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Summary

Scattering-type scanning near-field optical microscopy (s-SNOM) is an emerging op-
tical imaging technique, which has shown great potential to study the chemical com-
position, the dielectric properties and the structure of materials with a nanometer res-
olution. In this thesis, s-SNOM is applied to study the free-carrier concentration in
semiconductor nanowires, and it is demonstrated that s-SNOM allows for the chemi-

cal identification of particles smaller than 10 nm.

s-SNOM is typically based on atomic force microscopy (AFM), where the tip is illu-
minated with a focused laser-beam. The tip-scattered light is recorded interferomet-
rically, simultaneously to topography, yielding nanoscale resolved optical amplitude
and phase images. Using metallic tips, the strong optical near-field interaction between
tip and sample modifies the scattered light, depending on the local dielectric proper-
ties of the sample. Particularly, infrared (IR) near-field imaging can be thus used to
generate maps of chemical composition or free-carrier concentration with nanoscale

resolution.

In this thesis IR s-SNOM is applied for the first time to map the free-carrier concentra-
tion n in different semiconductor nanowires, such as InP and ZnO. By recording optical
amplitude and phase images of the sample at different IR frequencies, we obtained lo-
cal IR near-field spectra. Fitting the experimental spectra with model calculations, we
determined n quantitatively and with a spatial resolution of about 20 nm. Furthermore,
we successfully applied s-SNOM to directly map the radial free-carrier profile in ZnO

nanowire cross-sections.

To obtain a deeper and more comprehensive understanding of the material proper-
ties on the nanometer-scale, we introduce correlative infrared-electron nanoscopy as
a novel imaging method. Yielding s-SNOM and transmission electron microscopy
(TEM) images of one and the same nanostructure, this method allows to correlate maps

of chemical composition and conductivity obtained by s-SNOM with atomically re-
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solved TEM images that provide structural information of the sample. To demonstrate
the intriguing capabilities of this method, it is applied to study ZnO nanowire cross-
sections, where an inverse correlation between the radial free-carrier profile and the
crystal defect density is found. In the future, we envision correlative infrared-electron
nanoscopy to provide interesting and novel insights into other important materials
such as graphene, topological insulators, phase change materials, or biological and

organic nanostructures.

Investigating a silicon nitride (Si3sN4) nanopartice sample, the sensitivity of s-SNOM
was studied. It can be shown that IR s-SNOM allows for the chemical identification
of particles as small as 5nm, by mapping the characteristic Si-N stretching mode. The
results furthermore show theoretically that the measured near-field phase spectra cor-
relate well with the far-field absorption spectra of Si3N4 nanoparticles. This can be un-
derstood by the fact that the dielectric value of a sample is a complex quantity, where
the imaginary part describes the material specific absorption properties, giving rise to
a phase shift between the light illuminating the sample and the backscattered light,
which is detected in interferometric s-SNOM. These results are essential for the un-
derstanding of the spectral near-field contrast of small particles and open the door to

nanoscale chemical mapping based on the IR near-field spectroscopy.



Resumen

La nanotecnologia es un campo emergente y relativamente nuevo de la investigacion,
que ha ganado un gran interés en los tltimos afios. El término nano es un prefijo
derivado de la palabra griega viivoc (ndnos) y significa "diminuto, enano". La nanotec-
nologia y las nanociencias relativas a ésta destacan por su cardcter multidistiplinario y
representan el enfoque combinado de diferentes materias como la biologia, la quimica,
la fisica y la ciencia de materiales, para disefiar y manipular estructuras, materiales y
sus propiedades a escala nanométrica (hablamos de dimensiones menores a 100 nm).
El origen de la nanotecnologia se le atribuye a Richard Feynman, que pronosticé la
exploracién y la manipulacion del nanomundo en 1959 en su famoso discurso "There’s
Plenty of Room at the Bottom" (Hay mucho sitio al fondo). El término nanotecnologia,
sin embargo, fue utilizado por primera vez en 1974 por Taniguchi, y popularizado por
Drexler en 1986 con su libro "Engines of Creation: The Coming Era of Nanotechnol-
ogy" (La préxima era de la nanotecnologia). Hoy en dia, medio siglo més tarde, la
nanotecnologia ya se ha convertido en parte de nuestra vida cotidiana. Su aplicacién

varfa desde la industria de semiconductores hasta la medicina y farmacia.

La industria de semiconductores es probablemente uno de los mejores ejemplos de
cémo la nanotecnologia se aplica en la industria a gran escala. Los dispositivos moder-
nos tales como ordenadores portétiles, teléfonos inteligentes, y muchos mds no serian
posibles sin los beneficios de la nanotecnologia. Por ejemplo, el actual estado del arte
de los dispositivos CMOS ("complementary metal oxide semiconductor") se basan en el
denominado "nodo de tecnologia 22 nanémetros", lo que significa que la distancia me-
dia entre dos transistores es de 22nm. De acuerdo con la Ley de Moore, el niimero de
transistores por pulgada cuadrada se duplica cada dos afios. Esta tendencia tiene dos
implicaciones: (i) En primer lugar, los dispositivos se vuelven més y mas pequefios,
y (ii) desde el punto de vista técnico, éstos se hacen mds y mas dificiles de fabricar y

mejorar.

Con el fin de mantener al dia esta tendencia de la miniaturizacién, se requieren nuevos
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caminos para fabricar dispositivos. Aqui, los nanohilos semiconductores han mostrado
un gran potencial como posibles componentes bdsicos para un dispositivo nano(opto-
)electrénico en una futura “post CMOS”. A diferencia de las tecnologias de litografia
actuales, que siguen una estrategia de fabricacion “Top-down”, los nanohilos semicon-
ductores permiten la estrategia de fabricaciéon “Bottom-up”, donde las propiedades
del dispositivo se pueden modificar y controlar durante el crecimiento con una pre-
cision a escala nanométrica. Esta estrategia es similar a la de la naturaleza en la vida,
donde las entidades més complejas, como los organismos vivos, asi como otros estruc-
turas grandes (como los drboles) empiezan a pequefia escala con unas pocas moléculas

nanométricas como componentes basicos primarios.

En una exitosa aplicaciéon de la nanotecnologia en general, y de estos nanohilos en
particular, serd critico sin embargo el control y la verificaciéon experimental de las
propiedades de los materiales locales, que atn hoy es una tarea muy dificil. Una cierta
variedad de métodos ha mostrado un gran potencial para la caracterizacién de mues-
tras con resoluciéon local nanométrica. La técnica de Microscopia de Sonda Atémica
por Laser Pulsado (APM en sus siglas inglesas), por ejemplo visualiza la distribucién
espacial de los d&tomos, lo que permite a su vez determinar la distribucién espacial de
los agentes de dopado de impurezas. Sin embargo, la APM es un método destructivo
y mide la impureza mds que la concentracién de portadores libres activos. La Micro-
scopia de Sonda de Barrido (SPM) es otra técnica de imagen que permite la caracteri-
zacién de materiales en la nanoescala. Proporciona informacién sobre la topografia de
una muestra, y en el caso de otras subtécnicas derivadas de ésta como la Microscopia
de Sonda Kelvin (KPM), la Microscopia por Escaneo de Resistencia (SSRM) o la Micro-
scopia por Escaneo de Capacidad (SCM) se obtiene informacién adicional cualitativa
sobre la concentracién de portadores libres. Estas técnicas, sin embargo, requieren el

contacto eléctrico de la muestra, y ofrecen una sensibilidad pobre.

Otra técnica basada en SPM es la microscopia éptica de campo cercano de barrido de
tipo dispersivo (s-SNOM), una nueva técnica de microscopia 6ptica que en los dltimos
afios ha mostrado un gran potencial para correlacionar la composicién quimica local
con la conductividad. La técnica s-SNOM se basa tipicamente en un Microscopio de
Fuerza Atémica (AFM), donde se ilumina la punta metdlica afilada por un rayo laser
muy enfocado. La punta funciona como una antena que convierte la radiacion de la
iluminacién en un campo electromagnético fuertemente confinado y de gran intensi-
dad en el dpice de la punta. Debido a la interaccién de este campo cercano entre la
punta y la muestra, la luz elasticamente dispersada desde la punta se modifica, tanto

en amplitud como en fase, dependiendo de las propiedades dieléctricas locales de la



muestra. La deteccién interferométrica de la luz dispersada produce por lo tanto imé-
genes nanomeétricas resueltas en amplitud y fase, revelando los valores complejos de
las propiedades dieléctricas locales de la muestra. En esta tesis, se aplica por la primera
vez la técnica infrarroja (IR) s-SNOM para mapear los portadores libres en nanohilos
semiconductores, la cual ofrece varias ventajas sobre otras técnicas utilizadas para el
estudio de portadores libres a escala nanométrica: s-SNOM permite mediciones cuan-

titativas, es no invasivo y no requiere contacto eléctrico ninguno con la muestra.

Presentacién esquematica del experimental s-SNOM configuracién.

En el capitulo 2| se presentara el s-SNOM junto con la base tedrica para entender los
contrastes de campo cercano. Después de una descripcién de la configuracion experi-
mental utilizada en esta tesis, se analizara la deteccién de la sefial y la inevitable supre-

sion de las sefales de fondo.
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IR s-SNOM imagen de modulacién de dopado nanohilos InP. (a) Imagen de am-
plitud registrada a una frecuencia de laser de 893 cm~ L. (b) Experimental (simbo-
los) y calculada (lineas continuas) IR de campo cercano mostrando espectros de
amplitud en las posiciones de A-C.
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Los primeros resultados experimentales se mostraran en el capitulo [3, donde se apli-
card la técnica s-SNOM con luz infrarroja (IR s-SNOM) para mapear la concentraciéon
y la movilidad de portadoras libres en nanohilos semiconductores de dopado modu-
lado. Para ello, se eligieron nanohilos InP con dos segmentos sin dopar y un segmento
altamente dopado como muestra. Aqui, se aprovecha el hecho de que los campos cer-
canos altamente concentrados en el dpice de la punta pueden inducir una resonancia
de plasmon local en la muestra por debajo de la punta. Como la resonancia de plasmén
depende fuertemente de la concentracion y la movilidad de los portadores libres, un
estudio espectroscopico por s-SNOM permite la cuantificacién de la concentraciéon de
portadoras libres y su movilidad en el segmento de nanohilos altamente dopado. Asi,
se demostrard la alta sensibilidad del s-SNOM a los portadores libres en los nanohi-
los mediante la visualizacion incluso de pequefias variaciones en la concentracién de

portadoras libres dentro del segmento altamente dopado.

w200 1M

Correlation

Esquema de la Nanoscopia Infrarroja-Electrénica.

Después de haber demostrado que s-SNOM puede visualizar la concentracién de por-
tadores libres en los nanohilos semiconductores, en el capitulo [4 estudiaremos la re-
lacién entre las propiedades dieléctricas locales y la estructura, con el fin de obtener
una comprension més profunda y mas amplia de las propiedades locales de los mate-
riales. Para ello, se introducird la nanoscopia infrarroja-electrénica, un método de for-
macién de imédgenes novedoso que combina el s-SNOM y la Microscopia Electrénica
de Transmisién (TEM), y que permite estudiar la misma nanoestructura con ambas

técnicas. Mientras que la TEM es una técnica de imagen bien establecida en la ciencia



de materiales, que proporciona informacién estructural con resolucién atémica, el s-
SNOM proporciona mapas de la conductividad con una resolucién espacial de menos
de 20 nm. Como ejemplo de aplicacién, con una alta relevancia tecnolégica, nanoscopia
infrarroja-electronica se puede usar para estudiar la relacién entre los defectos cristal-
inos y de la conductividad local en secciones transversales de nanohilos de ZnO, las

cuales son un candidato prometedor para dispositivos de bajo coste de células solares.
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Espectroscopia IR por s-SNOM de una nanoparticula de SizN; de tamafo infe-
rior a 10 nm. a) Montaje experimental. b) Imagen experimental IR que muestra
la fase ¢, tomada a 950 cm~!. c) Espextro medido y d) calculado de la fase ¢, del
campo cercano de la particula rodeada con un circulo en b). La linea solida en c)
sirve de guia.

Finalmente, en el capitulo 5se presenta un estudio sisteméatico de cémo los contrastes
de campo cercano en amplitud y fase dependera del tamafio de las particulas pe-
quenas. Para este estudio, se eligieron nanoislas de Si3Ny con alturas por debajo de
10 nm, depositadas sobre un substrato de Si como modelo experimental. Hemos tenido
éxito en la espectroscopia de campo cercano para obtener imagenes de la resonan-
cia vibratoria de la extensién del enlace Si-N en particulas tan pequefias como 5nm.
Hemos podido demostrar que los espectros de fase de campo cercano de las nanoislas
de SizNy escalan con sus espectros de absorciéon de campo lejano, lo que demuestra
claramente la capacidad de IR s-SNOM para la identificacién quimica de nanoparticu-
las tan pequefias como 5nm. Ademads, nuestros estudios revelan que la amplitud y
fase de campo cercano escala linealmente con el didmetro de las particulas, mas que
con el volumen, lo que podria explicarse por la interaccién de campo cercano entre la

punta y el sustrato.






Introduction

Nanotechnology is a relatively new and emerging field of research that has gained a
great interest in recent years. The word nano is a prefix derived from the greek word
vavog (ndnos) and means "dwarf". Nanotechnology and the related nanosciences are
characterised by a high degree of multidisciplinarity and represent the combined ap-
proach of different sciences such as biology, chemistry, physics, and materials science,
to design and manipulate structures, materials, and their properties on the nanome-
ter scale (at least one dimension sized below 100nm). The origin of nanotechnology
is attributed to Richard Feynman, who has foreseen exploration and manipulation of
the nanoworld in 1959 in his now famous speech "There’s Plenty of Room at the Bot-
tom" [1]. The term nanotechnology, however, was used for the first time in 1974 by
Taniguchi [2] and popularised by Drexler in 1986 with his book "Engines of Creation:
The Coming Era of nanotechnology" [3]. Today, half a decade later, nanotechnology al-
ready has become part of our everyday life. Its application ranges from semiconductor

industry to medicine and pharmacy.

The semiconductor industry is probably one of the best known industrial sectors where
nanotechnology is applied on a large industrial scale. Modern devices such as laptops,
smartphones and many more would not be possible without the benefits of nanotech-

nology. Current state-of-the-art CMOS (complementary metal oxide semiconductor)
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devices are based on the so-called "22 nanometer technology node", which means that
the half distance between two features accounts for 22nm. According to Moore’s Law,
the number of transistors per square inch is doubling every two years. This trend has
two implications: (i) First, devices become smaller , and (ii) from the technical stand-

point, it becomes more and more challenging to manufacture and improve the devices.

In order to keep up with this trend of miniaturisation, new pathways to fabricate de-
vices are required. Here, semiconductor nanowires have shown great potential as pos-
sible building blocks for future nano(opto-)electronic devices [4, 5, 6} 7,18, 9] in a post
CMOS era. In contrast to the current lithography technologies, which can be seen as
a top-down approach, semiconductor nanowires allow for a bottom-up approach, where
the device properties can be modified and controlled during growth with a precision
on the nanometer scale. This approach is similar to nature’s approach in life, where
the most complex entities, such as living organisms (as well as huge structures such
as trees) start on a small scale with single nano-scaled molecules as primary building
blocks.

The successful application of nanotechnology in general and nanowires in particular,
however, will critically rely on the control and experimental verification of the local
material properties, which is still a challenging task. A variety of methods have shown
great potential for a local sample characterisation with nanoscale resolution. Laser-
pulsed Atom Probe Microscopy (APM) [10], for example, visualises the spatial dis-
tribution of atoms, which allows for the determination of the spatial distribution of
impurity dopants. However, APM is a destructive method and measures the impurity
rather than the active free-carrier concentration. Scanning Probe Microscopy (SPM)
[11] is another imaging technique allowing for nanoscale material characterisation. It
provides information about the topography of a sample , and in the case of Kelvin
Probe Microscopy (KPM) [12], Scanning Spreading Resistance Microscopy (SSRM) [13]]
or Scanning Capacitance Microscopy (SCM) [14}[15] additional, qualitative information
about the free-carrier concentration. These techniques, however, require electrical con-

tacting of the sample, and offer a poor material sensitivity.

Another SPM technique is Scattering-type Scanning Near-field Optical Microscopy (s-
SNOM) [16, 17, (18] 19], an emerging optical microscopy technique, which in recent
years has shown great potential to map the local chemical composition [20, 21}, 22} 23,
24] and conductivity [25, 26,27,128,129,130,131]. s-SNOM is typically based on an Atomic
Force Microscope (AFM), where the sharp metallic tip is illuminated by a focused laser

beam. The tip functions as an antenna converting the illuminating radiation into a
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highly localised and enhanced near-field at the tip apex [31} 32, 33]. Due to a near-
field interaction between tip and sample, the light elastically scattered from the tip is
modified in both, its amplitude and its phase, depending on the local dielectric proper-
ties of the sample [19]. Interferometric detection of the backscattered light thus yields
nanoscale-resolved amplitude and phase images, revealing the local, complex-valued,
dielectric sample properties. In this thesis, infrared (IR) s-SNOM is for the first time
applied to map free-carriers in semiconductor nanowires. s-SNOM offers in this regard
several advantages over other techniques used to study free-carriers on the nanometer
scale: s-SNOM allows for quantitative measurements, it is non-invasive and requires

no contacting of the sample.

In chapter 2/ s-SNOM will be introduced and the theoretical background to under-
stand the near-field contrasts will be provided. After a description of the experimental
setup used in this thesis, the signal detection and the suppression of unavoidable back-

ground signals will be discussed.

The first experimental results are shown in chapter 3, where we demonstrate the ap-
plication of IR s-SNOM to map the free-carrier concentration and mobility in modu-
lation doped semiconductor nanowires. As a sample system indium phosphide (InP)
nanowires comprising two undoped and one highly doped segment were chosen. We
hereby exploit the fact that highly concentrated near-fields at the tip apex can induce
a local plasmon resonance in the sample below the tip. As the plasmon resonance
strongly depends on the concentration and the mobility of the active free-carriers, a
spectroscopic s-SNOM study allows for the quantification of the free-carrier concen-
tration and their mobility in the highly doped nanowire segment. We demonstrate the
high sensitivity of s-SNOM to free-carriers in the nanowires by visualising even small

variations of the free-carrier concentration within the highly doped segment.

After having demonstrated that s-SNOM can visualise the free-carrier concentration
in semiconductor nanowires, in chapter 4/ we study the relation between the local di-
electric properties and the structure in order to obtain a deeper and more comprehen-
sive understanding of the local material properties. We therefore introduce infrared-
electron nanoscopy, a novel imaging method combining s-SNOM and Transmission
Electron Microscopy (TEM), allowing for the study of one and the same nanostructure
with both techniques. While TEM is a well established imaging technique in materials
science providing structural information with atomic resolution, s-SNOM yields maps
of the conductivity with a spatial resolution of less than 20nm. As an application ex-

ample with a high technological relevancy we apply infrared-electron nanoscopy to
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study the relationship between crystal defects and local conductivity in cross-sections
of zinc oxide (ZnO) nanowires, which serve as a promising candidate for low cost solar

cell devices.

Finally, in chapter 5| we present a systematic study of how the near-field amplitude
and phase contrasts depend on the size of small particles. For this study silicon nitride
(Si3N4) nanoislands with heights below 10nm, deposited onto a Si wafer, have been
chosen as an experimental model system. We succeeded in the spectroscopic near-
tield imaging of the vibrational resonance of the Si-N stretching bond in particles as
small as 5nm. We could show that the near-field phase spectra of the Si3sN4 nanois-
lands scale like their far-field absorption spectra, clearly demonstrating the capability
of IR s-SNOM for the chemical identification of nanoparticles as small as 5nm. Fur-
thermore, our studies reveal that the near-field amplitude and phase scale linearly with
the diameter of the particles rather than with the volume, which could be explained by

the near-field interaction between tip and substrate.



Scattering-type Scanning Near-field
Optical Microscopy (s-SNOM)

In this chapter a short introduction to scattering-type Scanning Near-field Optical Mi-
croscopy (s-SNOM) will be provided. After giving a motivation for high-resolution imag-
ing, various methods allowing for nanoscaled imaging are briefly discussed to put s-SNOM
into context. The experimental s-SNOM setup, as used in this thesis, will be outlined as
well as analytical models to describe and understand the measured near-field contrasts will

be introduced.
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2.1 Introduction to High Resolution Imaging Methods

Optical characterisation methods play an important role in many different sciences
ranging from biology, physics to material sciences. With an ever shrinking structure
and sample size, higher magnifications are needed to resolve the features. However,
the resolution in classical optical microscopy is limited by diffraction to a resolution
of about half the wavelength of the incident light A/2 ~ 300nm (see Fig. [34,
35]). To study samples smaller than this classical resolution limit various methods have
been developed to either break or circumvent the diffraction limit in classical optical
microscopy. In the following, an overview over widespread techniques that allow for

a nanometer resolution in different fields of research is given.

To study biological samples fluorescence microscopy has become an important tool
[36, 137, 38] due to the wide availability of biocompatible fluorophores. Using 4Pi mi-
croscopy [39] the resolution of fluorescence microscopy in z-direction has been im-
proved to ~ 100nm. In the xy-plane STimulated Emission Depletion (STED) mi-
croscopy has enabled a possible spatial resolution of 25nm. Thus, both methods prac-
tically break the classic diffraction limit. The combination of the availability of a broad
range of fluorescent labels with the high resolution has enabled the study of the in-
ternal structure of cells [40] and even dynamic processes on a cellular level [41]. The
versatility of fluorescent labels and the importance for biology gave rise to many more
methods such as: Photo-Activated Localization Microscopy (PALM) [42], Stochastic
Optical Reconstruction Microscopy (STORM) [43], Fluorescence Recovery After Pho-
tobleaching (FRAP) [44] 45], and Forster Resonance Energy Transfer (FRET) [46]. The
disadvantages of fluorescence microscopy are the need for fluorescent labels, as well
as the limited photostability of the labels, which is limited by blinking and bleaching
effects [47]].

A different approach to obtain nanometer-scale resolved images is the use of smaller
wavelengths. Experimentally this can be achieved by employing electrons instead of
photons in order to generate the image. According to the de Broglie relation the wave-
length A of an electron is A = h/p (where h is Planck’s constant and p the momentum
of the electron), which results in a resolution of ~ 1A for electrons with an energy of
1keV. This advantageous effect is used in Transmission Electron Microscopy (TEM),
where electrons are shot onto a sample and the transmitted electrons are detected [48].
TEM has shown a broad application potential in materials sciences, but also for bio-
logical samples. However, due to the high energy of the electrons the sample might

be destroyed due to the imaging process and a sophisticated sample preparation is re-
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quired in order to obtain samples with electron transparency [49]. The latter issue is ad-
dressed by Scanning Electron Microscopy (SEM) [50, 51, 52], where electrons backscat-
tered from the sample, or secondary electrons ejected from the sample are detected.
The resolution in SEM, however, is an order of magnitude lower than that of TEM ,

and in order to obtain the highest spatial resolution the sample has to be conductive.

Another technique offering nanoscale spatial resolution is Scanning Probe Microscopy
(SPM) [11]]. In SPM a sharp tip is raster-scanned in close proximity across the sample
surface, while the interaction between tip and sample is recorded with nanometer reso-
lution in the xy-plane. The first experimental SPM technique was Scanning Tunnelling
Microscopy (STM), introduced in 1982 by Binnig and Rohrer [53] 54, 55] measuring the
local tunnelling current between the sharp probe tip and the sample surface as func-
tion of the position of the tip. Although delivering a spatial resolution of less than
1nm [11], STM is restricted to conductive samples. With the development of Atomic
Force Microscopy (AFM) [56] this issue could be overcome by measuring the mechan-
ical interaction between probing tip and sample surface [11] instead of the tunnelling

current.

b) c)
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Figure 2.1: Overview of different microscopy techniques and their resolution
limit. a) Conventional light microscopy, with a diffraction limited resolution of
about A/2. b) a-SNOM, with a resolution limited by the diameter of the aperture
to about 50nm. c) s-SNOM, with a resolution limited by the diameter of the tip to
< 10nm.

Scanning probe microscopy also allows for optical imaging by employing the scanning
probe for near-field mapping. Near-fields are electro-magnetic fields that are bound to
the object and do not radiate. Thus they are not affected by diffraction. Since they
contain information about the smallest features of a sample, accessing them allows for
nanoscale resolved imaging of the sample. Several methods have been developed em-
ploying optical near-fields in order to obtain nanometer scale resolution, among them
aperture SNOM and scattering-type SNOM (a-SNOM and s-SNOM,, respectively). In a-
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SNOM an aperture with a diameter much smaller than the wavelength is brought close
to the sample and used as a tiny light source, while in s-SNOM the optical near-field
interaction between a scanning probe tip and the sample is used to obtain nanoscale
resolved information about the sample. In the following, both techniques will be ex-

plained briefly.

Historically, the first implementation of a microscope using the optical near-fields for
imaging has been an aperture SNOM (see Fig.[2.1p). The basic idea though, can be
dated back to 1928 [57], when E.H. Synge proposed to use a tiny aperture brought into
close proximity of the sample as a minute light source and use far-field methods to
detect the light scattered by the sample. Yet, the idea was forgotten, as it could not
have been realised experimentally in Synge’s lifetime. The first experiments using an
aperture to obtain sub-diffraction limited resolution were performed in 1972 by Ash
and Nicholls in the microwave regime [58]]. It took another 12 years, until 1984, when
D. Pohl [59] and A. Lewis [60] independently achieved sub-wavelength resolution at
optical frequencies using an aperture a-SNOM. Today’s experimental setups are based
on an SPM using a metal coated, tapered dielectric fibre with a circular aperture at
the end as a near-field probe, like introduced by Betzig et al. [61] (see Fig.[2.1b). As
typical for SPM, the probe is scanned over the sample and the optical image is gener-
ated as a function of the position of the probe above the sample, while the resolution
is determined by the diameter of the aperture. Thus, decreasing the diameter of the
aperture increases the spatial resolution. However, because of the low transmission
of the probes, the resolution in a-SNOM is practically limited to A/10 ~ 50 nm in the
visible and to 1 — 2 um in the infrared spectral range [19, 62].

Figure 2.2: [llustration of a tip illuminated by a focus laser beam. Image courtesy
of Dr. Nenad Ocelic.
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An alternative route to employ optical near-fields is taken by s-SNOM (see Fig.[2.1k). J.
Wessel suggested in 1985 to use a metal particle as near-field probe[63]. In 1989, H.K.
Wickramasinghe filed a patent pursuing Wessel’s idea, but replacing the metal sphere
by a SPM probe (see Fig. ) [64]. It took another five years until in 1994 the first
experimental results based on the apertureless near-field microscopy approach have
been published by the groups of H.K. Wickramasinghe [65], S. Kawata [16], and A.C.
Boccara [17]. All groups used either a sharp metal [17] or Si tip [65], which was illu-
minated by a focused laser beam and the elastically backscattered light was detected
(see Fig.[2.2). The tip functions as an optical antenna converting the illuminating ra-
diation into a highly localised and enhanced near-field at the tip apex (see Fig.
[31,132,133}166]. Due to the optical near-field interaction between tip and sample, the tip-
scattered radiation is modified in both its amplitude and its phase, depending on the
local dielectric properties of the sample [19]. Importantly, the backscattered light con-
tains not only the near-field signal containing the information about the sample, but it
is masked by a much stronger background signal. This background signal stems from
light scattered by the sample, by the tip shaft and by the cantilever itself [16, 67]. In
order to suppress this detrimental background signal and to obtain the pure near-field
signal, sophisticated background suppression methods have been developed. As the
near-field interaction between tip and sample strongly depends on the tip-sample dis-
tance, operating the AFM in taping mode causes a modulation of the near-field signal,
which in combination with a higher harmonic demodulation and a pseudoheterodyne
interferometric detection scheme allows for efficient suppression of the background
signal [27, 167, 68, 69]. A more detailed description can be found in the experimental
section 2.2l

Interferometric detection of the backscattered light yields nanoscale-resolved ampli-
tude and phase images, revealing the local, complex-valued dielectric properties of the
sample. The spatial resolution that can be achieved in s-SNOM hereby only depends
on the diameter of the tip, and is wavelength-independent (see Fig. 2.Tc) [19, 70]. In
fact, s-SNOM has been successfully applied in a broad spectral range, from visible to

terahertz frequencies, with a resolution of about 10 nm to 20 nm [21}, 23} 31} 133, [71]].

Throughout this thesis, near-field imaging and spectroscopy in the IR spectral regime
is performed to study the material properties of various nanoscale sample systems.
The use of the IR spectral range around 3 pm to 15 um - also referred to mid-IR - is
motivated by the fact that with this wavelength range it is possible to excite different
resonant processes, such as vibrational modes in molecules (see chapter[5|and ref. [72]),

or phonons and plasmons in semiconductors (see chapters 3[4 and refs. [73, 74]). Be-
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Figure 2.3: Calculated field enhancement at the apex of a metallised tip with length
| = 1pm illuminated with light at a wavelength of A = 118 um. Image taken from
ref. [31]]

cause these resonances are very characteristic for each material system, IR s-SNOM
allows for the mapping of local structural properties [75| [76], material composition
[23,131,77,178,179],180] and the free-carrier concentration [26, 28, 31} [73].

2.2 Experimental s-SNOM Setup

In this work two different s-SNOM setups were used. The measurements of the InP
nanowires (chapter 3) and the measurements of the SiN nanoparticles (chapter 5) were
carried out using a home built s-SNOM setup [81}82]. The s-SNOM measurements on
the ZnO nanowires was performed using a commercial s-SNOM by Neaspec GmbH
(bttp://www.neaspec.com). Both microscopes are based on an AFM with a sample
scanner, where an additional optical setup for the near-field measurements is added.
The working principle for both microscopes is the following. The AFM tip is illumi-
nated by a focused IR laser beam with frequencies between IR 900 and 1100 cm™~!. The
light backscattered from the tip is then recorded interferometrically, simultaneous to

the topography.


http://www.neaspec.com

2.2 Experimental s-SNOM Setup 19

VIDrating oy [

: mirror
parabolic

mirror

B CO, Lasers
— —1 A=9-11 um
BS

Detector

Demodulation
n+ M

ne +2M — phase ¢,

— amplitude s,

sample

Figure 2.4: Experimental setup. A Michelson interferometer is used for detecting
the light scattered by the tip. BS labels the beam-splitter of the interferometer. Pseu-
doheterodyne detection is performed by oscillating the reference mirror with fre-
quency M. By demodulating the detected signal at n() + M and at n() + 2M am-
plitude s, and phase ¢, can be calculated.

Atomic Force Microscope (AFM)

In AFM a sharp tip at the very end of a cantilever is used to probe the topography
and the mechanical interaction between the tip and the sample. For all experiments
in this thesis, commercial, metallised Si cantilevers (Nanosensors™ PPP-NCHPt and
Arrow™ NCPt) were used (shown on the left hand side in Fig.[2.4). As is typical for
a scanning probe technique, images are generated by translating the sample stage rel-
ative to the probing tip in the x-y plane and scanning the sample line by line. The
probe and the sample translation is achieved using piezoelectric actuators, which al-
low for a nanometer precision in the x-, y-directions and even Angstrom precision in
the z-direction (height or topography). The AFM is operated in the so-called tapping
mode, where the tip is oscillating vertically (z-direction) just below the cantilever’s res-
onance frequency () (~ 300 KHz for both Nanosensores™ as well as for Arrow™ tips).
The tapping amplitudes have been chosen typically between A = 20 — 80nm. The
tapping amplitude is measured by illuminating the backside of the cantilever with a
visible laser and measuring the deflection of the reflected laser-spot. As in s-SNOM
the measured near-fields critically depend on the tip-sample distance, it is important

to control the tip-sample distance and keep it constant throughout the measurement,
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i.e. the tip needs to follow the topography. Note, that in the tapping mode the tip is
oscillating around this constant tip-sample distance. To achieve this distance control,
a feedback mechanism is used to keep the tapping amplitude of the cantilever at a
constant value, the so-called set point. In case the tapping amplitude decreases below
the set point, the feedback mechanism increases the tip-sample distance until the set
point is reached again. On the other hand, the feedback mechanism reduces the tip-
sample distance in case the tapping amplitude increases above the set point. From the
information of this feedback mechanism, the topography of the sample surface can be

derived.

Optical Setup and Tip lllumination

In order to obtain background-free IR amplitude and phase information about a sam-
ple we used an interferometric setup with a pseudoheterodyne detection scheme. It
is basically an Michelson interferometer, where a beamsplitter splits the incoming IR
laser beam Ej;, into two paths: (i) The transmitted light illuminates the AFM tip, and is
therefore called probe arm. (ii) The reflected light is directed to a reference mirror. This
path is called reference arm. In the probe arm, a parabolic mirror (with a NA ~ 0.5)
is used to focus the incoming laser light onto the AFM tip. The illuminated metallic
tip functions as an IR antenna converting the illumination radiation into a highly con-
centrated and enhanced near-field at the very apex of the tip [31} 32} 33} 66], similar
to Raman spectroscopy [83, 184} 185, 86]. Owing to the optical near-field interaction be-
tween tip and sample, the light scattered by the tip is modified in both its amplitude
s and phase ¢, depending on the local dielectric properties of the sample [19]. We can
express the backscattered light originating from the tip-sample near-field interaction
by

Enf = OntEin, (2.1)

with
Oop = s€'?, (2.2)

where 0, ¢ denotes the near-field scattering coefficient of the tip-sample system [81}87].
As the focus of the incoming laser beam is diffraction limited, it is several microns in
diameter in the mid IR range. Thus, not only the tip is illuminated and scatters light,

but also the sample, the shaft of the tip and the cantilever. This detrimental scattered
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light contributes a background signal, which can be expressed as
Ebg = O-nginr (2.3)

with
Obg = Sbgei(pbg, (2.4)

where 0, denotes the scattering coefficient of the background scattering. The parabolic
mirror is used to collect both contributions, E;, and Ebg, of the backscattered light, and

the total backscattered field is given by
Esca = Ent + Ebg = OscaEin, (2.5)

with
Osca = Onf 1 Ubg- (2.6)

Note, that in order to keep the tip always in the focus of the laser spot during scanning
the tip is fixed. During the measurement the sample is scanned below the fixed tip,

using a piezo driven sample scanner.

Interferometric Signal Detection and Background Suppression

In the reference arm, the incident light Ej, is reflected at a reference mirror, which
oscillates at frequency M causing a modulation of the phase of the reference beam E_¢,

which can be written as (see [69, 81])
Eref = ei’ysin(Mt) Ein, (27)

with 7 being the amplitude of the modulation. Part of that reflected beam E, is trans-
mitted through the beam splitter towards the detector, while another part is reflected
at the beamsplitter. Finally, at the detector the interference of Es; and E. is detected

using a Mercury Cadmium Telluride (MCT) detector.

To obtain an efficient suppression of unwanted background signals and to obtain the
amplitude and phase information of the light backscattered from the sample, the com-
bination of pseudoheterodyne interferometric detection and higher harmonic demod-
ulation of the measured signals is necessary. In the following, it will be described how

the near-field contribution can be extracted from the light backscattered from the AFM
tip.
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At the detector the superposition of the light collected by the parabolic mirror Egca =
Eqf + Epg and the reference beam E,. are detected. The measured electric signal U at

the detector is proportional to the intensity I of the light at the detector, and is given
by

U [get = |Edet|2 = EdetEéet = (Enf + Ebg + Eref) (Enf + Ebg + Eref)>(< . (2.8)

In the experiment, the AFM is operated in the tapping mode, i.e. the tip oscillates at a
frequency (). both the background E,,g signal and the field backscattered from the tip
E.f depend nonlinearly on the tip-sample distance as shown in the model calculations
(egs. and (2.26)) in chapter Because of the modulation of the tip-sample
distance at frequency () and the nonlinear distance dependency of Ef and E,g, their
contributions to U yield higher harmonics at n(), whith n > 1. The interference of
both E and Epg with the phase modulated reference beam E.¢ at the detector thus
generates sidebands at frequencies f = n{) £ mM with n, m being integer numbers.
Therefore, the electric signal U generated by the detector yields a frequency spectrum
as shown in Fig. where the centre frequencies n() are depicted in black, while the

side bands n() + mM are coloured in red.
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Figure 2.5: Schematic representation of the frequency spectrum at the detector
when a pseudoheterodyne interferometric detection is used. () denominates the
tip vibration frequency and M the vibration frequency of the reference mirror. Fig-
ure adopted from [81].

In order to obtain amplitude and phase of the near-field contribution, the detector
signal is demodulated. This demodulation process can be described mathematically
by a Fourier analysis of the detected signals as shown in [69] and we can write for E ¢
and Eyg

Enf = Y Ongncos(nQt)Eiy, (2.9)
n=0
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and -
Ebg = ) Obgnc0s(nQ))Eip, (2.10)
n=0
with
Ontn = Sn€?, (2.11)
and
Obgn = Shgn€ 78n. (2.12)

Ontn and Opg o, hereby denote the complex-valued Fourier coefficients of the scattering
coefficients 0y,¢ and 0y, as defined in equations (2.1) and (2.3).

In earlier works [81),182} 88] it has been shown that the n — th Fourier coefficient of the
tip-scattered light 0scan = Ontn + Opgn can be derived from the first and the second
sideband, U, 1 and Uy, respectivley (marked for n = 2 in Fig. . It can be shown
[81] that by setting the amplitude <y of the phase modulation in eq. to y = 2.63 the

higher harmonics of the tip-scattered light are obtained according to
Uscan = Unfn + Ubg,n = 2.16k (un,2 + ium,l) ’ (2-13)

with k being a complex-valued constant that is related to the alignment of the Michel-

son interferometer.

The detrimental background in eq. can be efficiently suppressed by choosing
high (n > 2) demodulation orders. Because the tip-sample near-field interaction de-
pends strongly on the tip-sample distance, the oscillation of this distance causes a
strong modulation of the near-field scattering E.¢. This modulation contributes sig-
nificantly even to higher harmonics of 0y, while in the background scattering oy,
most of the energy is found in the low harmonics of oy, as can be seen from ref.
[69]. Thus, for high harmonics, we can neglect the background scattering, obtaining

Uscan & Opfn- The n — th order near-field amplitude s, and phase ¢, then are given as

sn = 2.16k,/U% . + U?., (2.14)
n,1 n,2

and

@n = arctan <2.16k gn,z) , (2.15)

n1
respectively. Hence, by measuring the first two sidebands U, ; and U, of the n — th
harmonic, it is possible to obtain the n — th order amplitude and phase, s, and ¢y,

respectively.
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Spectroscopic Near-field Imaging

In chapters |3 and 5| spectroscopic near-field imaging is employed in order to study
the dielectric properties of the samples as a function of the frequency of the incident
light. In the following, we will outline how spectroscopic imaging in s-SNOM has been

performed experimentally.

As a first step, near-field imaging of the desired sample region is performed at a fixed
frequency w, and the near-field amplitude and phase signal are recorded. After this,
the laser is manually detuned to a new frequency, which is subsequently controlled by
coupling the laser beam into a spectrometer. With the new frequency, another near-
image of the same sample region is recorded. Hereby, it is important to minimise
the lateral drift between two measurements and try to record exactly the same sample
region. This process of detuning the laser, controlling the laser frequency and recording
the same sample region is repeated for as many frequencies as desired. In order to
obtain near-field amplitude and phase spectra, we extract from the different near-field
images amplitude and phase values at a particular sample position and plot them as a

function of the illumination wavelength.

2.3 Theory of s-SNOM

Several models have been proposed to calculate the field scattered by the AFM tip,
which is modified due to the near-field interaction between the tip and the sample (see

Fig. 2.6). The aim of these models in the first step is to describe the experimentally

measured near-field amplitude and phase signals s, and ¢, (see egs. (2.14) and (2.15)).

As a more advanced goal, these models should also be able to extract information

about the local dielectric properties, i.e. the dielectric function ¢ of the sample.

The most common models are the dipole model (see Fig.[2.6p) and the finite-dipole
model (see Fig. [2.6b). In both models the tip is described by a dipole. While in the
former the tip is approximated by a point dipole, in the latter a finite-dipole is used
to describe the tip. The sample in both models is described by a semi-infinite half
space, characterised by its dielectric function 5. Both models calculate the near-field
interaction between the tip with the sample when the tip is in close proximity to the
sample. Due to the near-field interaction between tip and sample, the sample acts
back on the tip dipole. The tip is accordingly described by an effective dipole. In case

the sample is smaller than the tip, the geometry of the sample has to be taken into
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account. This can been done in the framework of the extended finite-dipole model,
which describes the near-field interaction between tip, particle and substrate for the

situation where a small sphere is located on top of the substrate (see Fig. [2.6c).

a)

Figure 2.6: Comparison of the three analytical models used in the framework of
this thesis, in order to calculate the optical near-field contrasts. (a) Dipole model,
where the tip is reduced to a point dipole [27,189]. (b) Finite-dipole model, where
the tip is described by a spheroid, and (c) the extended finite dipole model, where
taking into account the finite size of the sample.

Dipole Model

In the dipole model [27, [89], the AFM tip is approximated by a small metal sphere,
with radius R, inscribed into the apex of the tip as depicted in Fig.[2.6a. When the tip is
illuminated, the incident light, described by the electric field Ej,, polarises that sphere.
The polarisation of the metal sphere can be described by that of a point dipole located

in the centre of the sphere and which is given by
p = aEip, (2.16)
where « describes the polarisability of the sphere as [90]
o — 4nR3E L (in air). (2.17)
e+2

The dielectric value of the sphere’s material hereby is given by & [90].

It is assumed that the dipole is polarised vertically (along the z-axis), because of the

elongated shape of the tip. This polarisation scheme is referred to as p-polarisation.
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The interaction of the tip dipole and the sample can be described by the interaction
of the dipole p with its mirror dipole p’, which is induced in the sample when the tip

comes close. This mirror dipole can be written as

r' = Bp, (2.18)

where S is the so-called surface response function, which depends on the local dielec-

tric properties of the sample as follows:

85_1

. iy 2.19

p

g is the local dielectric function of the sample.

The local electric field at the tip dipole then is a sum of the incoming field E;j, and
E’, the field that the mirror dipole generates at the position of the tip dipole. In the

electrostatic approximation, E’ is given by

/

f_ P
E = TELEE (2.20)

with z = R + h being the distance between the tip and the sample as shown in Fig.[2.6a.
For the dipole moment of the tip dipole then follows

/

p=a(En+E)=ua <Ein + ﬁ) : (2.21)

Inserting equation (2.18) into equation (2.21), we obtain a self-consistent solution for p:

14 n
p=—4 En=——53—En (2.22)

1- 2m(2z)3 1- 16m(R+h)3

p is referred to as effective polarisability of the tip. In order to describe the response
of the tip-sample system to the incident field E;,, we define an effective polarisability,
which is given by

o

in 11— %
The dipole model allows generally for a qualitative understanding of the near-field in-
teraction between a probing tip and a sample and describes well s-SNOM experiments
with polymer samples [22] 23| 24]. However, it cannot correctly reproduce the spec-
tral position, the width and the magnitude of polariton-resonant tip-sample near-field

interactions [21,27, 91]].
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In order to obtain an experimentally measurable quantity, we use the relation E, s =
ontEin between the light backscattered from the tip E, ¢ and the incoming light E;, as
introduced in eq. (2.1I). Because the near-field scattering coefficient oy, is proportional
to the dipole moment p of the coupled tip-sample system and thus to the effective
polarisability of the tip, we obtain the following relation aeg x oy = sel?. To take
into account the tip-oscillation and the higher-order signal demodulation, we calculate
the time course of aer = weg[h(t)] with h = A(1 + cos (Qt)). Performing a Fourier
analysis of a.g[h(t)] we obtain the Fourier coefficients teff,,, Where tefs y is the n — th
Fourier coefficient, corresponding to the n — th demodulation order. From a.¢, we

obtain the amplitude and phase of the n — th demodulation order as
Sn X |DCeff,n‘ , (2.24)

and

¢Pn = arg (D‘eff,n) . (2.25)

Finite Dipole Model

In order to overcome the constraints of the dipole model, the so-called finite-dipole
model has been developed [81) 92]. Instead of describing the tip by a sphere, it is
described by a spheroid with length 2L in order to take into account that the tip in
the experiment is an elongated structure (see Fig.[2.6b). Calculations have shown that
the field in the proximity of such a spheroid can be described by an extended or finite
dipole, rather than a point-dipole [81,92]. At large distances from the tip, the electric

tield of the spheroid converges to that of a point-dipole again.

The incident field induces two charges Qp and —Qp, each with a distance R from the
respective tip apex. From these two charges only Qp (positioned closer to the sample
surface) participates in the near-field interaction [81} 92]. The dipole moment of the
spheroid then can be noted down as py = 2LQp. When the tip comes close to a sample
surface, an image charge Q, = —pQo is induced in the sample. The image charge Q
acts back on the spheroid, where it induces an additional point charge Q; close to the
tip apex at a distance of R/2 from the tip apex, whereas the opposite charge —Q; is
distributed along the spheroid. The charge Q; in turn induces an image point charge
Q] in the sample, which again can be described using the surface response function 8
as Q) = —pBQ;. Note that in the finite dipole model Qy is determined by the incident
field and the geometry of the spheroid only, whereas Q; and Q; are determined by the
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dielectric properties of the sample.

Similar to the dipole model, we can define an effective dipole moment in the finite-
dipole model for the spheroid as pest = po + pi, where pg is the dipole moment caused
by the external field, while p; reflects the dipole moment evoked by the tip-sample
near-field interaction. The latter is given by p; = 17Q;L, where 7 is the so-called "near-
tield contrast factor". It is a dimensionless number for the strength of the (optical) near-
tield interaction between the spheroid and the sample [81]. We then can calculate the
tip scattered light, which is given as Esca & Peff = ®effEin, With ae being the effective
polarisability of the tip. According to refs. [81] and [92], the effective polarisability can

be expressed as

2L 4 1n(-R — R+hyy 4L
e = RAL R aeL) nL( er) (2+ f 8- ZRIL(AL‘;Z“?’R) — . (226)
1 In(%) — (g — 51 )ln(2h+R)

This solution for a.¢ requires five parameters:
* h, the tip-sample distance. This value can be determined experimentally.

* B, the surface response function of the sample, which can be determined using

the dielectric function ¢(w) of the sample.

* R, the tip radius. This value is set to a value between 20 nm to 40 nm as specified

by the manufacturer of the tip.
¢ L, the effective length of the spheroid.
* g, acomplex factor describing the total charge induced in the spheroid.

In the limit of the electrostatic approximation it is required that 2L is much smaller than
the wavelength of the incident light. The last two parameters, L and g, are determined
by searching for the best agreement between experimental and calculated data. The
best values found are L = 300 nm [82,188], and ¢ = 0.7e%%1 [88]. While g is kept fixed
throughout this complete thesis, for L a value of 300 nm is used in the case of the InP
(see chapter 3) and Si3Ny (see chapter[5), and a value of 600 nm for the ZnO nanowire
samples in chapter d]in accordance with a recent study of the effective dipole length by

Amarie and Keilmann [93].

Extended Finite-Dipole Model

The extended finite-dipole mode was developed by A. Cvitkovic [88] to calculate am-

plitude and phase signals for a small sphere (representing a molecule or a nanoparticle)
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on a substrate. Hereby, it is assumed, that the radius of the sphere r is smaller then the
tip radius (R). The model is based on the finite-dipole model, where the sample is
treated as semi-infinite half-space. To model the near-field signals of a sample smaller
than the tip apex we assume that we can describe the sample as a sphere with radius
1, located in between the substrate and the tip. The polarisability of a sphere can be
described by agpnere = 471°(e(w) — 1)/ (e(w) +2) [90]. In contrast to the finite-dipole
model not only the tip-substrate coupling needs to considered, but rather the coupling
between the convoluted system of tip (described as spheroid), sample (described as
sphere) and substrate (described as semi-infinite half-space). From the extended finite-
dipole model then again ¢ = se'? is calculated numerically. Taking into account the
tip-sample distance modulation, we obtain n — th harmonics of the near-field ampli-

tude sn(r) and phase ¢n(r) signals as a function of the sample-sphere radius 7.






Nanoscale Resolved Free-carrier
Profiling in Individual InP Nanowires

In this chapter we demonstrate quantitative, noninvasive and nanoscale-resolved mapping
of the free-carrier distribution in indium phosphide (InP) nanowires with doping modula-
tion along the axial and radial directions by employing infrared (IR) near-field nanoscopy.
Owing to the technique’s capability of subsurface probing, we provide direct experimental
evidence that dopants in interior nanowire shells effectively contribute to the local free-
carrier concentration. The high sensitivity of s-SNOM also allows us to directly visualise
nanoscale variations in the free-carrier concentration of wires as thin as 20 nm, which we
attribute to localised growth defects. Our results open interesting avenues for studying the
local conductivity in complex nanowire heterostructures, which could be further enhanced

by near-field IR nanotomography.
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3.1 Introduction

Semiconductor nanowires bear an enormous potential for future electronic and opto-
electronic devices [4, 5] 16} [7, 18, 9]. A widely used method for the bottom-up fabrica-
tion of semiconductor nanowires is the vapor-liquid-solid (VLS) growth mode, which
will be explained in more detail in this chapter (see 3.3 on page [36). It allows to grow
nanowires with diameters ranging from ~ 5 to 100 nm and up to several micrometer in
length resulting in aspects ratios of 1000 and more. More importantly VLS growth al-
lows to influence and modify the local chemical composition [94], as well as the doping
concentration [95] within the nanowires during the growth process. This possibility to
control the physical properties on an atomic level may open the door to completely
new electronic structures and devices [96]. The successful application of nanowires
in technology, however, will rely critically on the control and the experimental ver-
ification of the local free-carrier concentration [9, 10, 97, 98], which creates the need
for novel imaging thechniques. In this chapter we show nanoscale mapping of free
carriers in axially and radially modulation-doped InP nanowires (see Figure by
s-SNOM.

Figure 3.1: Schematic illustration of free-carrier profiling of modulation-doped
semiconductor nanowires by IR s-SNOM.

3.2 Theoretical Near-field Contrast of Highly Doped
Semiconductors

Before we begin studying the free-carriers in highly doped InP nanowires experimen-

tally, we introduce and discuss the theoretical background that allows to determine the
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free-carrier concentration in semiconductors using IR light.

Light can be used to excite collective vibrations of the free carriers (Plasmon Polari-
tons) in a doped semiconductor. The oscillation frequency of the free carriers is called
plasma frequency wp and depends on the free-carrier concentration n and the effective

mass M. of the free carriers according to refs. [99] and [100] as

ne?

wE = G.1)

€0€ooMeff '
with e being the electronic charge and e, describing the polarisation at higher frequen-

cies.

To describe the dielectric properties of a doped semiconductor we use a Drude-term in
the dielectric function to take account of the free-carriers. The dielectric function for a

doped semiconductor depending on the frequency w, then is given by [101) 102} [103]

2
Wp

e(w) = ex - (1 ), (3.2)

T2 tiwy
where 7 denotes the damping, which scales inversely with the concentration-depen-
dent carrier mobility y(n) as v « 1/p. Inserting literature data for bulk InP (eso 1np =
9.61, Mgt 1np = 0.075mg (with the electron rest mass m) and pip (1) as a function of the
free-carrier concentration , all taken from [104}[105]]) into eq. we obtain the dielec-
tric function ep,p for InP. Fig. shows the real part Re[epnp] of epnp for four different

0! cm~3). For all free-carrier

free-carrier concentrations (n = 10'¢, 107, 10'8, and 1
concentrations we find that Re[e,p] is negative for small frequencies and increases for
larger frequencies. At the plasma frequency wp the function Re[er,p| changes the sign
and is characteristic for each free-carrier concentration. As seen in eq. wp shifts to

higher frequencies with higher free-carrier concentrations.

Far-field optical spectroscopy, especially in the IR and terahertz (THz) regime, allows
to visualise , and more importantly to determine the free carrier-concentration, using
the fact that the Fresnel reflectivity R depends on the local dielectric function ¢, as

follows:
2

Ve—1

R=|——

Ve+1

In Fig. the Fresnel reflectivity R for the free-carrier concentrations n = 106, 1017,

108, and 10! cm 3 is shown. For all free-carrier concentrations we find that below the

(3.3)

plasma frequency wp InP shows a high value close to 1, resembling a high reflectivity.

For frequencies larger than wp we find a low reflectivity. As the transition from high
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to low reflectivity occurs at wp it is called Plasma-edge. Due to the frequency depen-
dency of the Plasma-edge a measurement of the Fresnel-reflectivity as a function of w
allows to determine the free-carrier concentration n using optical far field techniques
[106]. It can also be seen that for the technologically interesting high free-carrier con-
centrations (~ 10! cm~3) the Plasma edge can be found at mid-IR frequencies around
1000 cm~!. Because of the diffraction limit, however, far-field reflection spectroscopy
cannot be applied to determine the free-carrier concentration in nanoscale samples,

such as nanowires.

To illustrate how s-SNOM can be employed to map free-carriers in doped semicon-
ductor nanowires, we calculate the amplitude s, (Fig.[3.2c) and phase ¢, (Fig.[3.2ld) of
the tip-scattered radiation as a function of the illumination frequency w and normalise
both spectra to the value obtained for a Au sample. For this calculations we use the
finite-dipole model as described in chapter 2.3). In the near-field amplitude spectra
(Fig.[3.2k) we observe a distinct resonance, represented by a peak which is followed by
a dip in the calculated spectra, which is accompanied by a bell-shaped resonance peak
in the phase spectra (Fig.[3.2c). The spectral position of both the amplitude and the
phase maxima, shifts to higher frequencies with higher doping concentrations. At the
same time, the resonance becomes stronger with an increase of the free-carrier concen-
tration. This resonance in the near-field amplitude and phase spectra can be explained
by a plasmon-resonant near-field interaction [30, 31] between the tip and the doped
InP surface, which typically occurs near the Plasma frequency wp. It occurs close to
Reles] = —1 (indicated by the vertical dashed lines in Fig.[.2h), because according to
eq. the denominator of the surface response function fp = (e — 1)/ (es + 1) be-
comes zero. We can use this characteristic near-field amplitude and phase behaviour
for determining the free-carrier concentration n from experimentally recorded near-
tield spectra (see chapter [3.5).
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Figure 3.2: Illustration of the relation between dielectric function and optical
properties of bulk InP for different free-carrier concentrations n ranging from
10 to 10%. (a) Real part of the dielectric function ¢(n). (b) Fresnel reflectivity R
showing the transition from high to low reflectivity as a function of the frequency:.
(c, d) Calculated near-field amplitude s, and phase ¢, spectra. The calculations
were carried out employing the finite-dipole model 2.3| and normalised to the s-
SNOM signal obtained for an Si sample. We note that for illustrating the plasmonic
s-SNOM response in Figure [3.8 we neglect the contribution of optical phonons in

InP at around 350 cm 1.
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3.3 Sample Fabrication

In order to demonstrate the capability of s-SNOM to map free-carriers in semiconduc-
tor nanowires we choose modulation doped InP nanowires as a sample system. On the
other hand, InP is a direct bandgap semiconductor, with a bandgap energy of 1.344 eV
which makes it a highly interesting material system with a large application potential

for electronic and optoelectronic devices [107].

Vapor-Liquid-Solid (VLS) Growth of InP Nanowires

The InP nanowires were grown by the vapor-liquid-solid (VLS) growth mechanism.
This growth mechanism was first introduced by Wagner and Ellis in 1964 to describe
the growth of semiconductor nanowires in general [108]. In 2000, Duan and Lieber
[109] demonstrated its usability for the growth of InP nanowires. VLS growth offers
various advantages to the grower. The most important ones are its applicability to a
wide range of different semiconductor material systems such as Si [110,111], Ge [111],
InP [109, 112]], GaP [109, 113} 114], GaAs [115] 116], GaN [117, 118], and ZnO [4} 119].
Furthermore it offers the possibility to grow the nanowires on a different substrate than
the nanowire material itself. And finally, it is possible to grow radial as well as axial
hetero-structures by controlling the growth conditions during the nanowire growth

process.

In VLS growth a metal particle is used to catalyse a directional, axial growth resulting
in a nanowire with a thickness determined by the diameter of the seeding metal cata-
lyst. Fig. 3.3 schematically outlines the VLS growth at the example of InP nanowires.

The growth process can be described by three main phases:

VLS-growth

liquid X ¥

Au-InP vapor
gold eutect \ ’(

particle \ ’(
O

(1) ()] (1) (v)
» Time

Figure 3.3: VLS Growth of InP nanowires. Adapted from [120]
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(i)

(i)

(iii)

First, a target substrate, in this case an InP wafer decorated with Au particles
serving as catalyst, is brought into a growth reactor. The sample is then heated to
a temperature higher than the Au-InP eutectic point. At this point the Au melts
and forms small liquid Au-InP alloy droplets (see Fig. D).

In a second step, precursor gases for the InP nanowire growth are added to the
reaction chamber. Indium and phosphor from the precursor gases absorb at the
surface of the Au-InP alloy droplet and diffuse into the droplet (see Fig.[3.3|(II)).

Finally, when the Au-InP alloy is over-saturated with the semiconductor material,
growth is seeded at the interface to the substrate. The growth only takes place at
the interface between the liquid droplet and the substrate. Thereby the catalyst
particle always stays on top of the growth zone, inducing a highly localised and
directional growth of the semiconductor material resulting in the formation of a
nanowire (see Fig.|3.3|(II)-(IV)). In Fig. 3.4/an SEM overview of InP nanowires on

an InP wafer after the final VLS growth phase is shown.

\

Y Spot Magn Det WD ———— o gm
©.00kv 20 5000x SE 11.7 B9924. 100nm

Figure 3.4: SEM image of InP nanowires with a diameter of 100 nm taken directly
after the VLS growth. Image courtesy of J. Gomez Rivas, Amolf/Philip Research
Laboratories (The Netherlands).

Compared to other growth techniques from the gas phase, the VLS growth mode is

characterised by its higher growth speed. This is due to the catalytic effect of the metal
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particle. However, uncatalysed vapor-solid growth also takes place simultaneously,
although at a much slower growth rate. As a result, nanowires grown by the VLS
growth mode might be tapered. By optimising the growth parameters (e.g. the tem-
perature during growth), the tapering effect can be minimised. On the other hand, the
intentional change of the growth parameter during the growth process, which results
in an overgrowth of existing segments with a thin shell determined by the changed

growth conditions, can be used to produce radial heterostructres [121} 122} 123, [124].

Growth Parameters

For our experiments InP nanowire samples were grown, prepared and precharac-
terised by S.L. Diedenhofen, J]. Gomez Rivas, R.E. Algra, E.P.A.M. Bakkers at the Philips
Research Laboratories in Eindhoven and the FOM Institute AMOLF in Amsterdam
(The Netherlands). InP nanowires comprising three different segments were synthe-
sised in a low pressure (50 mbar) Aixtron 200 MOVPE reactor on InP (111)B substrates.
Au colloids with a diameter of 100 nm were used to catalyse the growth. In order to
minimise the lateral growth of the nanowire the growth temperature was set to 420 °C.
The precursors trimethylindium (TMIn) and phosphine (PHj3) were used for the intrin-
sic segments, at partial pressures of 1.19 x 1073 and 4.17 x 10~ ! mbar, respectively, in
a total flow of 6 L/min hydrogen (H,) carrier gas. Additionally, hydrogen sulphide
(H,S), at a partial pressure of 4.17 x 1073 mbar was used as n-dopant for the doped
segments. Before growth, an annealing step was carried out under PH;/H, atmo-
sphere to desorb any surface oxide and to alloy the Au colloids with the InP substrate
to ensure epitaxial growth. As initial segment (labeled C in Fig. intrinsic InP was
grown followed by an n-type segment (labeled B in Fig. and another intrinsic seg-
ment (labeled A in Fig.[3.7). Due to the non-negligible lateral growth a thin n-doped

shell and an intrinsic shell around the first intrinsic segment is found.

Sample Preparation for s-SNOM Measurements

After synthesis, the nanowires are mechanically transferred onto an intrinsically doped
Si substrate (o = 700 — 1300 Qdcm). For this, the wafer with InP nanowires grown on
top is pressed against a Si substrate, and slid parallel to the interface, as illustrated
schematically in Fig. This way, the nanowires break almost at their base and stick
to the Si substrate. In order to facilitate locating of a single and isolated InP nanowire

with the s-SNOM, the Si wafer was patterned with an array of Au markers previous to
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Figure 3.5: Schematics of transfer of InP nanowires from InP substrate to a Si waver
after VLS growth.

the nanowire transfer. The Au markers are prepared using a standard lift-off procedure
at Philips Research Laboratories, Eindhoven (The Netherlands). Hereby, the Si wafer
is first cleaned with fumed nitric acid. In a second step it is coated with a photo-resist,
and using electron beam lithography (EBL) the photo-resist is exposed and developed.
Next, a titanium adhesion layer is vapor-deposited, subsequently followed by a Au
layer. In the final step, the remaining photo-resist is cleaned away using nitric acid.
For our experiments nine arrays of Au markers with a spacing of 20 um in between
the markers were fabricated. To differentiate the different Au markers, they comprise
a different and unique shape, allowing for a unambiguous identification. Each array,
in turn, is made up by a square of 11 x 11 markers (see Fig.[3.6a) and is labeled with

unique number.

The pre-characterisation of the patterned Si wafer containing the InP nanowires us-
ing scanning electron microscopy (SEM) (see Fig. [3.6a-c) allows to scan large areas in
order to find single nanowires. The high resolution of SEM hereby allows to find sin-
gle wires, which is difficult by optical microscopy because the nanowires are partially
smaller than 100 nm in thickness. After finding a single, isolated nanowire in SEM, the
combination of the unique array number and the shape of the Au markers allows to di-

rectly locate this sample position in our s-SNOM using the built in optical microscopy
(Fig B6).

Note, from our IR s-SNOM measurements of many different InP nanowires, we found
that highly resolved (> 2000 x magnification) SEM imaging of the nanowires during
the pre-characterisation might change the local conductive properties, due to the high
electron beam energies and due to the deposition of a carbon contamination layer.
Thus, for the SEM pre-characterisation a magnification lower than 2000x is optimal
to find single nanowires without modifying the nanowires’ optical properties. In case

high-resolution images of a nanowire are needed in addition to the s-SNOM images,
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Figure 3.6: SEM images of a Si wafer with Au markers. (a) Overview image of
one of the arrays on the Si wafer labeled by the numbers 2 - 2. Au markers for the
orientation and the location of tingle InP nanowires can be seen. (b) Zoom-in into
the region marked by the red square in Fig.[3.6p. Four individual Au markers can
be seen, and between the two left markers an individual InP nanowires is visible.
(c) Optical microscope image of the same sample region as shown in (b), taken with
the optical microscope built into the NeaSNOM microscope.
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SEM imaging has to be performed after the s-SNOM imaging.

3.4 Near-field Study of InP Nanowires

We begin our study of the free-carrier concentration in semiconductor nanowires by
imaging two representative InP nanowires lying on a silicon (Si) wafer (see Fig. [3.7).
For the IR s-SNOM imaging we employ conventional Pt-coated tips (apex radii ~
20nm), which are illuminated by a focused laser CO, beam at a frequency of w =
893cm~!. For all experiments the tapping amplitude was set to 20nm to 30nm at
a tapping frequency of () ~ 300kHz. Second harmonic demodulation (n = 2) was
employed, yielding amplitude s, (Fig.[3.7p) and phase ¢, images (Fig.[8.7c), simulta-
neously to topography (Fig.3.7h).

Figure 3.7: Infrared near-field mapping of modulation doped InP nanowires. To-
pography (a) and IR amplitude s, (b) and phase ¢, (c) images of two representative
InP nanowires recorded at an IR laser frequency of 893 cm ™! (11.2 pm wavelength).
For s-SNOM measurements the InP nanowires are adsorbed on a flat silicon sur-
face.

Fig. [3.7a shows the topography of two InP wires and the simultaneously recorded
IR amplitude s, (Fig. B.7b) and phase ¢, images (Fig. [B.7c) at a laser frequency of
w = 893 cm~!. While the topography image shows the uniform surface of the wires,
the IR images clearly reveal the three different segments. Obviously, the IR ampli-
tude and phase contrasts allow for distinguishing between the doped and undoped
segments. Linescans (Figure 3.8p) showing the IR amplitude and phase along the axis
of the right wire also reveal a clear material contrast between the Au particle and the

undoped InP segment. In agreement with former s-SNOM studies, the metal exhibits
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higher IR amplitudes than the undoped semiconductor material [30, 31]. From the
sharp change of the amplitude signal at the Au/InP interface wire we can estimate a

spatial resolution of about 25 nm.
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Figure 3.8: (a) IR amplitude s; and phase ¢; along the axis of the right nanowire in
Figure 3.7b, extracted between the two positions marked P1 and P2. The letters A-
C mark the positions of the IR near-field spectra shown in Figures [3.9/and (b)
Calculated s-SNOM amplitude s, of an InP sample with an increasing free-carrier
concentration from 1017 to 10% carriers/cm ™2 at the fixed IR frequency of 893 cm ™!
(corresponding to 11.19 um wavelength). The calculation was carried out employ-
ing the finite-dipole model [81}92] and normalised to the s-SNOM signal of an Au
sample.

To explain the experimentally measured near-field amplitude contrast in Fig. 3.7/ and
the line profile in Fig. 3.8, we use the finite-dipole model (see chap. to calculate the
IR amplitude s; as a function of the free-carrier concentration n. The calculation was
performed for a fixed frequency of w = 893 cm™~!, which was employed for recording
the images shown in Figure Figure shows that with increasing 7 the calcu-

lated amplitude first exhibits a minimum at around 7 ~ 5 x 10'® cm 3, followed by
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a maximum at about 7 ~ 10" cm 3. As described in chapter this resonance be-
haviour [30] arises from the near-field interaction between the probing tip and the free
carriers (plasmons) in a highly doped semiconductor sample [26}30]. Like for any res-
onance, the amplitude maximum is accompanied by a strong phase change. Indeed,
this resonance behaviour is clearly seen in the experimental line-plot shown in Fig-
ure[3.8p. The significant amplitude minimum (around x = 0.7 um) directly reveals the
existence of a free-carrier gradient between the undoped (A) and doped (B) segments,

extending more than 200 nm along the nanowire axis, as we can estimate by comparing
Figures and b.

Intriguingly, in Figure and Figure we also observe a phase contrast between
the undoped top segment (A) and the bottom segment (C), the latter consisting of an
undoped core, but with an interior doped shell. The thickness of the doped shell can be
estimated to be about 10nm and is covered by an approximately 10 nm thick undoped
shell (both thicknesses can be determined from the topography of the wire, showing
a linear increase of the diameter from 100 nm to 140 nm). The successful detection of
the doped subsurface shell has two important implications. It demonstrates that IR
near-field microscopy enables noninvasive and nanoscale resolved free-carrier map-
ping inside a single nanowire heterostructure. Further, it provides direct experimental
evidence that doping introduced during radial nanowire growth yields a large free-
carrier concentration, i.e. local conductivity, which has important consequences for

future device designs.

3.5 Quantification of the Free-carrier Concentration by
IR Near-field Spectroscopy

To quantify the free-carrier concentration in the doped InP nanowire segment, we per-
form near-field spectroscopic mapping (as described in chap. of the right nanowire
in Figure 3.7/ in the spectral range w = 890 — 1100cm~!. Local amplitude and phase
spectra taken at the top (A), middle (B) and bottom (C) segments are shown in Fig-
ure 3.9a. The spectra of the undoped top segment (position A in Figure blue sym-
bols) do not exhibit any spectral signature in both amplitude and phase. The doped
core (position B in Figure red symbols), in contrast, reveals a significant spectral
signature. With increasing frequency we find a strong signal decrease in both the am-
plitude and phase. Applying the finite-dipole model (see chap. [2.3|and [92]), we can

fit the experimental data. The free-carrier concentration n and free-carrier mobility
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u are used as fit parameters. Because of the flat spectral characteristics for the un-
doped segment (A) we can only estimate an upper limit for the doping concentration
in this segment. We find a good agreement between experiment and calculation for
n < 10 cm 3 (solid blue line). For the doped segment at position B, we obtain good

0'8 cm~3 and a mobility which

agreement in both amplitude and phase forn = 7.6 x 1
is reduced by a factor of 0.45 with respect to the literature value for bulk InP (solid red
line) [104, [105]. Possible reasons for the reduced mobility could be the wire geome-
try or the high-frequency (IR) measurement. For different bulk semiconductors [125]
it has been reported that the mobility at IR frequencies can be significantly reduced
compared to the direct-current (DC) mobility. Furthermore, radial variations in the
free-carrier contribution - often observed in doped semiconductor nanowires [10, 98] -
could broaden the near-field resonance. Thus, fitting the resonance would yield an av-
eraged free-carrier concentration of the local volume probed by the near-field of the tip
and a reduced mobility. A promising pathway to tackle this issue in the future could be
the development of near-field tomography, which could allow for depth-resolved near-
tield mapping of local material properties [126]127]. Nevertheless, the already demon-
strated capability to retrieve free-carrier concentration and mobility with nanoscale
spatial resolution promises s-SNOM to become a highly interesting tool not only for

nanowire research.

We next study the IR near-field spectrum of the doped interior shell of the nanowires’
bottom segment (Figure 3.9, spectrum C displayed by green symbols). Interestingly,
we find a clear signature in the phase spectrum. While both the spectral amplitude
and phase contrasts are significantly reduced, the spectral feature appears in the same
frequency range as for the doped core (middle segment, position B). We illustrate this
tinding by multiplying the phase spectrum B of the doped core with a factor of 0.3.
The good agreement with the experimental phase spectrum C confirms the absence of a
pronounced spectral shift between spectra B (doped core) and C (doped shell). Because
the spectral position of the phase slope is determined by the free-carrier concentration
n (see Figure and grey curves in Figure [3.9a), we can conclude that the effective
free-carrier concentration is similarly high as in the doped core. Considering that the
dopant concentration in the shell can be expected to be higher than inside the core
[10], this is an interesting observation. We explain this by the fact that the doped shell
is clamped between the undoped core and the undoped outer shell. Because of the
strong difference in concentration, free carriers diffuse towards the undoped regions.
Therefore, the observed free-carrier concentration is lower than the chemically built-

in dopant concentration. We note that the weaker spectral contrast in both amplitude
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Figure 3.9: Local IR near-field spectra of a single InP nanowire. (a) The red and
blue curves show amplitude and phase spectra taken at positions A (undoped InP)
and B (doped InP core) marked in Figure 3.7a. The green curve C was taken at
the centre of the bottom segment (doped InP shell) of an InP nanowire of the same
nanowire sample. Both experimental (symbols) and theoretical (solid lines) am-
plitude s, and phase ¢, spectra were normalised to the signal obtained on the Au
particle. Numbers indicate the free-carrier concentration n used for the calcula-
tions. The grey curves show calculated spectra with increased and decreased free-
carrier concentration (5 - 10'® cm ) illustrating that changes in the range of 50 %
would yield large spectral shifts of several 100cm ™. (b) Schematic drawing of the
s-SNOM probing the highly doped middle segment and the highly doped subsur-
face shell, respectively.

and phase can be explained by the reduced amount of doped material that is probed by
the IR near-field at the tip apex (Figure[3.9b). The reduced spectral contrast is a typical
observation when the near-field contrast of a thin layer is compared with a bulk sample

of the same material [128].

We now study in more detail the amplitude signal s, on the central segment, which
clearly increases along the axial direction (Figure B.8). Comparing the spectra taken at
position B and B’ (Figure ), we find a slight shift of spectrum B towards higher
frequencies. This corresponds to an increase of the free-carrier concentration of about
An = 0.5-10¥% cm™ (6.6%). Evaluating local near-field spectra along the nanowire
axis, we find a linearly increasing free-carrier concentration (Figure[8.10b). At first, this
data evaluation highlights the powerful combination of high sensitivity and nanoscale
spatial resolution provided by IR spectroscopic s-SNOM. Furthermore, it indicates that

the local free-carrier concentration on the doped segment slightly increases with in-
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creasing shell thickness. This could be explained by the higher dopant concentration
in the shell compared to the core [10], yielding a higher number of dopants with in-

creasing shell thickness.
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Figure 3.10: Sensitivity of s-SNOM demonstrated on the highly doped middle
segment. (a) Near-field spectra of the central segment at positions B and B*, re-
vealing a slight difference in free-carrier concentration amounting to about An )
0.5-10® cm~3. (b) Measured free-carrier concentration along the central nanowire
segment, shown together with a high-resolution IR image at 893cm~!. The data-
points in Figure have been calculated by finding the best agreement for am-
plitude and phase between the finite-dipole model calculation and the measured
near-field spectra at each position.

3.6 Outlook

In order to demonstrate the great potential of s-SNOM to map local free-carriers even
in thin semiconductor nanowires, we show in Fig. s-SNOM images of modulation-
doped InP nanowires with diameters as small as 20nm. The thin nanowires were
grown applying the same growth-protocol as the 100 nm wires presented in Figure
but using Au precursors with a smaller diameter. The IR images clearly reveal the
doped segment. In contrast to the 100 nm wires, however, the doped segment is sub-
stantially shorter, owing to reduced axial growth speed in thin wires [114]. Further-
more, the doped segment exhibits strong signal variation in both IR amplitude and
phase, which indicates a strongly inhomogeneous free-carrier distribution. We assign
this finding to an increased defect density in thin wires [112,[129], but further system-

atic studies are certainly needed for an in-depth understanding of this observation.
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Figure 3.11: Infrared near-field images of modulation doped InP nanowires with
a thickness of 20 nm. (a) Amplitude and (b) phase images recorded at a frequency
of 895cm™! (11.17 um wavelength) of a representative nanowire, grown with the
same procedure as the 100 nm InP wires.

3.7 Conclusion

In conclusion, we demonstrated the application of infrared near-field nanoscopy for
highly sensitive and nanoscale resolved mapping of free carriers in doped semiconduc-
tor nanowires. We showed that the method allows for the measurement of local carrier
concentration and mobility in these nanowires. Sensitivity to lower free-carrier concen-
trations can be achieved by spectral extension [130] of s-SNOM to terahertz frequencies
[31]. In case of three-dimensional free-carrier distributions, i.e. both axial and radial
variations of the carrier density, future quantitative measurements will require system-
atic studies and improved modeling of subsurface near-field mapping [131] and depth
resolution in s-SNOM. The implementation of near-field optical tomography - recently
predicted to provide three-dimensional information about the local dielectric prop-
erties [127] - could open the door to non-invasive mapping of the three-dimensional
distribution of both the free-carrier concentration and mobility, not only in complex

nanowire heterostructures but also in single nanoparticles and nanodevices.






Correlative Infrared-electron
Nanoscopy Applied to Zinc Oxide
Nanowires

In this chapter we introduce correlative infrared-electron nanoscopy, a novel method yield-
ing transmission electron microscope (TEM) and infrared (IR) near-field images of one and
the same nanostructure. While TEM provides structural information down to the atomic
level, the IR images yield nanoscale maps of chemical composition and conductivity. We
demonstrate the application potential of the method by studying the relation between con-
ductivity and crystal structure in cross-sections of chemically grown ZnO nanowires. The
unique combination of IR conductivity maps and the local crystal structure reveals a ra-
dial free-carrier gradient, which inversely correlates to the density of extended crystalline
defects. Our results open new avenues for studying the local interplay between structure,
conductivity, and chemical composition in widely different material systems, ranging from

correlated and low-dimensional electron systems to biomedical tissue.
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4.1 Introduction

In the previous chapter we have seen that IR s-SNOM spectroscopy is a powerful tool
to visualise and quantify the free-carrier concentration in semiconductor nanowires.
The enormous sensitivity of IR s-SNOM allowed even to visualise variations in the
free-carrier concentration of only 0.5 x 108 cm~3 (see Fig. and inhomogeneities
within the 20nm thick nanowires. Despite the intriguing capabilities of s-SNOM to
visualise the free-carrier concentration, the origin of the variations in the free-carrier
concentration might be difficult to explain. Hence, for a more comprehensive under-
standing of functional materials and complex devices, it is necessary to correlate the

physical and chemical properties obtained from different imaging techniques.

In materials research and bio-sciences, for example, correlative light-electron micro-
scopy is a well-established and brilliant technique providing unique insights into the
relationship between the local structure and the function of semiconductor nanowires
[132] [133| 134, 135| [136] 137, 138] and biological matter [139| [140], respectively. In
this chapter we introduce a special sample preparation routine, employing a focused
ion beam (FIB) to prepare a thin lamella that allows to combine TEM imaging and
nanoscale resolved IR s-SNOM imaging of one and the same nanoscaled sample. To
demonstrate an application example of high technological relevance, we study the
widely unexplored relation between local crystal structure and local conductivity (i.e.

the free-carrier concentration and the mobility) in chemically grown ZnO nanowires.

Zn0O nanowire arrays have a high application potential in different technological do-
mains such as (opto-)electronics, solar cells and piezoelectrics, and have thus attracted
great interest among emerging nanoscale materials [141} 142} 143]. This interest stems
from their unique combination of a peculiar morphology and (opto-)electronic prop-
erties. Apart from costly and technologically complicated vapor growth processes,
arrays of ZnO single-crystal nanowires can be grown by low-temperature and cost-
effective techniques such as hydrothermal [144) 145] and electrochemical [146] depo-
sition. Therefore, low-temperature grown ZnO nanowires arrays are an ideal candi-
date 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 experiments have shown that annealing can improve the performance
of the nanowires in several applications. While previous TEM studies have revealed
a significant amount of defects in ZnO nanowires [141) (144 147], information about
their influence on the local conductivity has remained elusive. Notwithstanding, it is

this very information that is of utmost importance for the optimisation of the growth
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process , and consequently, for the performance of the nanowires. Electrochemically
grown ZnO nanowires thus can serve as an interesting application example for demon-

strating infrared-electron correlation nanoscopy:.

4.2 Sample Fabrication

For this study different ZnO nanowire samples comprising as-deposited and annealed
nanowires have been prepared by R. Tena Zaera at Cidetec, San Sebastian (Spain). We
use both arrays of nanowires in a application like devices, as well as single isolated
nanowires. The former allows us to obtain some statistical information by looking at a
larger number of nanowires by s-SNOM only, whereas the latter were used to correlate
s-SNOM and TEM images. In this paragraph the most important steps of the sample

preparation will be briefly explained.

Electrodeposition of ZnO Nanowire Arrays
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Figure 4.1: Schematics of the electrochemical growth of ZnO nanowires. (a)
Three-electrode electrochemical setup. CE labels the counter electrode, WE is the
working electrode, and RE the reference electrode. (b) Illustration of longitudinal
ZnO nanowire growth, which takes place if the O, reduction is faster than the Zn?*
diffusion [148]. (c) Illustration of longitudinal and lateral nanowire wire growth,
under the condition that the O, reduction rate is similar to the Zn%* diffusion rate
[149]. Schematics adopted from R. Tena Zaera, Cidetec (Spain).

ZnO nanowire arrays were electrodeposited from the reduction of dissolved molecular
oxygen in zinc chloride aqueous solutions [149,[150]. The electrodeposition experiment
was performed in a three-electrode electrochemical setup (see Fig. [£.Th) employing a

VMP3 BioLogic-Science Multichannel Workstation. The cathode was a commercial



52 Correlative Infrared-electron Nanoscopy Applied to Zinc Oxide Nanowires

conducting glass/SnO,:F (TEC15, Hartford Glass Co) substrate. A Pt spiral wire was
used as the anode and a Saturated Calomel Electrode (SCE) as the reference electrode.
The electrolyte was a 5 x 10~* M ZnCl; (>98.0 %), 3.4 M KCl (>99.5 %) ultrapure aque-
ous solution, saturated with bubbling oxygen. The electrodeposition was performed
at 80 °C under constant potential (V ~ —1.0V vs. Saturated Calomel Electrode). By
controlling the ratio between O, reduction rate Zn?* diffusion rate the thickness of
the nanowires can be controlled, as outlined in Fig. #.Tb and c. Under growth condi-
tions where the O, reduction rate is faster than the Zn?* diffusion only longitudinal
nanowire growth takes place [148]. When the O, reduction rate is similar to the Zn?*
diffusion, additional lateral growth takes place resulting in thicker nanowires. Fig.

shows a SEM image of a cross-section obtained by cleaving of a typical nanowire sam-
ple.

Figure 4.2: Scanning electron microscope (SEM) image of a cross-section of an-
nealed ZnO nanowires grown on a glass substrate obtained by cleaving. Image
courtesy of R. Tena Zaera, Cidetec (Spain).

Annealing of ZnO Nanowires

To study the influence of annealing onto the crystal structure and the conductive prop-
erties of the ZnO nanowires, part of the nanowires were annealed after growth in

an open horizontal tubular furnace. The ZnO nanowires arrays were air annealed at
450 °C during 1 hour.
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Embedding of ZnO Nanowires into a CuSCN Matrix

The above mentioned electrochemical growth results in arrays of free-standing ZnO
nanowires. As we want to study cross-sections of the ZnO nanowires, which will be
prepared by mechanically polishing the nanowires from the top end, it is necessary to
fill up the free space in between the nanowires previous to polishing procedure. There-
fore, we embedded as-deposited and annealed nanowires into a copper thiocyanate
(CuSCN) matrix - a typical configuration in light emitting diode (LED) applications
[142} [151]. The CuSCN matrix was deposited from a saturated solution of CuSCN in
propyl sulphide [152] onto the ZnO nanowire array sample, which where preheated
to ~ 80°C. In Fig.4.3)a SEM top view of a ZnO nanowire array sample after CuSCN

deposition is shown.

1 um Mag= 10.00 KX Signal A = InLens ZnO-CUSCN-B1
— WD = 6.0 mm EHT = 3.00 kV il

Figure 4.3: Scanning electron microscope (SEM) top view image of ZnO nanowires
embedded into a CuSCN matrix. Image courtesy of R. Tena Zaera, Cidetec (Spain).

Mechanical Polishing of ZnO Nanowires Embedded into a CuSCN Matrix

Cross-sections of as-deposited as well as annealed nanowire arrays embedded into
the CuSCN matrix were prepared by mechanical polishing following a standard TEM

wedge preparation procedure. Using a MultiPrep'" precision polishing system from
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Allied High Tech Products, Inc. the nanowire samples were polished in a three step
process. In a first step, a 1 um diamond film was used for a rough polishing with a
wedge angle of about 2° to 4°. In a second step, fine polishing at a lower angle of
about 1° to 2° was carried out. For the final polishing a Red Final C (Allied High
Tech Products, Inc.) polishing cloth was used together with 0.05 um non-crystallising
colloidal silica solution. The resulting samples show a surface roughness in the order
of 40nm as can be seen from AFM topography images. Fig. shows a schematic
illustration of mechanically polished ZnO nanowires embedded into a CuSCN matrix.

CuSCN matrix
ZnO nanowire

ZnO buffer Iaier

Figure 4.4: Schematics explaining the idea of the mechanical polishing of ZnO
nanowire arrays embedded into a CuSCN matrix.

4.3 s-SNOM Study of Mechanically Polished ZnO
Nanowire Arrays

As a first step in our study of the conductive properties of ZnO nanowires, we first
pre-characterise the nanowires by s-SNOM. To that end we prepared mechanically
polished cross-sections of electrochemically grown as-deposited (Figs. .5a) and an-
nealed (Figs. f.5b) ZnO nanowires as described in chapter IR near-field imaging
was performed with a commercial s-SNOM (NeaSNOM from Neaspec GmbH (http:
//www .neaspec.com), described in chapter employing a metalized AFM tip for si-
multaneous topography and near-field mapping. The topography images (Fig.
upper row) clearly reveal the hexagonal shape of the nanowires, which were polished
less than the surrounding CuSCN matrix owing to their different mechanical hard-
ness, and giving rise to above mentioned surface roughness of a couple a few tenths of
nanometers. For IR near-field imaging the tip is illuminated with the focused beam of
a CO, laser (wavelength A = 10.74 pm). By interferometric detection of the scattered

light we obtain nanoscale resolved IR amplitude and phase images. In both of them,
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the as-deposited nanowires exhibit a bright ring (Fig.[4.5a), which vanishes completely
after annealing (Fig. [.5p) at 450°C. From previous s-SNOM studies [22] 24} 153] 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-

019 carriers/cm?.

IR frequencies requires a free-carrier concentration in the order of 1
We thus conclude that the bright ring reveals a rather high free-carrier concentration,

which significantly is reduced by annealing.

IR amplitude Topography

IR phase

Figure 4.5: s-SNOM images of mechanically polished ZnO nanowire samples.
Topography, IR amplitude and phase images of as-deposited (a) and annealed (b)
ZnO nanowires embedded into a CuSCN-matrix.

In order to corroborate our conclusion and to quantify the local conductivity, we em-
ployed the finite-dipole model of s-SNOM (as described in chapter 2.3] on page 27)
for calculating the IR near-field amplitude and phase contrast of ZnO as a function
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of the free-carrier concentration n and mobility u, analogous to our previous studies
of InP nanowires (see chapter [3). 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 literature [154].
The free-carriers are taken into account by adding a Drude-term characterised by n, u
and the effective carrier (i.e. 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 ~ 4.3 x 10 carriers/cm?® and an
IR mobility of 7.6 cm?V~1s~1.

For illustration of the concentration-dependent IR contrasts of ZnO we show the cal-
culated IR near-field amplitude (solid red line in Fig.[4.6a) and phase (solid blue line
in Fig.[4.6p) as a function of the free-carrier concentration n for the fixed illumination
wavelength of A = 10.74m and the mobility 4 = 7.6cm?V~!s~! normalised to the
near-field amplitude and phase values obtained for the CuSCN matrix. We see that
with increasing n both the IR near-field amplitude and phase increase. The phase ex-
hibits a characteristic maximum at about 10% carriers/cm?, 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 deter-
mined. In the core of the as-deposited nanowire, the low IR amplitude and the ab-
sence of an IR phase contrast between the core and the matrix can be explained either
by a free-carrier concentration lower than n = 10'® carriers/cm? or by a dramatically
reduced electron mobility. The latter can be seen from calculations where the free-
carrier mobility was reduced by factors of 2 and 20, respectively (see grey curves in
Figs. [£.6p,b). While our values confirm previous free-carrier concentration estimates
from electrochemical measurements [155], the images visualise directly , and for the
tirst time, the dramatically inhomogeneous, radial conductivity profile (~ n - u) 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 Figs. and b also help to understand the IR contrast of the
nanowires after annealing. The considerably decreased amplitude signal on the shell
together with the vanishing phase contrast between the nanowire shell and the ma-
trix can be either explained by a decreasing free-carrier concentration (lower than
10'8 carriers/cm?) or by a dramatic reduction of the free-carrier mobility (see grey
curves in Figs. [4.6a,b). Because the free-carrier mobility in semiconductors typically

increases upon annealing, we can conclude that the free-carrier concentration in the
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Figure 4.6: Calculations of s-SNOM amplitude (a) and phase (b) signal for a mobil-
ity of 7.6cm?V~1s~! and a fixed wavelength of 10.74 pm 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 normalised to CuSCN matrix. The grey

lines show calculations where the mobility was enhanced by factor of 2, respec-
tively reduced by factors of 2 and 20.

nanowire shell has decreased.

4.4 Correlative Infrared-electron Nanoscopy of Single
Nanowires

In order to explore the relation between free-carriers density and local crystal struc-
ture, we first introduce correlative infrared-electron nanoscopy. This is motivated by
the strong IR contrast variation between different nanowires in the mechanically pol-
ished sample shown in Fig. which requires IR and TEM images of one and the
same nanowire cross-section to obtain unambiguous conclusions. 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 substrate, us-

ing the same transfer procedure as described earlier for the InP nanowires (see section
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B.3). Subsequently, the ZnO nanowires on top of the Si wafer are sputter-coated by
an metal oxide (e.g. Al;O3 or MgO) layer in order to protect them from electron and
ion-beam induced crystal damage and possible implantation. Following our particu-
lar FIB protocol for TEM sample preparation, a thick (~ 21m) lamella containing a
cross-section of the ZnO nanowire has been prepared by A. Chuvilin from the Electron
Microscopy Laboratory at CIC nanoGUNE, San Sebastian (Spain). As a first step of this
protocol the nanowires are sputter-coated with a metal oxide (Al,O3 or MgO) protec-
tion layer (done by O. Idigoras at CIC nanoGUNE, San Sebastian (Spain)), as shown in
Fig. @a Then electron and ion beam induced deposition (EBID respectively IBID) of
Pt is used to grow a second protection layer on top of a selected nanowire (Fig. 4.7b).
The platinum layer increases the area around the nanowire, which facilitates the s-
SNOM imaging of the nanowire cross-section after the final lamella fabrication. In the
next step, FIB milling is used to prepare a TEM lamella containing the nanowire cross-
section (Fig. [4.7c). After this, the lamella is transferred to one of the M-shaped sites
of an Omniprobe 3 post TEM grid using an Omniprobe Nanomanipulator. Then the
lamella is fixed seamlessly to the grid using IBID-Pt deposition (Fig. 4.7d). The seam-
less attachment of the lamella increases the area for approaching the scanning probe
tip to the lamella and thus simplifies s-SNOM imaging. After s-SNOM imaging the
lamella is thinned by FIB milling to electron transparency from the backside. Then
it is fine polished with an ion beam of 5keV energy from both sides to remove the

amorphous surface-layer.

Fig. shows a scanning electron microscopy (SEM) 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. [4.8b). The lamella is first imaged with
IR s-SNOM (Fig. ) and then thinned from the backside to 20nm to 50 nm in order
to enable high-resolution TEM and scanning TEM (HRTEM and STEM, respectively)
imaging,(Fig.[4.8(d). Both (HR)TEM and STEM imaging were performed by A. Chuvilin
at CIC nanoGUNE, San Sebastian (Spain).

Fig. shows the IR near-field amplitude and topography images, respectively, of
a representative cross-section of an as-deposited ZnO nanowire. The topography re-
veals the smooth surface of the lamella with only a few holes (which were formed
during the EBID-Pt deposition), while the IR images exhibit strong material contrasts
between the Al,Oj3 layer, the Pt coating and the Si substrate. Because of the low near-
tield signal of Al,O3, we can readily recognise 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 Figlt.5a. This finding val-
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Figure 4.7: Sample preparation for correlative IR-electron nanoscopy. a) Two
nanowires after mechanical transfer to Si substrate and coating with Al,O3. b) ZnO
nanowire after EBID and IBID Pt-coating. c) Fabrication of a lamella containing a
nanowire cross-section. d) TEM lamella attached to a M-shaped copper TEM grid.
Note that the images are taken from different nanowires.

idates that FIB milling does not alter the free-carrier concentration and distribution
significantly. Thus, FIB milling is an appropriate method for the preparation of sam-
ples for correlative infrared-electron nanoscopy (see 4.5 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) and TEM (Titan 80-300 G2, FEI,
Netherlands) imaging of the same nanowire cross-section (Fig.[4.8d). Interestingly, the
ADF STEM image (Fig. bottom) 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 con-
trast arises from a high density of nanopores and grain boundaries (see Fig. in
the core of the nanowire. This observation together with previous knowledge [147] let

us conclude that the fast growth in axial direction is the major cause of defects, while
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Figure 4.8: Correlative infrared-electron nanoscopy of individual ZnO nanowire
cross-sections. (a) SEM image of a FIB prepared lamella that contains a single ZnO
nanowire. (b) Zoom-in SEM image of the nanowire cross-section. (c) Top: Illus-
tration of s-SNOM imaging of the lamella. Bottom: IR amplitude and topography
image of the nanowire cross-section. (d) Top: Illustration of (5)TEM imaging of the
lamella. Bottom: STEM and HRTEM image of the nanowire cross-section.

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
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images, we can establish a clear correlation between the local free-carrier concentra-
tion and local crystal structure: regions of better crystallinity in as-deposited nanowire

exhibit a higher free-carrier concentration.

a

s 20 NM 20 NM

Figure 4.9: Visualisation of the structure - conductivity relation in ZnO
nanowires by infrared-electron nanoscopy. (a,b) IR near-field amplitude and
STEM images of an as-deposited ZnO nanowire. (c,d) High-resolution STEM im-
ages of regions marked in b). (e,f) IR near-field amplitude and STEM images of an
annealed ZnO nanowire. (g,h) High-resolution STEM images of regions marked in
f). The nanowire cross-sections were prepared and imaged as described in Fig.

To trace the effect of annealing, we compare cross-sections of as-deposited (Figs.[#.9a-d)
and annealed (Figs.[4.9e-h) ZnO nanowires. As before in Fig. the radial free carrier
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(conductivity) contrast in the s-SNOM images of the as-deposited nanowires (bright
ring in Fig. 4.9a) vanishes after annealing (Fig. [4.9), i.e. the s-SNOM signal in the
nanowire shell decreases. Inside the core, the s-SNOM contrast relative to the Si sub-
strate remains nearly unchanged upon annealing. HRTEM images of the same cross-
sections (shown in Fig. confirm the mono-crystalline structure of both nanowires.
However, the as-deposited nanowire exhibits nanopores and 5 nm to 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 (Figs. [#.9c,d). After annealing, we observe large voids in the
HAADF STEM images (Figs. [4.9f-h) with diameters up to 50 nm. The size of the voids
decreases in the direction of the nanowire surface. From these HAADF STEM images
we conclude that by annealing the large crystal defects (nanopores and grain bound-
aries) inside the core are transformed into large voids, as seen previously for thin ZnO
tilms [156]. Within the shell region, the crystal structure remains nearly unchanged

upon annealing (apart from the void formation) (see HRTEM images in Figs. and
C).

4.5 Discussion

Discussion of the Infrared-electron Nanoscopy Results

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 (Fig. and Fig. 4.9p) 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, acting as free-carrier donors, but not seen in (S)TEM). The
low conductivity (low IR signal) in the core of the as-deposited nanowire (Fig. and
Fig.[4.9a) we can explain either by a lower free-carrier concentration due to trapping of
free-carrier at the grain boundaries, or by a reduced free-carrier mobility due to scat-
tering at grain boundaries. Upon annealing, the vanishing bright ring in the s-SNOM
images (Fig. and Fig. [4.9¢) reveals that the free-carrier concentration in the shell
region is reduced (as discussed before with the help of Fig. [4.6{d). Because of the un-
changed 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. #.10c). The carrier mobility is thus

expected to increase, which would come along with an increase of the near-field am-
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Figure 4.10: HRTEM images of a 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. (c) 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 center of view), however, much smaller
in size than the voids in the core (Fig.[#.10k). The FFT analysis confirms the good
crystallinity, and shows that annealing did not change the crystal structure.
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plitude and phase (see Fig. 4.6c). However, the near-field amplitude and phase in the
core do not change upon annealing, which lets us conclude that the free-carrier concen-

tration is below 10'® carriers/cm?, where any change of the mobility is not detectable.

Our observations provide detailed and spatially resolved insights not only into the
nanowire growth, but also how annealing affects the free-carrier distribution in un-
intentionally doped ZnO nanowires. This knowledge will be essential for optimis-
ing 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 opti-
cal transparency is required (e.g. transparent electrodes). Furthermore, our findings
explain why etching of as-deposited ZnO nanowires yields tailored ZnO nanotubes
[157,1158| [159]: because of its high defect density, the core is strongly and selectively

etched, leaving an almost defect-free outer shell.

Discussion of the Possible Influence of Polishing on the IR
Near-field Contrast

The preparation of a cross-section creates an artificial surface and the properties of this
surface might be different from bulk properties, particularly in semiconductors due to
carrier depletion, for example. Such depletion layers are typically in the range of a
few nanometers [160]. For a surface sensitive technique such as scanning tunnelling
microscopy (STM) this might be indeed an issue, as STM is very dependent on the
electronic state of the surface. s-SNOM, however, is quite different in this regard. s-
SNOM probes a volume near the surface (and thus a substantial amount of interior
material) rather than just the surface. The probing depth is typically around 30 nm
[131, 161]. A depletion layer of a few nanometer thickness will thus not significantly
modify the s-SNOM signal.

Another aspect of the sample preparation is that polishing and ion-beam milling will
create crystal damage and eventually a thin amorphous surface layer. Yet, both pro-
cedures will yield a different amount and type of damage, which might affect the de-
pletion layer and image contrast. By comparing mechanically and FIB polished cross
sections, we do not see a significant difference in the s-SNOM contrast. In both cases
we observe a bright ring in the as-deposited nanowires, which vanishes after anneal-

ing. This is another clear indication that the damaged /depleted surface layer has only
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minor influence on the image contrast.

In summary: As a volume rather than the surface states are probed , and because the
s-SNOM signal is independent of the polishing procedure, we can conclude that the
effect of surface polishing is minor regarding the qualitative image contrast. The exact
values obtained for the local carrier density on the other hand might be modified due

to the surface polishing.

We furthermore emphasise: The contrast ring vanishes after annealing but both as-
deposited and annealed nanowires were polished the same way. Within one image
of the as-deposited nanowires (e.g. Fig. 1a) the contrast ring varies for the individ-
ual nanowires (some as-deposited nanowires even do not even exhibit a contrast ring),
although the polishing is exactly the same for the nanowires seen in one image. Obvi-

ously, we observe an intrinsic nanowire property in the near-field images.

Discussion of Polishing Residues on the IR Near-field Contrast

In Fig. we show near-field images of as-deposited ZnO nanowires, where polish-
ing left small particles on the nanowire cross-sections. To demonstrate that the near-
field contrast (bright ring) of the as-deposited nanowires is not related to the presence
of the polishing remainders, we performed near-field microscopy of a similar sam-
ple without the polishing remainders. The topography and near-field images of this
sample are shown in Fig. revealing a smooth topography and the typical ring-like
contrast in the infrared amplitude and phase images. We thus can exclude that the pol-

ishing remainders are the cause of the ring-like infrared contrast seen in the near-field

images of Fig.[4.5p.

This sample is not directly comparable with Fig. as it was grown within another
experiment (using the same growth conditions as for the previously shown nanowires).
Note that all previously shown nanowires were grown within the same process and
then either directly prepared for the s-SNOM and TEM experiments, or annealed pre-
vious to the sample preparation. This way we can exclude variations in the growth

process as origin for the measured results.
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Figure 4.11: s-SNOM images of mechanically polished ZnO nanowire sample.
Topography (left), IR amplitude (middle) and phase (right) images of as-deposited
ZnO nanowires embedded into a CuSCN-matrix.

4.6 Conclusion

In conclusion, we have demonstrated correlative infrared-electron nanoscopy, a novel
analytical imaging tool providing nanoscale resolved IR images and atomically re-
solved 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 ex-
hibiting a clear correlation to structural defects seen by TEM. We point out that correla-
tive infrared-electron nanoscopy has a wide application potential far beyond nanowire
research. We envision highly interesting and novel insights into exotic conductors 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 infrared-electron nanoscopy could be also applied for

combined nanoscale chemical and structural mapping of organic and biological matter.



Infrared Absorption Spectroscopy of
Individual SiN Nanoparticles

In this chapter we study how the near-field contrast scales with the size of the investigated
sample, i.e the sensitivity of s-SNOM. Using SizNy nanoislands as an experimental test
system, we demonstrate that s-SNOM can chemically identify particles as small as 5 nm by
IR near-field fingerprint spectroscopy of the Si-N stretching bond. Employing the extended
finite-dipole model we show that the near-field phase spectra of small particles correlate well
with their far-field absorption spectra. On the other hand, the spectral near-field contrast
does not scale with the volume of the particles. We find a nearly linear scaling law, which we
can attribute to the near-field coupling between the near-field probe and the substrate. Our
results provide fundamental insights into the spectral near-field contrast of nanoparticles
and clearly demonstrate the capability of s-SNOM for nanoscale chemical mapping based

on local infrared absorption.
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5.1 Introduction

In the previous two chapters we used IR s-SNOM'’s capability for free-carrier profil-
ing in order to solve application relevant and technologically-important questions. We
demonstrated how s-SNOM can be used to quantify the free-carrier concentration and
mobility as well as s-SNOM'’s ability to visualise the free-carrier distribution in semi-
conductor nanowires. But IR s-SNOM also offers an unprecedented chemical sensitiv-
ity even to small sample volumes. IR s-SNOM spectroscopy, for example, has success-
tully been applied to protein spectra of a Tobacco Mosaic Virus (TMV) with only 18 nm
in diameter. However, if the sample volume decreases, the near-field signal decreases
too due to a reduced near-field interaction between tip and the smaller particle, and in
turn cannot be separated from the intrinsic noise anymore [33, 78]. In this chapter, we
will focus on the question how the spectral near-field amplitude and phase contrasts
scale with the diameter of a small particle. We will investigate, what is the smallest
particle that s-SNOM can chemically identify, in other words, what is the sensitivity of
s-SNOM.

In general, the sensitivity of s-SNOM can be improved by placing the sample of interest
(e.g. nanoparticles or thin films) on substrates with a high refractive index (e.g. Si) or
with polaritonic properties (e.g. SiC) [33,[128]. This sensitivity improvement can be
explained by near-field coupling between tip and substrate, which enhances the field
strength at the tip apex [33] 128, [162] 163, [164]. The tip-substrate configuration in s-
SNOM - acting like a ground-plane antenna [33] and referred as to substrate-enhanced
s-SNOM [33, [128] - has enabled the imaging of gold particles with sizes below 10nm,
[33, 78] the spectral signature of thin polymer-films [128] and the secondary structure
of amyloid fibrils [165] supported by a gold substrate. However, the interpretation of
the IR near-field spectra is still a challenging task, owing to the lack of an appropriate
theoretical description of the tip-sample-substrate near-field interaction. Most current
s-SNOM models such as the dipole model [26] (described in chapter or the finite-
dipole model [81], 92] (described in chapter used in the previous two chapters do
not take into account the finite size of the sample and therefore cannot explain size-

dependent spectral near-field contrasts [153]].

In this chapter we demonstrate that substrate-enhanced s-SNOM with interferometric
detection allows for IR amplitude and phase resolved spectroscopy of the vibrational
tingerprint of 5nm high nanoislands (see schematic illustration in Fig. . Particu-
larly, we report near-field spectroscopy of the Si-N stretching mode (optical phonon

polariton). Si3Ny is chosen as a model-system because the Si-N stretching mode is
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Figure 5.1: IR near-field probing of Si3sN4 nanoislands with an IR laser illuminating
the scanning-probe tip.

expected at 830 cm~! [166], which is within the spectral range that is experimentally
accessible to our IR laser systems. Using the extended finite-dipole model (described
in chapter[2.3), a relatively novel theoretical framework based on the near-field interac-
tion between tip, sample and substrate, we perform a detailed analysis of the near-field
amplitude and phase spectra and compare the results with calculated far-field absorp-
tion spectra. The extended finite-dipole model has been developed by A. Cvitkovic [88]
and has been applied successfully to describe the near-field contrasts of small gold and

polystyrene particles [33} 78].

5.2 Size Dependence of the IR Near-field Contrast of
Si3N4; Nanoislands

For our systematic study how the spectral near-field contrast scales with small sample
volumes a sample comprising Si3sN4 nanoislands was prepared by the group of S.R.
Leone at the UC Berkeley (USA). The SizNy particles were prepared by first annealing
Si(111) wafers in an ultra-high-vacuum chamber with a base pressure of 1 - 10~ "Pa.
A Si wafer was cleaned by three separate sonications in acetone, 2-propanol, and
methanol, dried in a nitrogen flow, and transferred into the vacuum chamber. The
Si wafer was first heated to 800 °C and then flashed three times for 60s at 1020 °C. Un-
der these conditions the surface silicon oxide layer gradually decomposes resulting in
self-assembled silicon nanoislands [167]. Next, the sample was exposed to nitrogen
plasma generated with a radio frequency plasma source. In situ Auger spectroscopy

(see Figure[5.2) confirmed the formation of silicon nitride, presumably the SizNy phase,
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without the incorporation of impurities such as carbon and oxygen. Finally, the nitri-
tied sample was flash heated again for 10 min at 1020 °C. This procedure yields SizNy
pyramidal-shaped nanoislands with a base radius between 10 and 20 nm and varying

heights below 10nm at a density of 5 - 108 cm 2.

dN/dE

0 100 200 300 400 500 600 700

Electron energy (eV)

Figure 5.2: Auger electron spectra of a Si wafer before (blue line) and after (red
line) nitridation. Both samples clearly show the Si LMM peak at around 96eV.
Before nitridation the Si wafer is covered a natural oxide layer, represented in the
measurement by the oxygen KLL peak at 570eV. This oxygen peak vanishes after
the nitridation process and gives rise to a N KLL peak at around 420eV. These
results ensure that the sample is only composed of Si and N, other components,
such as O, are negligible. Auger measurements courtesy of Dr. Y. Abate.

Near-field imaging of the SizNy nanoislands was performed with our home-built s-
SNOM (schematics in Fig. 2.4) employing conventional Pt-coated Si-tips (Nanosensors,
PPP-NCHPt) with a tip apex radius of R ~ 20nm. The vertical tip vibration amplitude
was set to A = 20 — 30nm and the vibration frequency to ) ~ 300 kHz. For all experi-
ments presented in this chapter second harmonic demodulation (n = 2) was employed

yielding amplitude s, and phase ¢, images simultaneously with topography.

Figure shows a typical topography image and Figure the simultaneously
recorded IR amplitude s; and phase ¢, images of the Si3Ny islands with heights rang-
ing from 5-10nm. The heights of the islands are directly measured from the topog-
raphy image. Near-field amplitude s, and phase ¢, images were recorded on and off
the small-particle IR resonance of Si3Ny at 950cm~! and 1050 cm ™!, respectively. In
both amplitude images the SizNy nanoislands appear darker than the substrate. Such

a negative contrast has been also observed for Au [78] and InGaN [168] nanoparticles
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in previous s-SNOM studies. Comparing the IR amplitude images at the two different
frequencies, no significant change of the contrast between substrate and nanoislands
is seen. The near-field phase images, however, exhibit a pronounced spectral contrast
variation. In the phase image at 950cm ™! we observe a clear contrast between the

SizNy particles and the substrate, which nearly vanishes at 1050 cm 1.

Typically, a
spectral phase contrast in s-SNOM reveals an absorption in the sample, for example
caused by a vibrational resonance [22, 153]. Thus, the spectral phase contrast of the
Si3Ny4 nanoislands indicates that we map the vibrational resonance of the Si-N stretch-

ing bond.
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Figure 5.3: Experimental images of isolated SizN4 nanoislands. (a) Topography,
as well as (b) IR near-field amplitude s, and phase ¢, at the two frequencies 950
and 1050 cm ™. The line plot shows the height profile along the dashed orange line
in the topography image. The numbered circles 1 to 3 mark the particles analysed

in Figures [5.5and

To study the frequency-dependent near-field contrast between the Si3N4 nanoislands
and the Si substrate in more detail, we imaged the sample at six different frequencies
between 890-1100cm~!. Near-field spectra are obtained by measuring amplitude s,
and phase ¢, on top of individual Si3Ny nanoislands at the different frequencies. We
evaluated three representative nanoislands with heights of 5nm, 7nm and 9nm (la-
beled 1 to 3 in Figure [5.3p). Experimental amplitude and phase spectra are shown as
symbols in Figures and b. For all three nanoislands the amplitude s, spectra re-
veal only a weak signal decrease between 900-1000 cm ™!, which explains why in the
amplitude images of Figure[5.3p the spectral amplitude contrast is barely visible. In the
phase ¢, spectra (Figure ) we find a peak with a maximum at 930 cm ~!. We further-
more find that both the spectral amplitude contrast As, (Figure [5.5a) and the spectral
phase contrast Ag, (Figure [5.5b), decrease with decreasing height of the nanoisland.
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We hereby use the following definitions for the spectral amplitude and phase,

Asy = Szmax _ 52mm

and
min

A(PZ _ (szax — ¢
as illustrated in Figure

Smax
2 V% &N
— Y & / \
a o / \
%' As, & / \
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Figure 5.4: Definition of spectral amplitude As, = s)'™

max

Agr = ¢;

— sfin and phase contrast

To understand the s-SNOM amplitude and phase contrast of the nanoislands we per-
form model calculations of their expected near-field amplitude s, and phase ¢, sig-
nals. To this end, we use the extended finite-dipole model (as described in chapter[2.3).
Hereby, the Si3sNy nanoislands are described as spheres with diameter 2r located in be-
tween the tip and the substrate. 2r corresponds to the nanoparticles” height d measured
from the topography (see Fig. [5.3p). For the polarisability of the SizN, nanoislands we
then can use that of a sphere, which is given by

e(w)—1
[Xsphere = 47T - rBL

e(w) +2)
where ¢(w) represents the dielectric function of SisNy4. Considering the near-field in-
teraction between tip apex, substrate and sample we can calculate the near-field am-

plitude s(7) and phase ¢;(r) as a function of the particle radius r.

Using literature data for the dielectric function e(w) of Si3Ny from ref. [169] we cal-
culate near-field amplitude s, and phase ¢, spectra for Si3Ny spheres with diame-
ters of 5nm, 7nm and 9nm. The amplitude spectra (solid lines in Figure [5.5p) are
in good agreement with the experimental data and clearly reproduce the amplitude
decrease between 900 and 1000 cm~!. These results reveal the typical s-SNOM ampli-

tude spectra of a vibrational resonance, which has been derived and shown earlier for
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a poly(methyl methacrylate) (PMMA) [22] film and a tobacco mosaic virus. [153] The
near-field amplitude spectra acquire a dispersive line shape similar to far-field reflec-
tivity spectra. We further find in Figure that both the experimental and calculated
sy signals, increase with decreasing particle size, while the spectral amplitude contrast
Asy decreases. The increasing signal level is caused by an enhanced tip-substrate near-
field coupling, when the tip-substrate distance d is reduced.[33] The vanishing spec-
tral contrast can be explained by the decreasing particle polarisability Xsphere When
the particle diameter 2r becomes smaller. We also find good agreement between the
calculated (Figure [5.5c) and experimental (Figure [5.5b) phase spectra ¢,, showing a
significant peak at 950 cm !, which decreases for smaller particle diameters. The small

differences between experiment and theory can be explained by two main factors:

(i) The Si3Ny islands have pyramidal shape. In the calculation, however, we assume
spherical particles with diameters corresponding to the heights measured from

the topography image.

(ii) The dielectric function of SizNy used for the calculations is taken from literature,

[169] which may differ from the dielectric function of the Si3N4 nanoislands.

5.3 Relation between Near-field Phase and Far-field
Absorption

Interestingly, the near-field phase spectra resemble the absorption spectra of small par-
ticles. The correlation between near-field phase and far-field absorption spectra has
been already pointed out earlier in the work of Taubner et al. [22], where calculated
near-field phase and far-field absorption spectra of polymer bulk samples were com-
pared. To establish this important correlation, particularly for nanoparticles, we cal-
culate the far-field absorption cross-section of Si3Ny particles on a Si substrate. We
assume an illumination polarisation normal to the Si surface (i.e. grazing incidence).
Taking into account the influence of the substrate (coupling between particle dipole

and its image dipole in the sample), we find for the SizNy particle a polarisability

Xsphere

*
asphere -

e=1\’
1 “sphere(ﬁ__1>
(167tr3)
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Figure 5.5: IR spectral characteristics of individual Si3sN4 nanoparticles. (a) Near-
field amplitude s;. Symbols represent values obtained from particles 1 to 3 in Fig-
ure [5.3p. The solid lines display calculations based on the extended finite dipole
model (see chapter and SizNy dielectric data taken from literature.[169] (b) Ex-
perimental and (c) calculated near-field phase ¢, of particles 1 to 3. In a) - ¢), the
particles are located on a Si substrate and both the experimental and the calculated
data are normalised to the IR near-field amplitude s, ;, respectively phase ¢;s;, of
the flat Si surface. (d) Calculated absorption cross-section of single Si3Ny nanopar-
ticles.
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yielding an absorption cross-section [170]

:akbs = klm[“:phere]'

In Figure [5.5d, we show C}; for 5nm, 7nm and 9 nm SizNy particles. Comparing the
near-field phase signals ¢, and the far-field absorption cross-section C}, . we find that
both exhibit the same qualitative spectral behaviour. This clearly shows that the phase
of the tip-scattered light reveals the absorption characteristic of small particles, despite

the complex near-field interaction between tip, particle and substrate.

We can understand the relation between the far-field absorption cross-section C; . of
the particles and the near-field phase ¢, by considering that the scattering coefficient
o = seé'? is given by ¢ = 01— + Op efts where 0y is the scattering coefficient of the
tip-substrate configuration without a sample (particle) and 0}, ¢f the additional contri-
bution when a sample (particle) is located between tip and substrate. Assuming that
St—s > Sp eff, We obtain ¢ = arg[o] ~ Im[oy, ef] /St—s. With 0, efr = k2 &p eff (p eff Deing
the effective polarisability of the particle when located between tip and substrate) and
the general relation C,ps = k - Im|a] for small scatterers, we find that the phase of the
scattered light is proportional to the effective absorption cross-section of the particle
in the tip-substrate system, ¢ « Im[lxp,eff] o Cypseff- Comparing now the Figures
and we find that the phase spectra ¢; exhibit a good agreement with C}; , the lat-
ter being the absorption cross-section of the particle on the substrate alone, i.e. in the
absence of the tip. We thus conclude that the presence of the tip does not significantly

modify the spectral signature of the particles.

5.4 Spectral Near-field Amplitude and Phase Contrast
for Small Particles

To explore the sensitivity of s-SNOM, we study the spectral IR amplitude and phase
contrasts (Figure as a function of the particle height. To this end, we show in
Figure the measured Si3N, amplitude signals s3® (filled symbols) and s (open
symbols) as a function of the particle height 2r. For comparison, we also show the
measured amplitude signal s, g; above the Si as a function of the tip-substrate distance

d (grey diamonds). Two important observations are made:

(i) For a given particle height 2r, the amplitude s3'® is larger than the signal s;g;

measured for a tip-substrate separation d = 2r. This is because the presence of
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the Si3Ny particle enhances the near-field interaction between tip and substrate.
[28]

(ii) For any tip sample separation d, the amplitude signals s5®*(d) on top of the Si3Ny
particles are smaller than the amplitude signal s, gi(d = 0) measured directly at
the Si surface. This explains why in the amplitude images in Figure the
particles appear darker than the substrate (note that the oscillating AFM tip is

following the sample surface).

In Figure we observe that the measured phase contrast Ag; (filled symbols) in-
creases with an increasing particle height, while the measured phase signal ¢, g;(d)
on the Si substrate (grey diamonds) is constant, i.e. independent of the tip-substrate
distance d. This explains why the particles in the phase images at 950 cm~! (Fig-
ure [5.3p) appear brighter than the substrate. Calculations using the extended finite-
dipole model (solid lines for the amplitude respectively dashed black lines for the
phase) clearly reproduce the experimental data in Figures and b. We note that
the increasing contrast is only valid for particles smaller than the apex radius R, which
is the approximation underlying the model. The calculations also show that for par-
ticles with 2r < 5nm the amplitude as well as the phase contrast vanish, thus chal-
lenging their experimental detection. The reason for the decreasing contrast of both is
the decreasing particle polarisability when the particle becomes smaller. We note that
the particle size where As; and Ag@, vanish is determined by the size and the optical
properties of the probing tip. Thus, using sharper tips with radii below 10 nm and with
optimised antenna properties [171,[172] of the tip-substrate configuration, the detection

limit could be pushed even further towards smaller particles.

In Figure we compare the calculated spectral near-field amplitude and phase con-
trasts, Asy and Ag,, with the far-field absorption C}, .. We observe that both the am-
plitude and phase contrast, show a nearly linear increase with the particle diameter 2r
between 5nm and 20 nm, while the absorption cross-section C:bs scales cubically. This
beneficial scaling law for IR near-field spectroscopy can be attributed to the increased
near-field coupling between tip and substrate when the particle size (i.e. the gap width
d = 2r) is decreased. The enhanced near-field coupling provides higher fields for
polarising the reduced amount of particle matter. Thus, it partially compensates the

decreasing particle polarisability [33].
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Figure 5.6: IR signals of single Si3zN4 nanoparticles as function of the particle di-
ameter d. (a, b) Experimental (grey diamonds) near-field amplitude s, and phase ¢»
at 950 cm~! as a function of distance d between tip and Si substrate. Filled (respec-
tively open symbols) in (b) represent experimentally obtained s3'®* (respectively
stin) values for particles 1 to 3 in Figure , whereas solid black lines show the-
oretical s5'™ respectively s§"" values for an increasing particle diameter 2r. Filled
symbols in (c) represent ¢5'®* values for particles 1 to 3 in Figure and the black
dashed line represents the theoretical g3 curve. All values have been normalised
to the value taken on the Si substrate at 4 = 0. (c) Calculated absorption cross-
section (dotted line), near-field amplitude contrast (solid line) and near-field phase
contrast (dashed line), all normalised to the corresponding value of a 20 nm SizNy

particle.
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5.5 Conclusions

We have demonstrated the near-field detection of the IR spectrum of nanoislands with
heights below 10 nm by using an interferometric s-SNOM. The results show that near-
tield IR phase spectra of small particles exhibit a significant correlation to the far-field
absorption. It can be understood by the fact that the dielectric properties of a material
are complex-valued numbers [170], where the real part describes the refractive and
the imaginary part the absorptive properties. The latter gives rise to a phase shift of
the scattered light with respect to the incident light, which can be easily recorded by
interferometric detection in s-SNOM. Consequently, interferometric s-SNOM has the
capability to map the IR absorption of materials with nanoscale spatial resolution. By
engineering the antenna function of metal probe tips and by reducing the tip apex
below 10nm [173] we envision s-SNOM to become a valuable tool for IR absorption

spectroscopy of even single macromolecules.
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