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Correlative infrared-electron nanoscopy
reveals the local structure-conductivity
relationship in zinc oxide nanowires

J.M. Stiegler!, R. Tena-Zaera?, O. Idigoras!, A. Chuvilin3 & R. Hillenbrand'3

High-resolution characterization methods play a key role in the development, analysis and
optimization of nanoscale materials and devices. Because of the various material properties,
only a combination of different characterization techniques provides a comprehensive
understanding of complex functional materials. Here we introduce correlative infrared-electron
nanoscopy, a novel method yielding transmission electron microscope and infrared near-field
images of one and the same nanostructure. While transmission electron microscopy provides
structural information up to the atomic level, infrared near-field imaging yields nanoscale maps
of chemical composition and conductivity. We demonstrate the method's potential by studying
the relation between conductivity and crystal structure in ZnO nanowire cross-sections. The
combination of infrared conductivity maps and the local crystal structure reveals a radial free-
carrier gradient, which inversely correlates to the density of extended crystalline defects. Our
method opens new avenues for studying the local interplay between structure, conductivity
and chemical composition in widely different material systems.
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odern characterization of materials, devices or biologi-
M cal matter relies on a variety of high-resolution imaging

techniques. Among the most important and well-estab-
lished techniques is transmission electron microscopy (TEM)!
that allows for atomic-scale imaging of crystal structure and ele-
ment distribution. Scanning probe microscopy?, on the other
hand, provides surface topography and nanoscale information
about mechanical, electrical and magnetic properties of the sur-
face. For example, scanning tunnelling microscopy has been used
successfully to study the structural and electrical properties among
others of semiconductors®*, and molecules®~’, however, it is lim-
ited to conductive samples. With the introduction of scattering-type
scanning near-field optical microscopy (s-SNOM)8-13, even nano-
scale infrared (IR) and terahertz imaging became possible. s-SNOM
offers superior sensitivity to local chemical composition!!:1214-16
and conductivity!>17-20, Tt is typically based on an atomic force
microscope (AFM). For probing local dielectric material properties,
a metalized tip is used and illuminated by a focused laser beam. The
metallic tip functions as an IR antenna converting the illuminat-
ing radiation into a highly localized and enhanced near-field at the
tip apex!>21-23, similar to tip-enhanced Raman spectroscopy?*~27.
Owing to the optical near-field interaction between tip and sam-
ple, the light scattered by the tip is modified in both its amplitude
and its phase, depending on the local dielectric properties of the
sample?®. Interferometric detection of the backscattered light thus
yields nanoscale-resolved IR amplitude and phase images, revealing
local structural properties?®-30, material composition!>1%31-34 and
the free-carrier concentration!318:20:35,

Despite the intriguing capabilities of the individual characteriza-
tion tools, it is the correlation of the physical and chemical properties
obtained from different tools that will further a more comprehen-
sive understanding of functional materials and complex devices. In
materials research and biosciences, for example, correlative light—
electron microscopy is a well-established and brilliant technique,
providing unique insights into the relationship between the local
structure and the function of semiconductor nanowires3¢-4! and
biological matter*>43, respectively.

Here, we introduce correlative IR-electron nanoscopy as a novel
analytical tool for materials, bio- and nanosciences, allowing for
the correlation of TEM images and nanoscale-resolved IR s-SNOM
images of one and the same nanostructure or device. To demon-
strate an application example of high technological relevance, we
study the widely unexplored relation between local crystal structure
and local conductivity in chemically grown ZnO nanowires. ZnO
nanowire arrays have a high application potential in different tech-
nological domains, such as (opto-)electronics, solar cells and pie-
zoelectrics, and have thus attracted great interest among emerging
nanoscale materials*4~49. This interest is owing to their unique com-
bination of a peculiar morphology and (opto-)electronic properties.
Apart from costly and technologically complicated vapour growth
processes, arrays of ZnO single-crystal nanowires can be grown by
low-temperature and cost-effective techniques such as hydrother-
mal?’48 and electrochemical*® deposition. Thus, low-temperature
grown ZnO nanowires arrays are an ideal candidate for large-scale
production, allowing the nanowire integration into devices using
low-cost thin-film technology. These nanowires, however, exhibit a
high density of defects, and it has been found experimentally that
annealing can improve the performance of the nanowires in several
applications. Although previous TEM studies have revealed a sig-
nificant amount of defects in ZnO nanowires*447->0, information
about their influence on the local conductivity has been elusive.
However, it is this information that is of utmost importance for the
optimization of the growth process and thus the performance of
the nanowires. Here, we study cross-sections of electrochemically
grown ZnO nanowires by correlative IR-electron nanoscopy. We
find a radial free-carrier profile in as-grown ZnO nanowires, which
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Figure 1| s-SNOM images of mechanically polished ZnO nanowire
samples. (a) Topography, (b) IR amplitude and (¢) phase images of
as-deposited and (d) topography, (e) IR amplitude and (f) phase images

of annealed ZnO nanowires embedded into a CuSCN-matrix. In the
as-deposited sample, remainders (small particles) from the mechanical
polishing are visible in the topography image as small white dots. To exclude
an influence of these remainders on the nanowire contrast, we provide
near-field images of a sample without polishing residues in Supplementary
Fig. S1. The scale bar denotes Tum. (g) Calculated near-field amplitude and
phase (h) signals. The solid red line in (g) and the solid blue line in (h) show
the calculated s-SNOM signals for a mobility of u=7.6cm2V~-1s"Tand a
fixed wavelength of 10.74 um are shown as a function of the free-carrier
concentration n. Experimental values are depicted by horizontal dashed
lines. The calculations were carried out using the finite-dipole model. Both
experimental and theoretical values are normalized to CuSCN matrix. The
grey lines show calculations where the mobility was enhanced by factor of 2,
respectively, reduced by factors of 2 and 20.
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Figure 2 | Sample preparation for correlative IR-electron nanoscopy.
(a) Two ZnO nanowires on a Si substrate after sputter-coating with a
metal oxide (Al,O3) protection layer. (b) Using electron and ion beam-
induced deposition (EBID and IBID), respectively, Pt is grown as a second
protection layer on top of a selected nanowire. The Pt layer increases

the area around the nanowire, which facilitates the s-SNOM imaging

of the nanowire cross-section after the final lamella fabrication. (¢) FIB
milling is used to prepare a lamella containing the nanowire cross-section.
(d) Lamella fixed seamlessly to a M-shaped copper grid using IBID-Pt
deposition. The seamless attachment of the lamella increases the area
for approaching the scanning probe tip to the lamella and thus simplifies
s-SNOM imaging. All scale bars denote 5um. Note that the images are
taken from different nanowires.

can be explained by a radial varying crystal quality caused by a
combined core-shell growth of the nanowires.

Results

s-SNOM study of mechanically polished ZnO nanowire arrays.
As a first step, we demonstrate the capability of s-SNOM for radial
free-carrier profiling of semiconductor nanowires. To that end, we
prepared mechanically polished cross-sections of electrochemically
grown as-deposited (Fig. la-c) and annealed (Fig. 1d-f) ZnO
nanowires (see Methods) embedded into a CuSCN matrix—a typical
configuration in light-emitting diode (LED) applications*4>1. IR
near-field imaging was performed with a commercial s-SNOM
(Neaspec GmbH) using a metalized AFM tip for simultaneous
topography and near-field mapping. The topography images
(Fig. 1a,d) clearly reveal the hexagonal shape of the nanowires, which
were polished less than the surrounding CuSCN matrix, owing to
their different mechanical hardness. For IR near-field imaging, the
tip is illuminated with the focused beam of a CO, laser (wavelength
A=10.74um). By interferometric detection of the scattered light, we
obtain nanoscale-resolved IR amplitude and phase images. In both
of them, the as-deposited nanowires exhibit a bright ring (Fig. 1b,c),
which vanishes completely after annealing (Fig. 1e,f) at 450 °C. From
previous s-SNOM studies'®1© it is well known that a simultaneous
amplitude and phase contrast reveals a resonant near-field excitation
in the sample. In doped semiconductors, it typically stems from the
resonant excitation of collective free-carrier oscillations (plasmons),
which at mid-IR frequencies requires a free-carrier concentration
in the order of 10'° carriers cm 3. We thus conclude that the bright
ring reveals a rather high free-carrier concentration, which is
significantly reduced by annealing.

Figure 3 | Correlative IR-electron nanoscopy of individual ZnO nanowire
cross-sections. (a) Scanning electron microscopy (SEM) image of a

FIB prepared lamella that contains a single ZnO nanowire. The scale bar
denotes 2um. (b) Zoom-in SEM image of the nanowire cross-section.

The scale bar denotes 500 nm. (¢) Illustration of s-SNOM imaging of the
lamella. (d) IR amplitude and (e) topography image of the nanowire
cross-section. (f) Illustration of (S)TEM imaging of the lamella. (g) STEM
and (h) TEM image of the nanowire cross-section. The scale bars in
(d,e,g h) denote 200 nm.

To corroborate our conclusion and to quantify the local conduc-
tivity, we used the finite-dipole model of s-SNOM?>? for calculating
the IR near-field amplitude and phase contrast of ZnO as a function
of the free-carrier concentration n and mobility u, analogous to our
previous studies of InP nanowires?’. The finite-dipole model derives
the amplitude and phase of the scattered IR light from the near-
field interaction between the tip and the sample, the latter being
described by its dielectric function found in the literature®3. The
free-carriers are taken into account by adding a Drude term char-
acterized by », it and the effective carrier (that is, electron) mass.
Comparing the experimental amplitude and phase images with the
calculations, we find for the bright outer ring of the as-deposited
nanowires a free-carrier concentration of n=4.3x10' carriers cm —3
and an IR mobility of 7.6 cm?V ~1s~ 1,

For illustration of the concentration-dependent IR contrasts of
ZnO, we show the calculated IR near-field amplitude (solid red line
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Figure 4 | Structure-conductivity relation in ZnO nanowires revealed by
IR-electron nanoscopy. (a) IR near-field amplitude and (b) high-resolution
STEM images of an as-deposited ZnO nanowire. (c,d) Enlargements of the
regions marked in (b). (e) IR near-field amplitude and (f) STEM images of
an annealed ZnO nanowire. (g,h) Enlargements of the regions marked in
(). The nanowire cross-sections were prepared and imaged as described
in Fig. 3. The scale bars in (a,b,e f) denote 250 nm, and in (¢,d,g,h) 20 nm.

in Fig. 1g) and phase (solid blue line in Fig. 1h) as a function of the
free-carrier concentration # for the fixed illumination wavelength
of A=10.74um and the mobility yt=7.6 cm?V ~!s~1, normalized to
the near-field amplitude and phase values obtained for the CuSCN
matrix. We see that with increasing 7 both the IR near-field ampli-
tude and phase increase. The phase exhibits a characteristic maxi-
mum at about 10'° carriers cm ~3, indicating the near-field induced
plasmon resonance. From the intersection of the calculated graphs
and the experimental values (horizontal dashed lines) the free-
carrier concentration is determined. In the core of the as-deposited
nanowire, the low IR amplitude and the absence of an IR phase con-
trast between the core and the matrix can be explained either by a
free-carrier concentration lower than n=10'8carrierscm =3 or by
a markedly reduced electron mobility. The latter can be seen from
calculations where the free-carrier mobility was reduced by a factor
of 2, respectively, 20 (see grey curves in Fig. 1g,h). Although our
values confirm previous free-carrier concentration estimates from
electrochemical measurements®*, the images visualize directly and
for the first time the markedly inhomogeneous, radial conductivity
profile (e<n-p1) in single-step grown and unintentionally doped ZnO
nanowires. This observation thus reveals a significant difference to
the commonly assumed homogeneous and direct electrical pathway
in single-crystalline ZnO nanowires.

The calculations of Fig. 1g and h also help to understand the IR
contrast of the nanowires after annealing. The strongly decreased
amplitude signal on the shell, as well as the vanishing phase contrast
between the nanowire shell and the matrix, can be explained only
by a decreasing free-carrier concentration (< 10!8carrierscm™3)
or due to a marked reduction of the free-carrier mobility (see grey
curves in Fig. 1g,h). As the free-carrier mobility in semiconductors
typically increases on annealing, we conclude that the free-carrier
concentration in the nanowire shell has decreased.

Correlative IR-electron nanoscopy of single nanowires. In the
next step, we explore the relation between free-carriers density and
local crystal structure by correlative IR-electron nanoscopy stud-
ies. Because of the strong IR contrast variation between different
nanowires in the LED device (Fig. 1), unambiguous conclusions
require IR and TEM images of one and the same nanowire cross-
section. We show that a suitable sample can be obtained by using
focused ion beam (FIB) sample preparation of a nanowire lamella.
First, ZnO nanowires are mechanically transferred onto a Si sub-
strate and sputter-coated by a metal oxide (for example, Al,O3 or
MgO) layer to protect the nanowires from electron and ion-beam
induced crystal damage and possible implantation. Following our
particular FIB protocol for TEM sample preparation (see Fig. 2),
a thick (~2um) lamella containing a cross-section of the ZnO
nanowire is prepared. Figure 3a shows a scanning electron
microscopy image of the lamella attached to a TEM grid. The
hexagonal ZnO nanowire cross-section is clearly visible in between
the Si substrate and the Al,O3 coating (Fig. 3b). The lamella is first
imaged with IR s-SNOM (Fig. 3c—e) and then thinned from the
backside to 20-50 nm to enable high-resolution TEM and scanning
TEM (HRTEM and STEM, respectively) imaging (Fig. 3f-h).

Figure 3d and e shows the IR near-field amplitude and topog-
raphy images, respectively, of a representative cross-section of an
as-deposited ZnO nanowire. The topography reveals the smooth
surface of the lamella with only a few holes (which were formed
during the electron beam induced Pt deposition), whereas the IR
images exhibit strong materials contrasts between the Al,O; layer,
the Pt coating and the Si substrate. Because of the low near-field sig-
nal of Al,O3, we can readily recognize the hexagonal ZnO nanowire.
Most importantly, we clearly see that the nanowires exhibit a bright
ring surrounding a dark core, resembling the general observations
made in Fig. la. This finding validates that FIB milling does not
alter the free-carrier concentration and distribution significantly.
Thus, FIB milling is an appropriate method for the preparation of
samples for correlative IR-electron nanoscopy (see Supplementary
method section for a detailed discussion of a possible influence of
the sample preparation on the IR image contrast). After s-SNOM,
we perform ADF STEM (annual dark field STEM, shown in Fig. 3g)
and TEM (Fig. 3h; Titan 80-300 G2, FEI, The Netherlands) imag-
ing of the same nanowire cross-section (Fig. 3g,h). Interestingly,
the ADF STEM image (Fig. 3g) exhibits a strong contrast between
the core and the outer region of the nanowire, although a detailed
analysis (see below) shows that the nanowire is mono-crystalline
over the whole cross-section. The ADF STEM contrast arises from
a high density of nanopores and grain boundaries (see Fig. 4d)
in the core of the nanowire. This observation together with
previous knowledge®® let us conclude that the fast growth in axial
direction is the major cause of defects, whereas the relatively slow
shell growth in radial direction allows the formation of an almost
defect-free outer shell. More importantly, by comparing both IR
s-SNOM and (S)TEM images, we can establish a clear correlation
between the local conductivity and local crystal structure: regions
of better crystallinity in as-deposited nanowire exhibit a higher
conductivity.

To trace the effect of annealing, we compare cross-sections of
as-deposited (Fig. 4a—d) and annealed (Fig. 4e-h) ZnO nanowires.
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Figure 5 | HRTEM images of ZnO nanowire cross-sections. (a) Image of the core region of the as-deposited ZnO nanowire. Contrast variations over the
field of view indicate the presence of a large number of crystal defects, nanopores, probably small angle grain boundaries and threading dislocations. The
inset shows a fast Fourier transform (FFT) of the image showing a set of reflections corresponding to [0001] crystallographic zone of ZnO. The slight
azimuthal elongation of reflections in FFT reveals a mutual rotation of parts of the crystal lattice in the core, amounting to a few degrees. (b) Image of
the shell region of the as-deposited ZnO nanowire, showing an almost defect-free crystal structure. (¢) Image of the core region of the annealed ZnO
nanowire, showing that large voids (bright region at the left part of the image) have been formed. The FFT analysis displays a good crystallinity. The
absence of a crystal rotation substantiates that grain boundaries vanish after annealing. (d) Image of the shell region of the annealed ZnO nanowire,
showing a small number of voids (bright region in the centre of view), however, much smaller in size than the voids in the core (Fig. 5¢). The FFT

analysis confirms the good crystallinity, and shows that annealing did not change the crystal structure. All scale bars denote 5nm.

As before in Fig. 1, the radial free-carrier (conductivity) contrast in
the s-SNOM images of the as-deposited nanowires (bright ring in
Fig. 4a) vanishes after annealing (Fig. 4e), that is, the s-SNOM signal
in the nanowire shell decreases. Inside the core, the s-SNOM contrast
relative to the Si substrate remains nearly unchanged on annealing.
HRTEM images of the same cross-sections (shown in Fig. 5) confirm
the mono-crystalline structure of both nanowires. However, the as-
deposited nanowire exhibits nanopores and 5-20 nm size grains in its
core and a few defects in its shell, as seen in the enlarged high-angular

ADF STEM (HAADF STEM) images (Fig. 4c,d). After annealing,
we observe large voids in the HAADF STEM images (Fig. 4f-h) with
diameters up to 50 nm. The size of the voids decreases in the direc-
tion of the nanowire surface. From these HAADF STEM images we
conclude that by annealing the large crystal defects (nanopores and
grain boundaries) inside the core are transformed into large voids,
as seen previously for thin ZnO films>. Within the shell region, the
crystal structure remains nearly unchanged on annealing (apart the
void formation; see HRTEM images in Fig. 5a and c).
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Discussion

The correlation of both IR and (S)TEM images yields interesting
insights into the local structure-conductivity relationship of the
nanowires. The bright ring in the s-SNOM images of the as-deposited
nanowire (Figs la—c and 4a) reveals a large amount of free-carriers
(high conductivity) in the shell region, which due to the nearly
perfect crystal structure we can assign to point defects (vacancies,
interstitials and extrinsic dopants, such as hydrogen, not seen in
(S)TEM) acting as free-carrier donors. The low conductivity (low IR
signal) in the core of the as-deposited nanowire, (Figs la-c and 4a)
we can explain either by a lower free-carrier concentration due to
trapping of free carriers at the grain boundaries, or by a reduced free-
carrier mobility due to scattering at grain boundaries. On anneal-
ing, the vanishing bright ring in the s-SNOM images (Figs 1d-f and
4e) reveals that the free-carrier concentration in the shell region is
reduced (as discussed before with the help of Fig. 1h). Because of
the unchanged crystal structure in the shell, we can thus conclude
that annealing reduces the point defects (free-carrier donors) in the
shell. In the core of the annealed nanowire we find a clearly improved
crystallinity (see Fig. 5¢). The carrier mobility is thus expected to
increase, which would come along with an increase of the near-field
amplitude and phase (see Fig. 1g). However, the near-field amplitude
and phase in the core do not change on annealing, which lets us con-
clude that the free-carrier concentration is below 108 carrierscm ~3,
where any change of the mobility is not detectable.

Our observations provide detailed and spatially resolved insights
into the nanowire growth and how annealing affects the free-carrier
distribution in unintentionally doped ZnO nanowires. This knowl-
edge will be essential for optimizing ZnO nanowires for applications
in (opto-)electronic devices. On the other hand, our studies reveal
that a large local free-carrier concentration within a nearly perfect
crystalline structure can be achieved by lateral nanowire growth.
Such nanowires are highly interesting for applications where a
high conductivity simultaneously to optical transparency is
required (for example, transparent electrodes). Furthermore, our
findings explain why etching of as-deposited ZnO nanowires yields
tailored ZnO nanotubes®®~>8: because of its high defect density, the
core is strongly and selectively etched, leaving an almost defect-free
outer shell.

In conclusion, we have demonstrated correlative IR-electron
nanoscopy, a novel analytical imaging tool providing nanoscale-
resolved IR images and atomically resolved TEM images of one
and the same nanostructures. Applying it to ZnO nanowires, we
obtained nanoscale-resolved real-space maps of radial free-carrier
distributions, exhibiting a clear correlation to structural defects
seen by TEM. We point out that correlative IR-electron nanoscopy
has a wide application potential far beyond nanowire research. We
envision highly interesting and novel insights into exotic conduc-
tors, such as graphene or topological insulators, where the interplay
between local conductivity and local crystal structure is a widely
unexplored terrain. Because of the high chemical sensitivity of IR
light, correlative IR-electron nanoscopy could be also applied for
combined nanoscale chemical and structural mapping of organic
and biological matter.

Methods

IR s=SNOM. The setup comprises a s-SNOM (from Neaspec GmbH), which is
based on an AFM. The AFM tip is illuminated with the focused beam of a CO,
laser operating at 10.74 um. Operating the AFM in tapping mode, the tip is verti-
cally vibrating with an amplitude of about 60 nm at a frequency of Q2~300kHz.
Background-free near-field IR imaging is achieved by pseudo-heterodyne inter-
ferometric detection of the backscattered light and subsequent demodulation of
the detector signal at the n-th harmonic of the tapping frequency, n-€2. In the
present experiments, the signal amplitude s3 and phase ¢3 images (n=3) were
recorded simultaneously with the AFM topography.

Electrodeposition of ZnO nanowire arrays. ZnO nanowire arrays were
electrodeposited from the reduction of dissolved molecular oxygen in zinc

chloride aqueous solutions®*%0. The electrodeposition experiment was performed
in a three-electrode electrochemical setup using a VMP3 BioLogic-Science
Multichannel Workstation. The cathode was a commercial conducting glass/SnO,:
F (TEC15, Hartford Glass Co) substrate. A Pt spiral wire was used as the anode
and a saturated calomel electrode as the reference electrode. The electrolyte was
a5x10~4M ZnCl, (>98.0 %), 3.4 M KCI (>99.5 %) ultrapure aqueous solution,
saturated with bubbling oxygen. The electrodeposition was performed at 80°C
under constant potential (V~—1.0V versus saturated calomel electrode).

Annealing of ZnO nanowire arrays. The post-deposition thermal annealing was
performed in an open horizontal tubular furnace. The ZnO nanowire arrays were
air annealed at 450 °C during 1h.

Deposition of metal oxide protection layer. The metal oxide (Al,05 or MgO)
protection layer was deposited by radio frequency magnetron sputtering at room
temperature and at a pressure of 3 mTorr. We emphasize that in case of the
annealed nanowires, the coating of the nanowires was performed after annealing
to avoid diffusion between ZnO and the coating.
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