Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsﬂw

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 7

Nanoscale

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Nanoscale

)F CHEMISTRY

Detection of quantum well induced single degenerate-transition-
dipoles in ZnO nanorods

b,c,d,t

Siddharth Ghosh® ", Moumita Ghosh , Michael Seibt®, G Mohan Rao®

Quantifying and characterising atomic defects in nanocrystal is difficult and low-throughput using the existing methot -
such as high resolution transmission electron microscopy (HRTEM). In this article, using defocused wide-field op*'~~'
imaging technique, we demonstrate that single ultrahigh-piezoelectric ZnO nanorod contains a single defect site. We
model the observed dipole-emission patterns from optical imaging with a multi-dimensional dipole and find that
experimentally observed dipole pattern and model-calculated patterns are in excellent agreement. This agreement
suggests presence of vertically oriented degenerate-transition-dipoles in vertically aligned ZnO nanorods. HRTEM of ™' *
ZnO nanorod shows presence of a stacking fault, which generates a localised quantum well induced degenerate transitic »
dipole. Finally, we elucidate that defocused wide-field imaging can be widely used to characterise defects in nanomaterials
to answer many difficult questions towards the performance of low-dimensional devices such as energy harvestin,

advanced metal-oxide-semiconductor storage, nanoelectromechanical and nanophotonic devices.

1 Introduction

Localising and studying physical properties of single defect
sites in high-aspect-ratio nanostructures such as nanorods or
nanowires at atomic resolutions are cumbersome tasks using
available technologies. We confront the same problem while
studying defect induced enhanced-piezoelectricity of ZnO
nanorods. To overcome this problem, we used a simple
however an efficient approach of optical microscopy. The
fundamental motivation of this work was to understand the
structural and electronic properties of crystal defect in ZnO
nanorods while recognising the reason behind its ultra-high
piezoelectricity. From the material science perspective, zinc
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oxide is one of the extensively researched lead fre-
piezoelectric materials. At nanoscale dimension, it has lov

piezoelectric response than compare to the other piezoelectri

nanomaterials.2 Recently, that was overcome and the highes
reported ds3 value for undoped ZnO nanorod was found to b

4433 pm/V.2 It was also found that these wurtzite ZnC
nanorods are ferroelectric in undoped condition whereas, it is
well known that wurtzite ZnO is intrinsically n ~-
ferroelectric.*® Here, the reason behind the ferroelectricity was
due to a stacking fault induced electronic charge imbalance in
the c-plane. This stacking fault was studied with high resolutic 1
transmission electron microscopy (HRTEM). The HRTEM has
atomic resolution however, the problem lies while searching
and quantifying defects in long nanostructures. It is rather low -
throughput and area of field of view dependent (at certain
magnification). In addition, distinguishing structural defe((
under HRTEM is dependent on the angle of electron beam
interaction. To circumvent these typical problems, w:
demonstrate a powerful approach of quantifying stacking faults
with electronic property information using defocused optici
imaging for ZnO nanorods. The study reveals that stacking faulu
generated quantum well (QW) exhibits single transition dipo’.
in these single ZnO nanorods with degenerate energy level.

The defect generated electron-hole pair that oscillates 7.
THz frequencies and emits a distinct wavelength of photon 1.
widely known as transition emission dipole. Due to the intrir "
relation between defect and transition dipole, one can study t+.
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number of transition dipoles®’ to determine the concentration of
defects per nanostructure. Here, such photoluminescence (PL)
is observed in the green wavelength besides ZnO’s identifying
characteristic near-band-emission (NBE) peak in the UV range.
The green emission or the deep-level-emission (DLE) in ZnO
generally corresponds to excitons generated from oxygen
vacancy or zinc vacancy or zinc interstitial defects.®%
However, PL spectrum cannot quantify the concentration of
defect centres. Typically, one way of determining number of
single emitters is photon antibunching.'*2 However, in
antibunching technique photon counts per time should be very
high and if there is agglomeration of more than one single
emitter, which is unlikely to avoid, then it gives rise to
unreliable results. In the end, many trials are needed to get the
best antibunching dip at zero delay time. Antibunching of I1-VI
semiconductor nanostructure (specifically ZnO nanorods) was
demonstrated earlier proving the presence of single photon
source®® from single defect.'*'® To evade the aforementioned
problems and quantify the number of dipole-emitters in a
simple but in an exemplarily high-throughput way, we have
carried out defocused imaging of ZnO nanorod using a wide-
field optical microscope to obtain the defocused pattern of
emitting dipole. The distinct and unique defocused patterns of
dipole emitters not only determine the number of dipoles but
also resolve the angular orientation of them. Defocused
imaging of single non-degenerate-transition-dipole and
degenerate-transition-dipole emitters were earlier reported
using position dependent energy flux method with
multidimensional dipole modelling for single molecules and
other nanomaterials.’*? It is an efficient method to determine
the quantity and orientation of dipole emitters. However, it has
never been applied as an essential tool to characterise defects in
material science and to extract significant potential answers for
physical questions, such as in our case — why this particular
ZnO is ultra-high-piezoelectric?

Here, using defocused optical imaging we demonstrate the
presence of quantum well induced degenerate-transition-dipole
in these ZnO nanorods. By defocusing the optics, we captured
the defocused dipole patterns, which are the space distribution
of emission field of dipoles on the detection plane of electron
multiplying charged coupled device (EMCCD). The defocused
patterns are compared with multi-dimensional dipole modelling
simulation. This comparison determines the number of single
transition dipoles and their orientations. Here, the ZnO
nanorods have c-axis directed vertical growth on substrate.®
During the defocused imaging c-axes of the nanorods were
parallel to the optical axis. Therefore, the defocused pattern
found on the EMCCD plane should be the angular distribution
relative to the vertical orientation of the nanorods. From the
quantification and orientation of dipoles, we infer that single
defect site with vertically oriented degenerate-transition-dipole
is present in every single ZnO nanorod.

2 Methods
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Figure 1. Defocused optical wide-field imaging of ZnO nanorod. a. Tt 2

Defocused fluorescent pattern on CCD

ZnO nanorods were grown on a seed layer thin-film of ZnO, platinum
and titanium coated on (100) silicon wafer. The ZnO nanorods in = ~
aforementioned configuration were vacuum bonded with clean g'-
coverslip. So, the nanorods were vertically oriented with the glass
coverslip. Here, the excitation wavelength was 488 nm. An oil
immersion high numerical aperture (1.49) was used to collect th:
complete piezo-stage manipulated defocused pattern onto 1024x102«
EMCCD chip. b. Euler angle distributions of nanorod. In the spheric .
coordinate systems, z is considered as optical axis. Any angula:
deviation of c-axis of the nanorod from optical axis is denoted as
When, @ is zero, all the points on the c-axis will converge to the optic-
axis and finally, ¢ is the azimuthal angle from y-axis.

2.1 Defocused optical wide-field imaging — Experiment.'
modelling

The ZnO nanorods were grown on a stack of thin-filr
nanomaterials according to the earlier reported hydrotherme’
growth by Ghosh et al.® The schematics shown in Fig. 1a and
1b demonstrate the configuration of such nanorods within' e
spherical coordinates. These nanorods are vertically aligned
with respect to the optical axis. So, for perfectly vertical
nanorods, the c-axis of the nanorod should have angul:

deviation of & = 0° with respect to the optical axis (z). To
obtain the defocus pattern of emission dipole at roum
temperature (23 °C) and atmospheric pressure, an Olympt »
100x objective lens with high numerical aperture (NA) of 1.4y
was used. In order to defocus the emitter from the focal planc,
the objective lens was displaced with a piezo-stage-manipulator
(PIFOC, Physik Instrumente, Germany) along the z ax'»
towards the detector plane (see supporting information — Fig.
S1). We calculate the position dependent energy flux densit

through the EMCCD plane. At this plane, the flux is
proportional to the perpendicular component of the Poyntin,
vector'®. Here, the dipole does not have typical electrodynami

interaction with the glass-air interface. It is inside the 550 nr
long ZnO nanorot
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Figure 2. Vertically aligned ZnO nanorod with stacking defect. a. Tilted scanning electron microscopic image of vertical aligned ZnO nanoroc’,

5.5

2.0

with 200 nm scale bar. b. Focused wide-field photoluminescence intensity image. c. High Resolution Transmission Microscopic (HRTEM) image o,
nanorod shows high crystallinity and growth direction along c-axis. The stacking fault region is highlighted with green rectangle. This region .
maghnified in d (along with defect free region) and f for defect analysis. The scale bar represents 5 nm. d. The electron intensity plot comparing
wurtzite region and stacking fault initiating region. The magnified HRTEM is angle-corrected ( ¢) for +1.4° . The black line profiles ababa = -
stacking of ZnO. The intensity peaks of atomic positions of ababa ‘- - stacking corresponds to the simulated atomic arrangements. The light-yellow
red bordered line profiles the initiation of stacking fault. The plot shows distinct disordered periodicity from 1.86 to 2.65 nm ( 6 = 0.79 nm). Th~
grey arrow indicates this region in the intensity plot. At this region, perfect overlapping of two plots is missing. The black plot maintains .

periodicity of ababa... crystallinity. e. Presence of the stacking fault has created a localised quantum well at wurtzite/zinc-blend/wurtzite
interface with an energy difference of AE from energy of wurtzite (E,;) to energy of zinc blend (E,) and resulted in excitation energy of E., **.
Transition energy of this kind of QW is dependent on the thickness of the stacking fault region, explained using d; as the effective electron -
thickness or the thickness of the BSF. Here d, > d;, which shifts transition energy from NBE to DLE . f. Line profile of the BSF region with
corresponding HRTEM in background. Here, the stacking fault continued for 5.5 nm (with more than 5.22 A lattice parameter as shown with

white arrows), which is considered as effective electronic thickness d,.

Table 1. Parameters for multi-dimensional dipole model (supporting On top of the nanorod there is a stack of thin-films ¢
information). Figure 4d and 4e are calculated based on the polar illustrated in Fig. 1a. The particulars of the thicknesses and
angular deviation of @ from the optical axis, azimuthal angle ¢, the considered refractive indices used in further calculations ai 2
ratio of bright plane dipoles’ intensity /I, = I, the ratio of bright mentioned in the supporting information. Later, we show thaf
plane dipole intensity to intensity of vertical dipole Iy:/, and the the observed dipole pattern refers to certain degeneracy in tf :
defocusing height from the focal plane &z. energy levels. To calculate the degenerate-transition-dipole,
Calculated () o()  ILly= Lyl oz (nm) we considered three perpendicular linear emission dipoles (d. ,
Figure Ly dy, dz) in three spatial directions at a single point; in short, it >
their superposition (see supporting information — Fig. S1). TF :

4d 0 0 1 08 839 variable intensities of three dipoles dx, dy and dz are assumeu

to be I, I, and I, respectively. All the experimeiia

4e 11 126 1 0.8 845 . i .
parameters as mentioned in table 1 were known, except ** -
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intensity ratios of the three considered dipoles. The ratios of
the intensities were determined from the calculation by
maintaining the other experimental parameters constant. To
calculate the image on the detector plane, the intensity ratio of
dx and dy dipoles (lI,:1, = I,), intensity ratio of I, to d, dipole
(Iy:1,), defocusing height (oz), angle of deviation from the
optical axis (0) and azimuthal angle (¢) are considered
according to the measurement conditions and are mentioned in
table 1.

3 Results and discussion

3.1 SEM and PL imaging of vertically aligned ZnO nanorods

The morphology of vertically aligned ultra-high-piezoelectric
ZnO nanorods is showed in Fig. 2a. These nanorods were
optically excited with 488 nm wavelength and their emission
wavelength was 525 nm (supporting information - Fig. S2).
This green emission is due to the trapped excitons in the
stacking fault of ZnO nanorods.?** We observe in-plane
spatial density of these emitters in the photoluminescent wide-
field image as shown in Fig. 2b. Blinking behaviour of the
nanorod enables capturing sparse single transition dipole at
fast exposure duration. The slow imaging or long exposure
images agree well with the SEM like density of ZnO nanorods
as shown in supporting information (Fig. S3) where discrete
and individual single-emitters can hardly be observed.

3.2 Effect of basal stacking fault on band-gap

We observe crystalline atomic arrangements of ZnO from the
HRTEM. The ababa... stacking of zinc and oxygen are
observed in Fig. 2c. The HRTEM analysis in Fig. 2d shows a
basal plane stacking fault where, a stack of atoms is distinctly
missing or shifted, which leads to an atomic lattice
misalignment. This defect discontinues the ababa... stacking
symmetry of ZnO. The typical lattice constant of ZnO
observed from the HRTEM along the c-axis is 5.22 A.
However, the distance between two consecutive atomic
intensity peaks is separated by 7.94 A (Fig. 2d) at the missing
atomic layer site, where zinc blend crystallinity is initiated. In
Fig. 2e, we show the band-gap energy difference AE is due to
the two interfacial crystalline structures — wurtzite (E,,,) and
zinc-blend (E,,) (supporting information — Fig. S4); and the
stacking fault considered here is 11 type for 11-VI wurtzite
semiconductor.?* This 11 type basal stacking fault (BSF)
continued for 5.5 nm with lattice parameter more than 5.22 A
as shown in Fig. 2c and 2f. In Fig. 2c the total BSF region is
highlighted with green and in Fig. 2f a line profile of this
region is plotted to quantitatively analyse the continued lattice
mismatch resulting to a localised hetero-structure. The
effective electronic thickness (d; — Fig. 2e) of the total BSF
distance (5.5 nm) influences the band alignment as shown in
Fig. 2e. It is inevitable when d; increases (d,>d,) a red shift of
transition energy from NBE to DLE should be observed.?*
Due to such localised lattice mismatch, a quantum

4 | Nanoscale, 2015, 00, 1-7

confinement of exciton is observed with a band alignment of
2.36 eV when the distance of the quantum well is 5.5 nm. The
localised quantum well generates a vertical degener
transition dipole at the stacking fault, which is situated in th~
c-plane (Fig. 3).

A iy

[001] [001]

T—»[Lm] T—»mm Vv

defocus:

Circular degenerate dipole Superposition of three vertical dipoles

ole pattern

Figure 3. a. Single degenerate transition dipole inside the basal stac -~
fault region where zinc blend crystallinity is observed. The stacking fault ic
situated in the c-plane, which provides the distinct vertical orientatio

the circular degenerate dipole. b. The circular degenerate dipole can be
considered as superposition of three vertical dipoles to calculate the dinnle
pattern.

Figure 4. Defocused emission pattern of ZnO nanorods. a. Collectiv~
defocused patterns of ZnO nanorods at total 160% magnification, 512x._ "
cropped region from the EMCCD. A less dense region was found to capture
quality defocused imaging. The white marked patterned are digitallv
zoomed in b, c. and compared with the calculated defocused image in d,

b and d are in good agreement. The calculation has considered the
measurement conditions. d. uses intensity ratio of x and y dipole (/\:, = I,.)
as 1, intensity ratio of I, to z dipole (/y:/;) = 0.8, defocusing height (6z) f
839 nm, 6=0° and ¢ =0°. e. uses Iy, as 1, I,,:[; = 0.8, 6z of 839 nm, 6=11° anr
@ =126°.

3.3 Orientation and number of dipoles

The wide-field defocused pattern of emission dipoles shown in
Fig. 4a was recorded using 30 s exposure time of an EMCC!
camera (see supporting information), which was synchroniseu
with a pulsed laser excitation . The measured defocuse .
images correspond to multiple degenerate energy levels c.
perfect degenerate-transition-dipole. Here, the ratio of I,, to 7,
is found to be 0.8 — 0.85. The calculated images show.
excellent agreement with the measured defocused images. . ...
two specific defocused patterns in Fig. 4b and Fig. 4c = .

This journal is © The Royal Society of Chemistry 2015
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compared with the calculated defocused images in Fig. 4d and
Fig. 4e, respectively for the particular given measurement
conditions. The modelled dipole pattern of Fig. 4b i.e. Fig. 4d
shows that the @ and ¢ both were at 0° for the dipole. So, the
degenerate dipole was vertical — facing the optical axis and
situated in the c-plane basal stacking fault. In Fig. 3a, we
schematically explain the behaviour of the vertical degenerate
dipole that is situated inside the basal stacking fault. The
degeneracy generated plane-emission of the dipole, which is
widely considered as a circular dipole can be approximated as
with planar dipoles as shown in Fig. 3b. The vertically
oriented degenerate dipole (Fig. 3a) is equivalent to
superposition of three dipoles, which are perpendicular to each
other as shown in Fig. 3b (more details in supporting
information). The schematic in Fig. 3 explains the reason
behind the dipole’s vertical orientation, which is observed in
all defocused pattern. Furthermore, in isolated nanorods we do
not observe any overlapped pattern of other dipoles. This
confirms presence of single degenerate dipole emitter in each
single nanorod. It is observed in the SEM and wide-field
focused images (Fig. 2a and 2b) that growth of the nanorods is
very dense. Therefore, to avoid overlapping of defocused
patterns (see supporting information) of different nanorods,
we selected a least densely populated area of nanorods. Also
in Fig. 4c and Fig. 4e, we do not observe presence of multiple
emitters. Here, € and ¢ were at 11° and 126°, respectively.
From the SEM (Fig. 2a), we notice that some nanorods have
slight polar-angular deviation. The small deviation of 6 from
the optical axis of the dipole is because of the angular
orientation of the nanorods that is purely structural. In total, 37
defocused images were analysed to determine the distributions
of polar and azimuthal angles. At 9 = 0, the c-axis of the
nanorods are perpendicular to the coverslip — vertically
oriented nanorods.

Number per angle

20r ~

________ - Optical axis

Gaussian fit

15 :— c-axis

10

Counts

Orientation (°)

Figure 5. Angular distribution of nanorods. Here, y-axis denotes number of
nanorods in terms of counts and x-axis for the angular orientation of the
dipole (6). 21 vertical defocused patterns were found in 50x50 pm? area.
The maximum angular deviation was found to be +10°.

We observe polar-angle (6) variation of the nanorods for a
50x50 pm? area in Fig. 5. On average, 21 (+2.1) nanorods had
perfect single vertically oriented degenerate-transition-dipole
and maximum angular deviation of +£10° was observed for the

This journal is © The Royal Society of Chemistry 2015
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remaining 16 patterns. Such angular distributions of the
dipoles are due to structural geometry of the nanorods. This
infers that the dipole is situated in the stacking fault that
perpendicular to the c-axis as well as to the optical axis.

The degeneracy found in the patterns is because of th:
intrinsically degenerate and anisotropic valence band cf
Zn0.% Therefore, the degeneracy is also observed in t
excited state of the trapped exciton in basal stacking fault o
ZnO nanorods, which is similar to CdSe.?®® These confine i
excitons in the stacking fault of 11-VI wurtzite semiconductor
nanostucture result into a localised quantum well. 24272829 |¢
true that degeneracy generated plane-polarised emission (0
circular dipole) vanishes while the structural aspect-ratio o1
nanocrystals increases along the c-axis.* This is only effectiv.
when the quantum confinement is strongly dependent on tr .
global length-scale of the nanocrystal. On the contrary, in ot
case the confinement is localised at the BSF generated lattic
mismatch, so the robust degeneracy®®3' is not broker.
Stacking fault in wurtzite semiconductor occurs due to sev
reasons®2. One of them is vacancies of both zinc ana
oxygen®’, which discontinue the innate crystallinity
establish a local heterogeneity of different crystallinity. PL
and X-ray diffraction (XRD) characteristics also confirm __
no element other than the zinc and oxygen are present in Znt
nanorods (supporting information — Fig. S2 and S4). Anothe*
investigation of energy dispersive spectroscopy (supportin_
information — Fig. S5) under HRTEM also agrees well wit"
the presence of zinc blend stacking fault. So, here the
vacancies of these two atoms are the reason behind th:
generation of stacking fault.

The defocused pattern defines the geometry and the ang! :
of orientation of the dipole. By analysing the defocused
pattern of the dipole, we confirm that the dipole is situated . ¢
the c-plane and oscillating along the c-axis as indicated by the
presence of in-plane electric field vector components (Fig.
and 4). This substantiate that the origin of the green emission
is from the stacking fault situated at the c-plane. ™' .
orientation and z-axis position of the dipole matches well wiu,
the HRTEM observation. One may argue that the dipole is
from random oxygen point defects. In that case, we should no*
have observed reproducible vertically oriented dipole in all th
nanorods, instead we should have observed random ang: ' -
distributions, which is not the case here. Besides, th-
calculated defocused patterns use defocusing heights (dz,
which agrees well with the z-axis position of the stacking fau’
(supporting information). The laser used here has a Gaussia.
intensity profile, so the maximum intensity of dipole can b~
found at the centre of the image frame. Also the variation i
intensities of the dipoles at certain captured duration of fram~
is because of their independent and incoherent blinkin_
behaviour, which limits the uniform number of photor
acquisition per dipole. The similar defocused pattern of th:
dipole and its emission wavelength confirm that each of the
ZnO nanorods contain similar kind of defect.

4 Conclusions

Nanoscale, 2015, 00, 1-7 | 5
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In summary, we have shown that the undoped, highly
crystalline and ultrahigh piezoelectric ZnO nanorod has a
single degenerate-transition-dipole site. We used a simple but
efficient technique to detect the number of degenerate-
transition-dipoles. The ZnO nanorods presented here are
luminescent at 525 nm. A thorough HRTEM analysis
confirms presence of BSF region in ZnO nanorod with total
effective electronic thickness of 5.5 nm resulting in DLE. In
the HRTEM study, this defect is prominently visible at the c-
plane or at the ‘bright plane’ that is perpendicular to the c-axis
of the ZnO nanorod. However, exploring single defect under
HRTEM is tedious when the nanostructure is 500-550 nm
long. So, we decided to study the number of defect induced
transition-dipoles per nanorods. Using defocused imaging
approach one can simultaneously observe individual
behaviour of many single low-dimensional materials
distributed on a large area. The Defocused wide-field images
collected with high numerical aperture on EMCCD plane for
longer exposure allowed us to capture the out-of-focal-plane
spatial distribution of electromagnetic wave-fronts. This
generates certain pattern of dipoles containing information
such as number of dipoles and their orientations. The
measured defocused patterns were correlated with numerically
simulated images. In the calculation, we considered all the
experimental conditions and took care of the multi-stacked
material properties above the nanorods — the refractive indices
and their thicknesses. The uniform distribution of the
defocused patterns in x-y plane or at c-plane confirms
presence of a vertical dipole per single nanorod. However, a
single oscillating non-degenerate vertical transition dipole
should never produce high intensity photonic peak at the
centre of the pattern. The opposite is observed in all the dipole
patterns, which confirm that the defocused pattern is not from
a purely single non-degenerate dipole emitter. We found a
high intensity peak in the centre of the defocused pattern along
with the in-plane vector components confirming that it is a
superposition of three perpendicular dipoles, which can be
possible due to the degeneracy of a transition dipole with
vertical orientation. The primary aim of the study was to
determine, how many emission dipoles are present in the
nanorods to quantify the defect centres.

Finally, this efficient characterisation to determine the
number, orientation and electronic properties of transition
dipoles classifies this particular ZnO nanorod as a single BSF
induced piezoelectric energy harvesting nanomaterial. When a
wide range of material scientists are struggling with tedious
experimental and quantum mechanical calculations to
understand the electronic properties of crystal defects, we
present a simple experimental technique accompanying with a
semi-classical numerical calculation. We envision that
defocused optical wide field imaging method would be a
powerful way of characterising defects in nanocrystals or
crystalline thin-films to quantitatively analyse their orientation
and electronic properties to answer many difficult questions
towards the performance of low-dimensional devices such as
energy harvesting, advanced metal-oxide-semiconductor
storage, nanoelectromechanical and nanophotonic devices.

6 | Nanoscale, 2015, 00, 1-7
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