. Strain calculations for a range of Si dot sizes using molecular
dynamics (MD) and electron energy loss spectroscopy (EELS). (A)
MD simulations (blue dashed line) and strain calculated from EELS
(orange line) show a trend for higher strain as the dot diameter
decreases. Computational stress maps for (B) a 3 nm wide Si dot and
(C) a 23 nm wide Si dot reveal higher levels of stress in the smaller Si
dot and a fairly even distribution of stress within each QD.
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energy probed by EELS relative to bulk Si. If we neglect the
effect of quantum confinement, the strain in our Si QDs
calculated using EELS data is shown in Figure 3A. While this
estimate of the strain is fairly consistent with the MD
calculations for the smaller dots, the strain in the larger dots
significantly deviates from the MD calculations. While
quantum confinement may play a role in shifting the Si QD
L2,3 spectra, a lack of direct constraints on the electronic
structure of the Ge-rich shell around the Si QDs makes
calculating this effect difficult.

To understand the band alignments of the Si QD, Ge shell,
and SiGe pillar, we first turn to our EELS measurements, which
indicate that the conduction band offset (CBO) between the Si
QD and the surrounding SiGe is at least 200 meV. However,
we do not know what the relevant offset is between the Si dot
and the Ge shell. Further, the inhomogeneous nature of the
strain in the Ge shell predicted by our classical MD
calculations suggests that the band offset and the valley
structure of the relevant conduction band minima in the Ge
shell might be highly nonuniform. To estimate how large the Si
dot/Ge shell band offset might be, we employ a simple
effective mass model in which each region is characterized by a
constant potential and the effective mass of a single bulk-like
valley (Δ in the Si QD, L in the Ge shell). We fix the CBO
between Si and SiGe to 200 meV and allow the offset between
Si and Ge to vary to rationalize the observed EELS shift and
the strains predicted by classical MD. For the 2 and 5 nm Si
QDs, we predict the Ge shell would need to be offset 150 meV
below and 5 meV below the Si QD, respectively, in order to
bind an electron to the QD. Details are given in Supporting
Information.
Using this model, we are able to tentatively estimate the

strain at approximately 1% for all of our QDs, but further
analysis is needed to sharpen our understanding of this system.
The strain-dependent 2p core level shift, the CBO between the
Si core and Ge shell, and the inhomogeneous nature of the
strain in the shell all need to be more precisely constrained.
Atomistic tight-binding calculations may be a promising
modeling tool to resolve ambiguities in our analysis and to
help better understand both the EELS and the opportunities
for optoelectronic applications in this novel system.

■ CONCLUSIONS
We demonstrate for the first time that enhanced lateral
diffusion of Ge along all sides of Si/SiGe superlattice
nanopillars occurs during oxidation, enabling the formation
of Si QDs embedded in extended defect-free SiGe nanowires
with QD diameters down to 2 nm. In addition, a Ge-rich shell
is observed to form around the QD. EELS analysis confirms a

Figure 4. EELS data for a range of Si QD diameters encapsulated in SiGe pillars. (A) L3 spectra for the SiGe pillar and for the Si QD/Ge shell/
SiGe pillar nanostructure for varying sizes of Si QD diameters. (B) L3 spectra for Si QDs with varying sizes are shown, with bulk unstrained Si (Si
ref.) and Si0.2Ge0.8 (SiGe) as labeled. The red markers highlight the inflection point of each edge onset. (C) The change in energy of the Si L3 edge
onset is shown as a function of Si QD diameter (D).

Figure 5. Conduction band minimum (CBM) offsets for the Si dot,
Ge shell, and SiGe pillar. The shift in the Δ valleys of the Si dot due to
hydrostatic strain is given by the product of the strain and a particular
combination of the dilatation (Ξd

(Δ)) and uniaxial (Ξu
(Δ))

deformation potentials. The total shift in the energies of bound
states in the Si dot is then given by the sum of this strain-dependent
shift in the Δ valleys, the shift in core-level energies due to strain (χε),
and the shift due to quantum confinement (EC(D)). Relative offsets
from bulk Si for the Ge shell (unknown) and the Si0.2Ge0.8 pillar
(≈350 meV) are illustrated.
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type-II band alignment between the Si QD and the
surrounding SiGe pillar, as well as a shift in the Si L2,3 edge
that is dependent on the QD size. This L edge shift suggests
that the combined effects of strain and quantum confinement
cause a reduction in the potential well present in the Si QD.
However, the estimated 200 meV potential well is still deep
enough to allow trapping of an electron on the Si QD, a key
property for memory or logic applications. While the predicted
∼1% strain in our QDs may not be sufficient to shift the Γ and
Δ valley bands enough to achieve direct bandgap behavior, the
quantized states in the Si QDs may suppress phonon
recombination and allow the direct gap behavior to
dominate,60,61 but further investigation is needed. The ability
to stack a desired number of Si QDs in a SiGe pillar, as well as
tune the distance between these dots by changing the initial
thickness of the SiGe layers, may allow these Si QDs to interact
with one another, which may be useful for quantum computing
applications. These techniques could potentially be extended
to create novel shapes such as rings, ovals, and crossed wires.
Existing processes for device fabrication, such as techniques for
establishing contacts to vertical nanostructures,62−64 are
compatible with our oxidized Si/SiGe nanostructures. In
sum, our demonstrated ability to fabricate site-specific,
extended defect-free Si QDs of controllable size could enable
a broad array of applications in the field of optoelectronics, QD
memory and logic devices, and quantum computing.
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P.; Rosenauer, A.; Sales, D. L.; Molina, S. I. Simulation of High Angle
Annular Dark Field Scanning Transmission Electron Microscopy
Images of Large Nanostructures. Appl. Phys. Lett. 2008, 93 (15),
153107.
(55) Di, Z.; Chu, P. K.; Zhang, M.; Liu, W.; Song, Z.; Lin, C.
Germanium Movement Mechanism in SiGe-on-Insulator Fabricated
by Modified Ge Condensation. J. Appl. Phys. 2005, 97 (6), 064504.
(56) Batson, P. E. Silicon L2, 3 near-Edge Fine Structure in Confined
Volumes. Ultramicroscopy 1993, 50, 1−12.

(57) Euaruksakul, C.; Li, Z. W.; Zheng, F.; Himpsel, F. J.; Ritz, C. S.;
Tanto, B.; Savage, D. E.; Liu, X. S.; Lagally, M. G. Influence of Strain
on the Conduction Band Structure of Strained Silicon Nano-
membranes. Phys. Rev. Lett. 2008, 101 (14), 147403.
(58) Morar, J. F.; Batson, P. E.; Tersoff, J. Heterojunction Band
Lineups in Si-Ge Alloys Using Spatially Resolved Electron-Energy-
Loss-Spectroscopy. Phys. Rev. B: Condens. Matter Mater. Phys. 1993,
47 (7), 4107−4110.
(59) Fischetti, M. V.; Laux, S. E. Band Structure, Deformation
Potentials, and Carrier Mobility in Strained Si, Ge, and SiGe Alloys. J.
Appl. Phys. 1996, 80 (4), 2234−2252.
(60) Hybertsen, M. S. Absorption and Emission of Light in
Nanoscale Silicon Structures. Phys. Rev. Lett. 1994, 72 (10), 1514−
1517.
(61) Kovalev, D.; Heckler, H.; Ben-Chorin, M.; Polisski, G.;
Schwartzkopff, M.; Koch, F. Breakdown of the K-Conservation Rule
in Si Nanocrystals. Phys. Rev. Lett. 1998, 81 (13), 2803−2806.
(62) Austing, D. G.; Honda, T.; Tarucha, S. A New Design for
Submicron Double-Barrier Resonant Tunnelling Transistors. Semi-
cond. Sci. Technol. 1996, 11, 388−391.
(63) Goldberger, J.; Hochbaum, A. I.; Fan, R.; Yang, P. Silicon
Vertically Integrated Nanowire Field Effect Transistors. Nano Lett.
2006, 6 (5), 973−977.
(64) Chen, L.; Cai, F.; Otuonye, U.; Lu, W. D. Vertical Ge/Si Core/
Shell Nanowire Junctionless Transistor. Nano Lett. 2016, 16, 420−
426.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c01670
Nano Lett. 2021, 21, 7905−7912

7912

https://doi.org/10.1021/nl8011853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl8011853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matlet.2019.126780
https://doi.org/10.1016/j.matlet.2019.126780
https://doi.org/10.1021/acsomega.9b02520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b02520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b02520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b02520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-0248(72)90259-X
https://doi.org/10.1063/1.342945
https://doi.org/10.4028/www.scientific.net/DDF.363.210
https://doi.org/10.4028/www.scientific.net/DDF.363.210
https://doi.org/10.1116/1.4736982
https://doi.org/10.1116/1.4736982
https://doi.org/10.1116/1.4736982
https://doi.org/10.1063/1.349015
https://doi.org/10.1063/1.349015
https://doi.org/10.1063/1.96206
https://doi.org/10.1063/1.96206
https://doi.org/10.1063/1.96206
https://doi.org/10.1016/j.mssp.2016.08.019
https://doi.org/10.1016/j.mssp.2016.08.019
https://doi.org/10.1016/0304-3991(94)00173-K
https://doi.org/10.1016/0304-3991(94)00173-K
https://doi.org/10.1063/1.1649463
https://doi.org/10.1063/1.1649463
https://doi.org/10.1016/j.ultramic.2011.04.009
https://doi.org/10.1016/j.ultramic.2011.04.009
https://doi.org/10.1016/j.ultramic.2017.04.019
https://doi.org/10.1016/j.ultramic.2017.04.019
https://doi.org/10.1016/0304-3991(93)90209-G
https://doi.org/10.1016/0304-3991(93)90209-G
https://doi.org/10.1016/j.ultramic.2009.12.008
https://doi.org/10.1016/j.ultramic.2009.12.008
https://doi.org/10.1016/j.ultramic.2009.12.008
https://doi.org/10.1016/j.ultramic.2012.03.005
https://doi.org/10.1016/j.ultramic.2012.03.005
https://doi.org/10.1007/s10853-018-2694-5
https://doi.org/10.1007/s10853-018-2694-5
https://doi.org/10.1063/1.2998656
https://doi.org/10.1063/1.2998656
https://doi.org/10.1063/1.2998656
https://doi.org/10.1063/1.1857060
https://doi.org/10.1063/1.1857060
https://doi.org/10.1016/0304-3991(93)90086-D
https://doi.org/10.1016/0304-3991(93)90086-D
https://doi.org/10.1103/PhysRevLett.101.147403
https://doi.org/10.1103/PhysRevLett.101.147403
https://doi.org/10.1103/PhysRevLett.101.147403
https://doi.org/10.1103/PhysRevB.47.4107
https://doi.org/10.1103/PhysRevB.47.4107
https://doi.org/10.1103/PhysRevB.47.4107
https://doi.org/10.1063/1.363052
https://doi.org/10.1063/1.363052
https://doi.org/10.1103/PhysRevLett.72.1514
https://doi.org/10.1103/PhysRevLett.72.1514
https://doi.org/10.1103/PhysRevLett.81.2803
https://doi.org/10.1103/PhysRevLett.81.2803
https://doi.org/10.1088/0268-1242/11/3/018
https://doi.org/10.1088/0268-1242/11/3/018
https://doi.org/10.1021/nl060166j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl060166j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

