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Solé to guide and help me to solve some problems with data processing

by using PyMca software.

I am grateful to the European Synchrotron Radiation Facility for beam

time allocated and to the NANOWIRING Marie Curie ITN for granting

me during three years of my study.

Life outside work never been boring thanks to my Vietnamese friends

in Grenoble for sharing with me good moments, playing sport, and for

discovering the life in France together. These are really useful for me to

refresh after the hard work days.

Deeply from my heart, I acknowledge the continuous encouragement from

my both families: my parent, my parent-in-law, my sisters, my sister and

brothers-in-law. Special thanks to my wife Thu-Hang NGUYEN and my

son Manh-Hai CHU who was born during this period of my study for their

love and always beside me to support and encourage me to overcome all

the difficulties in the work and the life.



Abstract

The PhD dissertation focuses on the investigation of single Co-implanted

ZnO nanowires using X-ray fluorescence, X-ray absorption spectroscopy,

and X-ray diffraction techniques with nanometer resolution at the beam-

line ID22 of the European Synchrotron Radiation Facility. The ZnO

nanowires were grown on p-Si (100) substrates using vapor-liquid-solid

mechanism. The synthesized ZnO nanowires were doped with Co via

an ion implantation process. For the first time, the combined use of

these techniques allows us to study the dopant homogeneity, composi-

tion, short- and large-range structural order of individual nanowires. The

nano-X-ray fluorescence results indicate the successful and homogeneous

Co doping with the desired concentrations in the ZnO nanowires by an

ion implantation process. The nano-X-ray absorption spectroscopy and

X-ray diffraction data analyses provide new insights into the lattice dis-

tortions produced by the structural defect formation generated by the

ion implantation process. These findings highlight the importance of the

post-implantation thermal annealing to recover the structure of single

ZnO nanowires at the nanometer length scale. Complementary micro-

photoluminescence and cathodoluminescence measurements corroborrate

these results. In general, the methodologies used in this work open new

avenues for the application of synchrotron based multi-techniques for de-

tailed study of single semiconductor nanowires at the nanoscale.

Key words: Co-implanted ZnO, nanowires, X-ray fluorescence, X-ray absorption near

edge structure, extended X-ray absorption fine structure, and X-ray diffraction.
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Résumé

Ce travail de thèse porte sur l’analyse de nanofils de ZnO dopés au cobalt par implan-

tation ionique, en utilisant la fluorescence des rayons X, la spectroscopie d’absorption

des rayons X et les techniques de diffraction des rayons X à l’échelle nanométrique sur

la ligne de lumière ID22 de l’Installation Européenne de Rayonnement Synchrotron.

Les nanofils sont obtenus par croissance catalysée sur des substrats de p-Si (100).

Les nanofils de ZnO synthétisés ont été dopés avec du cobalt par d’implantation ion-

ique. Pour la première fois, l’utilisation combinée des techniques de caractérisation

par rayons X citées ci-dessus nous permet d’étudier l’homogénéité de la distribu-

tion des dopants, la composition, ainsi que l’ordre structurel à courte et grande

distance de nanofils individuels. Les résultats de la nano-fluorescence des rayons

X indiquent que le dopage au cobalt par implantation ionique dans les nanofils de

ZnO est homogène, avec les concentrations désirées. La spectroscopie d’absorption

de rayons X et l’analyse des données de diffraction de rayons X fournissent de nou-

velles informations sur la distorsion du réseau cristallin produite par l’introduction de

défauts structuraux par le processus d’implantation ionique. Ces résultats soulignent

l’importance du recuit thermique après l’implantation pour récupérer la structure des

nanofils de ZnO à l’échelle du nanomètre. Les mesures complémentaires de micro-

photoluminescence et cathodo-luminescence corroborent ces résultats. En conclusion,

les méthodes utilisées dans cette thèse ouvrent de nouvelles voies pour l’application de

mesures multi-techniques basées sur le rayonnement synchrotron pour l’étude détaillée

des nanofils semi-conducteurs à l’échelle nanométrique.

Mots clés: ZnO dopé au cobalt, nanofils, fluorescence des rayons X, Spectroscopie d’absorption des

rayons X: XANES, EXAFS, diffraction des rayons X.
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Introduction

This chapter presents some general background on the topics covered in this thesis,

including the basic material properties of ZnO NWs and more specifically background

information on the Co 3d -impurities in ZnO NWs, as well as InGaN NWs. In addition,

the chapter provides briefly the background and principles of several synchrotron

based techniques such as X-ray fluorescence, X-ray absorption spectroscopy and X-

ray diffraction, which are primary characterization tools used in the work. Some

information about the instrumentation and setup used for the complementary optical

and structural characterizations are also included. The end of the chapter describes

some key challenges and scientific goals achieved in this thesis.

1.1 Semiconductor nanowires

Semiconductor NWs are quasi-one-dimensional structures with diameters typically

in the range of tens and hundreds of nanometers, and lengths in the range from a

few to tens of microns. They offer unique advantages compared to the semiconduc-

tor bulk. First, the diameters can set the radial dimension of these structures at

the characteristic length scale of various fundamental solid state phenomena: the

exciton Bohr radius, critical size of magnetic domains, exciton diffusion length, and

others [1–3]. As a consequence, the physical properties of semiconductors change sig-

nificantly within the NWs [1]. Second, their large surface to volume ratio enhances

their interaction with the environment, turning them into optimal chemical and bi-

ological sensors [1, 4]. Finally, their anisotropic geometry makes their optical and

electrical properties drastically dependent on their orientation, allowing their use as

polarization-sensitive devices [5–7]. Therefore, semiconductor NWs have been inten-

sively investigated for a broad range of potential applications, including electronic

3



1. INTRODUCTION

(diodes, field effect transistor, logic circuits) [8–12], energy (solar cell, thermoelec-

tric generators) [1, 13], magnetic (spintronic, memory) [14–16], optoelectronic de-

vices [17, 18], and sensors [19, 20]. As a result, the number of semincoductor NWs

related publications has rapidly increased during past two decades. In particular, most

of the activities and developments on the semiconductor NWs related topics (growth,

NWs based devices, applications, and so on) have happened in the last ten years [21].

But, to date most NWs applications rely on the ability not only to grow, but also

to characterize structurally, optically and electronically individual and collections of

NWs, although it is rather difficult to find single probes covering simultaneously all

of the above properties. For these reasons, this dissertation is devoted to the study

of single NWs using a hard X-ray nanoprobe.

1.1.1 ZnO nanowires

Among semiconductor NWs, ZnO NWs are one of the most attractive materials due

to the wide band gap energy of 3.37 eV that is suitable for short wavelength op-

toelectronic applications [22]. The large exciton binding energy of 60 meV [22] is

higher than the thermal energy at room temperature (26 meV), which allows in-

tense excitonic light emission in the near ultra-violet region at room temperature

[23]. Therefore, ZnO NWs have attracted much attention for light emitting diodes

and photonic waveguides [24–27]. Within the NW lasing application, an evidence of

the transition from amplified spontaneous emission to laser oscillations in optically

pumped single ZnO NWs was observed at room temperature [28]. However, it has

been shown a high lasing threshold (10− 300 kWcm−2), that limits the development

of the ZnO NW based lasing device applications [29]. The incorporation of optical

active 3d -ions into the ZnO NWs is expected to further lower lasing threshold, as

well as to obtain intense intra 3d -luminescence in the NWs. More details about this

subject are presented in following sections.

In order to ground the main results obtained in this thesis, a review of some of

the most important structural and optical properties of ZnO is described.

Crystal structure

ZnO is a direct II-VI semiconductor, which crystallizes in the wurtzite structure

at ambient pressure and room temperature as shown in Figure 1.1 [30]. This hexag-

onal structure belongs to the space group P63mc with lattice parameters a = b =

3.25 Å and c = 5.21 Å [31]. Each Zn ion is surrounded by four oxyen anions at the

4
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Figure 1.1: The wurtzite crystal structure of ZnO, showing the tetrahedral coordina-

tion of a Zn atom with four O atoms and viceversa (Figure adapted from Ref. [30]).

corner of a tetrahedron, and viceversa (see Figure 1.1). This tetrahedral coordina-

tion in ZnO forms a noncentrosymmetric structure with polar symmetry along the

hexagonal axis, which is not only responsible for the characteristic piezoelectricity

and spontaneous polarization, but also plays a key role in the crystal growth and

defect generation in ZnO [22]. The tetrahedral coordinated bond of this compound

is formed by sp3-hybrid orbitals with covalent bonding character. However, the Zn-O

bond also possesses very strong ionic character, and therefore ZnO lies on the border-

line between being classed as a covalent and ionic compound.

Electronic band structure

The knowledge of the electronic band structure is crucial for understanding the

physical properties and device applications of semiconductors. So far several theoreti-

cal methods have been applied to calculate the band structure of ZnO [31–35]. Figure

1.2 (a) shows representative results of the electronic band structure calculated using

the LDA, incorporating atomic self-interaction corrected pseudopotentials to accu-

rately account for the Zn 3d electrons [32]. The figure shows that the valence band

maxima and the conduction band minima were obtained at Γ point k = 0, which indi-

cates that ZnO is a direct band gap semiconductor. The bottom bands around -9 eV

represent Zn 3d levels. The next six bands from -5 eV to 0 eV represent O 2p bonding

states. Finally, the first two conduction band states correspond to Zn 4s levels. The

band gap determined from this method is 3.77 eV, which is in much better agreement

with experiments compared to other methods (e.g., standard LDA calculation gives

value of 0.23 eV) [22, 32]. It is also worth to mention that the ZnO valence band is

5
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Figure 1.2: (a) The LDA band structure of bulk wurtzite ZnO calculated using domi-

nant atomic self-interaction-corrected pseudopotentials. Image adapted with permission

from Ref. [32]. (b) Representation of the conduction and spin-orbit splitting of the va-

lence band of ZnO into three subband states A, B, C at Γ point.

split by the crystal field and spin orbit interaction into three states named A, B and

C under the wurtzite symmetry, as shown in Figure 1.2 (b). The A and C subbands

are known to have Γ7 symmetry, while the middle band B presents Γ9 symmetry [36].

The band gap has a temperature dependence up to 300K and shrinks with increasing

temperature given by the relationship [37]:

Eg(T ) = Eg(T = 0)− 5.5× 10−4T 2

900− T
, (1.1)

where Eg(T = 0) is close to zero.

Optical properties of ZnO

The optical properties of semiconductor are linked to both intrinsic and extrinsic

effects [38, 39]. The electronic transitions between the conduction band and valence

band are usually treated as intrinsic optical transitions, in which the excitonic effects

due to the Coulomb interaction between electrons and holes plays a crucial role. For

ZnO the binding energy of the excitons (60 meV) is larger than the thermal energy at

room temperature (kBT ≈ 26 meV), therefore allowing the observation of the excitonic

6



1.1 Semiconductor nanowires

emissions even at the room temperature. On the other hand, extrinsic properties are

related to the electronic states created in the bandgap by either dopants, impurities or

point defects and complexes in ZnO, which usually influence both optical absorption

and emission processes. For instance, the excitons can be bound to neutral or charged

donors and acceptors, called bound excitons. The electronic states of these bound

excitons strongly depend on the band structure. For a shallow neutral donor bound

exciton, for instance, the two electrons in the bound exciton state are assumed to

pair off into a two-electron state with zero spin. The additional hole is then weakly

bound in the net hole-attractive Coulomb potential set up by this bound two-electron

aggregate. Similarly, neutral shallow acceptor bound excitons are expected to have

a two-hole state derived from the topmost valence band and one electron interaction

[39]. Other extrinsic transitions could be seen in the optical spectra such as free-to-

bound (electron-acceptor) and bound-to-bound (donor-acceptor).

1.1.2 Co-implanted ZnO nanowires

Doping of semiconductor NWs is a critical step to produce materials with novel prop-

erties and functionalities for new devices [40, 41]. In the context of spintronic nanode-

vices, transition metals doped ZnO NWs have attracted much attention due to their

predicted ferromagnetic behavior at room temperature [42, 43]. In addition to the

attractive magnetic properties, Co doped ZnO NWs have promising optical proper-

ties because of Co 3d intra-shell transitions for future optoelectronic applications [44].

The incorporation of cobalt into the ZnO host crystal results in a multiple splitting

of the degenerated 3d -shell states of the free ion as shown in Figure 1.3 [45, 46]. The

resulting electronic structure of Co2+ in ZnO can be approximated by the Hamilto-

nian [47]:

H = Hfree ion +HCF +HSO +Hv +HJT , (1.2)

where the perturbation terms Hfree ion is the Hamiltonian of free ion with multi-

electron interaction according to the Hund’s rule, HCF is the Hamiltonian of the

crystal field (Stark effect), HSO is the Hamiltonian of spin-orbit interaction, Hv and

HJT are the Hamiltonian of vibrational contributions and electron–phonon coupling

namely Jahn–Teller coupling, respectively. However, the electronic structure is mainly

affected by the Stark effect of the crystal field and the spin-orbit interaction. Vibra-

tional contributions and Jahn-Teller interactions play minor roles in the electronic

structure of the free ions as the Co2+ ions are stabilized by the axial crystal field

components in ZnO [45].

7
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Figure 1.3: Energy levels of a Co2+ 3d7 ion split under the influence of the ZnO crystal

field (showed byHCF term) and the spin-orbit interaction (HSO). Several common Co2+

intra-3d7 emissions are also shown from the visible to near infrared range. The energy

differences are not to scale (Figure adapted from Ref. [46, 48]).

In Figure 1.3, the Co2+ free ion levels consist of the 4F ground state followed by

the 4P as well as the 2G excited state and 2H, 2D, 2F states. We shall concentrate

primarily on first three free-ion levels. Due to the Stark effect of the tetrahedral

coordinated crystal field (Td symmetry), the free-ion ground state 4F splits into the
4T1(F) term at 0.78 − 1.13 eV and the 4T2(F) term at 0.45 − 0.55 eV above the
4A2(F) ground term. The crystal field states further split by spin-orbit coupling as

sketched in Figure 1.3 [45, 46, 48, 49]. The 4P is not split by the crystal field,

but transforms into 4T1(P), which degenerates under the influence of the spin-orbit

interaction into at least six sublevels at 2.01 − 2.12 eV above the ground term (not

included in Figure) [45, 46]. The 2G excited state splits into the four levels under the

influence of the tetragonal crystal field. Namely, the 2E(G) level at 1.88 eV and the
2T1(G) at 1.93− 1.98 eV are below the 4T1(P) level, while the 2A1(G) at 2.19 eV and

the 2T2(G) at 2.24 − 2.36 eV are located above. These states are also split by the

spin-orbit interaction except the 2A1(G) state [48, 49].

8



1.1 Semiconductor nanowires

As a result, transitions between these 3d -shell states become partly allowed and

show very sharp lines in PL spectrum [45–47]. The common Co2+ emissions in ZnO are

detected in the visible to near infrared range, which could be assigned to the different

transitions indicated in Figure 1.3. For instance, the 2E(G) to 4A2(F) transition

creates the Co2+ emission at 1.74 − 1.88 eV, while the emission at 0.82 − 1.13 eV is

assigned to the 2E(G) to 4T1(F) transition [45, 48].

1.1.3 InGaN nanowires

In this dissertation, apart from the main topic on Co-implanted ZnO NWs, we have

also characterized InxGa1−xN NWs by synchrotron hard X-ray nanoprobe. Thus, a

brief introduction is presented to review some unique properties of the InxGa1−xN

NWs, as well as the motivation of the study.
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Figure 1.4: The solar spectrum represents the intensity and spectral distribution of in-

coming sunlight for a given location and atmospheric conditions on the earth (left panel).

Band-gap energies of the GaxIn1−xN alloy as a function of Ga content (right panel),

which cover the greater part of the solar spectrum (Figure adapted from Ref. [50]).

InN and GaN have band gap energies of about 0.7 eV and 3.4 eV [51], respec-

tively. For a ternary alloy InxGa1−xN, if x varies from 0 to 1, the energy of the

optical emission can be changed from the near-ultraviolet to the near-infrared region

(covering most part of the solar spectrum as shown in Figure 1.4), which could be ex-

ploited in high-efficiency photovoltaics [52, 53] and color-tunable-light emitting/laser

diodes [54, 55]. In addition to these properties, the NW geometry offers additional

advantages to enhance the performance of these devices [56–59]: (1) a decoupling

of the absorption axis from the carrier collection axis; (2) photonic effects that can

9



1. INTRODUCTION

enable enhanced light trapping due to nanoscale optical index changes, which cause

scattering and reduced reflection; (3) elastic strain relief, allowing higher indium mole

fractions and lower defect concentrations. As a consequence, the growth of InxGa1−xN

NWs has attracted much attention in recent years, and InxGa1−xN NWs have been

synthesized successfully by MBE [60, 61], low-temperature halide chemical vapour de-

position technique [62], and metal-organic chemical vapor deposition [63]. However,

these NWs suffer from compositional modulation for high In content and are not well

oriented. Thus, the investigation of these individual NWs is crucial to understand the

mechanism driving its growth and the resulting properties that could be responsible

for performance of the nanodevices. Despite there are few reports on characteriza-

tion of individual InxGa1−xN NWs at the nanometer length scale, which reveal Ga

and In element segregation along the axial direction of single NWs [64], some ques-

tions remain: How is the variation of the alloy composition along the radius of single

InxGa1−xN NWs? How does the elemental modulation affect to the local and long-

range atomic structure of the single InxGa1−xN NWs? These issues are addressed in

the annex 1 and 2 of this dissertation using synchrotron hard X-ray nanoprobe.

1.2 Sample synthesis

Although the crystal growth and doping of ZnO NWs and InGaN NWs were not

carried out by the candidate, but by the group of Prof. Carsten Ronning at Jena

University, and Prof. Angela Rizzi at Goettingen University, respectively, some basic

information about their synthesis are described in this section.

1.2.1 Growth of ZnO nanowires

The VLS is an one-dimensional crystal growth mechanism that is assisted by a metal

catalyst [65]. It results in the creation of whiskers, rods, and wires [65]. One-

dimensional crystal growth was initially developed nearly 50 years ago for Si whisker

and the growth mechanism was suggested for wider use by Wagner in 1964 [66]. Using

VLS process, substrates covered with the catalyst (typically gold as thin film with less

than 10 nm thickness or colloid) are heated up to a temperature between the melting

point of source material and the one for the catalyst. The catalyst becomes liquid and

forms nanometer sized droplets. Source material under gas phase form is preferen-

tially absorbed at the surface of the catalyst droplet and forms the eutectic solution.

The source material then nucleates as solid phase, typically by hetero-nucleation at
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1.2 Sample synthesis

the interface between catalyst droplet and growth substrate. The solubility of the cat-

alyst is typically very low, therefore nearly no catalyst is incorporated, but remains

on top of the rods or wires. The diameter is determined approximately by the size

of the catalyst droplet, whereas the length can be controlled by the time of source

material vapour is supplied.

For the VLS synthesis of the ZnO NWs on p-Si (100) substrate, ZnO powder (99.9

% purity) as a source material was put into an alumina boat and placed at the centre

of a tube furnace, which was heated up at a rate of 200 ◦C/hour. At 600 ◦C, argon

gas flow of 50 sccm with a pressure of 150 mbar was switched on, the gas stream

flowed over the substrate first and passing through the source material to prevent the

contamination and oxidation of the substrate. The substrate covered with a 5 nm

thick Au film was put in a colder region downstream the furnace tube. After reached

the temperature of 1350 ◦C at the center of the furnace where the ZnO powder source

was put, while the substrate temperature was around 950− 1100 ◦C , the Ar gas flow

was switched to the growth direction (from source powder to substrate). Finally, ZnO

NWs were grown on the Si substrate during 30 minutes. The synthesized ZnO NWs

possessed a spaghetti-type morphology.

1.2.2 Ion implantation process

In order to obtain a successful Co doping into NWs by an ion implantation process,

the group of Prof. Carsten Ronning at the Solid State Institute of the University of

Jena needed to adjust the Co ion energy in order to match the ion range with the

NW diameter. Furthermore, the Co ion fluence must be set for the desired doping

concentration. These ion energy and fluence were simulated by the Monte-Carlo

code iradina [67]. This program simulates the transport of ions through a target,

consisting of a number of cells as well as taking into account the three dimensional

NW morphology [67]. From the simulation results, a combination of ion energies

from 60 to 300 keV and a Co ion fluence of 1.57× 1016 cm−2 were obtained to have a

homogeneous doping concentration in the range of 0.2− 0.9 at.%.

Co ion beam doping of the ZnO NWs was performed at room and high temper-

ature for different studies, using the 400 keV ion implanter ROMEO [48]. The ion

energy and fluence applied were the values obtained from the simulation. The ion

beam current was kept below 3 µA/cm2 to avoid any damage of NWs by heating.

Due to the different angles between the ion beam and the randomly aligned NWs,

each implanted NW exhibits slightly different concentrations. Additionally, some
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1. INTRODUCTION

wires may be affected by shadowing effects due to an overlapping of NWs during the

implantation process. For characterization of single NWs, the nanowire ensemble was

transferred to clean Si substrates via an imprint technique in order to obtain isolated

NWs [68]. For comparison, some ZnO NWs implanted with Co at room temperature

were annealed at 750 ◦C in air for four hours (labeled annealed ZnO:Co NWs), and

others do not undergo the thermal treatment (labeled as-implanted ZnO:Co NWs).

Some ZnO NWs were implanted with Co ion at high temperature (700 ◦C) and fol-

lowed a thermal annealing at 750 ◦C in air for four hours [labeled high temperature

(HT) implanted ZnO].

1.2.3 Growth of InGaN nanowires

InxGa1−xN NWs were grown on bare n-Si (111) substrates using a Veeco GEN II

MBE-system in the group of Prof. Angela Rizzi at the Goettingen University [69].

The n-Si (111) substrate was cleaned with acetone and isopropanol in an ultrasonic

bath for two min before mounting. Afterwards, the substrate was outgassed in-situ at

600 ◦C for 10 hours and at 1000 ◦C for 40 minutes. The resulting 7×7 reconstruction of

the surface was monitored by reflection high-energy electron diffraction and was used

as an indication of an oxygen-free Si surface. In order to limit the nitridation of the

substrate, the plasma was turned on for five minutes before the growth [70]. Then, the

NWs were grown on such substrate under nitrogen rich conditions required to obtain

a NW morphology, with a growth time of 200 minutes. The substrate temperature

(determined by pyrometry) and the Ga/(Ga + In) flux ratio used during the growth

were 462 ◦C and 0.07, respectively [69]. For the synchrotron characterization, single

NWs were also transferred to an Al-covered sapphire substrate, having a gold grid

prepared by lithography [69].

1.3 Synchrotron nanoprobe

1.3.1 Synchrotron radiation

SR is an electromagnetic radiation emitted when electrons, moving at a relativistic

speed, i.e., close to the velocity of light, are forced to change direction by a magnetic

field [71]. Namely, the SR is emitted in a narrow cone in the forward direction,

at a tangent to the electron’s orbit. SR facilities typically consist of an injection

system (an electron gun, linac, and booster ring), a storage ring (bending magnets,

insertion devices, radio frequency cavities, and focusing magnets) and beamlines as
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Figure 1.5: Schematic of a synchrotron facility which typically consists of an injection

system, a storage ring, and beamlines. The injection system includes an electron gun,

a linac, and a booster. The storage ring consists of radio frequency cavities, bending

magnets, and undulators or wigglers (Figure adapted from Ref. [72]).

shown in Figure 1.5 [73]. In the injection system, electrons are produced first by an

electron gun. These electrons are packed in “bunches” and accelerated to approach the

speed of light by a linac. The electrons are then transferred to a booster ring, where

they are accelerated to reach final energy before entering into the storage ring. At

ESRF, the electrons are accelerated to reach a nominal energy of 6 billion electronvolts

(GeV) [73]. In the storage ring, the electrons travel for hours close to the speed of light

within an evacuated tube at extremely low pressure (around 10−9 mbar at ESRF).

As they travel round the ring, they pass through different types of magnets, mainly

bending magnets, undulators or wigglers. SR is emitted when an electron received

centripetal force in the magnetic field of the bending magnets. This light is emitted

tangentially to the curved electron beam and collimated into a narrow, intense beam.

However, a higher intense synchrotron light is produced by insertion devices such as

undulators or wigglers which are made up of a series of small magnets with alternating

polarity, the base of of third generation SR sources [73, 74]. The storage ring also

consists of radio-frequency cavities and focusing magnets which are used to restore

the energy of electron lost because of the emission of SR, and keep the electron beam

size as small as possible [73]. The X-ray beam produced by a synchrotron facility has

a number of unique properties. These include [75–79]:
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• High brilliance (1021phot/s/0.1%band width/mrad2/mm2): It can be hundred of

thousands of times more intense than that from conventional X-ray sources, allowing

trace-element sensitivity study.

• Energy tunability (ranging from infrared lights to gamma rays).

• High degree of polarization: The synchrotron emits highly polarized radiation,

which can be linear, circular or elliptical.

• Timing structure: Pulses emitted are typically less than a nanosecond, enabling

time-resolved studies.

• Low emittance [HxV: 4nm x 3pm (uniform filling mode at ESRF)].

• High collimation (small angular divergence of the beam).

Taking the unique properties of the synchrotron radiation, and the multiple photon-

matter interactions, the use of nanometre-sized X-ray beam provides further advan-

tages [80, 81]: i) high spatial resolution (around 50× 50 nm2) which allows to inves-

tigate elemental composition, local chemistry, local structure, and defects of small or

heterogeneous samples (e.g., nanostructures, quantum dots) or objects with clusters

or nanoagregates; ii) deeper information depths that allow to characterize thick sam-

ples and buried sample volumes in their natural or extreme environments, without

complex sample preparation procedures; iii) site- and orbital-selectivity, with simulta-

neous access to K absorption edges and X-ray fluorescence emission lines of medium,

light and heavy elements.

1.3.2 X-ray nanofocusing optics

Along with the development of third generation SR sources providing higher brilliance

(1021phot/s/0.1%band width/mrad2/mm2) [76, 77], and lower emittances (HxV: 4nm

x 3pm) [76], the improvement of X-ray focusing optics has played an important role

in order to reduce the X-ray beam size from millimeters down to several tens of

nanometers. As mentioned in Section 1.3.1, the use of nanometer-sized X-ray beams

presents unique advantages. Nowadays, there are many focusing devices available

to focus the X-ray beam down to nanometer length scale such as KB mirrors [82,

83], compound refractive lenses [84, 85], Fresnel zone plates [86, 87], X-ray capillary

optics [88, 89], multilayer Laue lens [90, 91], adiabatically focusing lens [92], and

Kinoform Fresnel lenses [93]. The use of each device depends on the application, for

example, the KB is not only focused the X-ray beam down to few nanometers (7

nm at 20 keV), but it is also archromatic [80, 83]. These characteristics are critical

for X-ray absorption spectroscopy and the study of nanostructures. In this thesis,
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therefore, a hard X-ray beam was focused using KB multilayer coated Si mirrors,

which are described in more detail later.

Nevertheless, it is worth to mention some basic concepts. For an X-ray lens, the

diffraction limited resolution is estimated by the Rayleigh’s criterion [94]:

SDL = α
λ

NA
, (1.3)

where λ is the wavelength of X-ray beam, α equals 0.44 for the two-dimensional

focusing by a flat rectangular lens [82], while a round lens gives α value of 0.61 [80].

NA = n sin θ is the numerical aperture with an opening angle 2θ and n is the complex

index of refraction expressed by:

n = 1− δ + iβ, (1.4)

where δ describes the dispersion in the material, having the value of around 10−8

in air and around 10−5 in solid materials [94]. β describes the absorption, which is

usually much smaller than δ. So, the n index is smaller than the unity due to the weak

interaction of X-ray beam with the material. The low achievable numerical aperture,

therefore, is still a drawback in X-ray optics.

In addition to the diffraction limit, the minimum achievable spot size is limited

by the geometrical source demagnification, given by [82]:

SG = S
q

p
, (1.5)

where S is the size of the source, p is the distance from the source to the focusing

device, and q distance from the focusing element to the focal spot. This equation

implies that the smaller spot size can be obtained by increasing the distance between

the source and focusing element.

Apart from the these two factors: the diffraction limit SDL and geometrical source

demagnification SG, we have to take into account imperfections of real optics (SI)

that is also affected the achievable beam size. These imperfections are aberrations,

mirror shape errors, nonuniform areas, as well as further experimental issues such as

vibrations, drifts, etc. [80, 95, 96]. Therefore, the FWHM limit of the resolution (S)

is a combination of these three factors:

S =
√
S2
DL + S2

G + S2
I . (1.6)

a
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Kirkpatrick-Baez mirrors

KB optics [97] consists of two orthogonal placed mirrors as shown in Figure 1.6.

The first mirror focuses the X-ray beam in the vertical plane, while the second one in

the horizontal plane. The focusing principle is based on the total external reflection

(single layer) or on the Bragg law fulfilled by multilayer coatings deposited on the

mirrors [82]. The total external reflection can occur when the grazing angle is smaller

than a critical angle θc <
√
δ, where δ is the decrement of the index of refraction.

Usually, the mirror surface is coated with a heavy material in order to obtain a larger

electron density, which produces a larger critical angle for total reflection [80].

θθθθ
�����

����	�
���������
��������

��������������
��������

������

Figure 1.6: Schematic of a Kirkpatrick-Baez mirror system. Two orthogonally placed

mirrors focus the incident beam vertically and horizontally. θ is an angle between the

incident beam and the mirror.

The generic lens shape for a point-to-point focusing geometry is an ellipse if the

phase shifts on reflection is neglected [82]. In the case of a single elliptic total reflection

mirror, the grazing angle is limited by the critical angle of total external reflection θc

expressed as [82]:

sin θc =
√

2δ, (1.7)

since δ is very small, so that the aperture 2θ is very limited. An estimation of the

diffraction limit of a total reflection mirror system [SDL(TRM)] is shown by assuming

a full opening of up to half of critical angle 4θ ≤ θc [82]:

SDL(TRM) ≈ 1.76λ√
2δ

= 1.76

√
π

r0ρe
, (1.8)

where r0 is the classical electron radius, λ is the wavelength of the radiation, and ρe

is the electron density of the material. Thus, the focusing power of a total reflection

mirror strongly depends on the material properties [82].
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The multilayers, on the other hand, consist of different layers of low and high

refractive index materials [98]. If the period Λ of the multilayer structure satisfies the

modified Bragg equation

Λ =
λ

2
√
n2 − cos2 θ

, (1.9)

at any point along the mirror, constructive interference will happen, improving the

reflectivity up to values that can reach 90% or more [98]. Therefore, the Bragg angle

of a multilayer coated mirror can be several times larger than the critical angle of a

total reflection mirror. An estimation of the diffraction limit of the multilayer mirror

[SDL(RML)] obtained by assuming θ ≈ λ/2Λ, is

SDL(RML) ≈ 0.88

1/Λ2 − 1/Λ1

, (1.10)

where, Λ1,2 indicates the multilayer d -spacings at the respective edges of the mirror.

The resolution is therefore limited only by the lateral d -spacing gradient of the re-

flective mutilayers [82]. For instance, with a short period and a strong gradient, focal

spots of about 5 nm full width of haft maximum appear realistic.

In order to achieve a preferable spot size, the KB mirrors are bent statically

or dynamically to a specific shape (elliptical shape). Recent developments in the

technology of shaping, polishing, mounting, and aligning of KB mirrors have brought

a focusing X-ray beam with a spot sized of less than 10 nm at 20 keV [83, 99]. One of

the important advantages of these mirrors compared to the others is the achromaticity,

meaning that the focal length is independent of the energy, which is critical for X-

ray absorption spectroscopy. The disadvantages, on the other hand, are the low

acceptance, relatively expensive, and that the mechanics for dynamical bending of

the mirrors is complex.

1.3.3 Interaction of X-rays with matter

When an X-ray beam passes through matter, a fraction of the light is transmitted,

while a fraction is absorbed inside the material, and a fraction is scattered away

from the original path with and without loss of energy, called Compton and Rayleigh

scatters, respectively, as illustrated in Figure 1.7. The intensity I0 of the incident

X-ray beam passing through a layer of thickness t (cm) and density ρ is reduced to

an intensity I(t) according to the Lambert-Beer’s law [75, 100]:

I(t) = I0e
−µt, (1.11)
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where µ (cm−1) is the linear attenuation coefficient. It can be formulated as follows:

µ = σa
NA

A
ρm, (1.12)

where σa is the attenuation cross section, NA is Avogadro’s number, A is the atomic

weight, and ρm is the mass density. The attenuation coefficient can be described as

the linear attenuation coefficient (Equation 1.11) and as mass attenuation coefficient

(µm). The first one µ (cm−1) is critical for X-ray optics since it quantifies the amount

of X-rays absorbed per unit length and depends on the physical and chemical states

of the absorber as well as on the energy of the incident photons. The second one µm

(cm2g−1), on the other hand, quantifies how many X-ray photons are absorbed per

unit mass of material [75]:

µm =
µ

ρm
= σa

NA

A
. (1.13)
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Figure 1.7: Interaction of X-ray photons with matter

1.3.4 X-ray fluorescence

Synchrotron XRF is a very useful technique for qualitative and quantitative elemental

analysis of materials. Synchrotron XRF has three main advantages: non-destructive,

multi-elemental and fast technique. Based on a focused X-ray beam, this method

provides a high spatial resolution and low detection limits, allowing the study of very
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small samples (e.g., quantum dots, nanostructures), as well as elemental traces anal-

ysis below parts per million level.

i) Basic principle of XRF

The classical model of an atom is a positively charged nucleus surrounded by

negatively charged electrons which are grouped in shells or orbitals. The innermost

shell is called the K-shell, followed by L-shells, M-shells etc. as one moves outwards.

The L-shell has three sub-shells called L1, L2 and L3, while M-shell has five sub-

shells M1, M2...M5 as illustrated in Figure 1.9 [101]. Each shell contains a certain

maximum number of electrons determining by the Pauli exclusion principle [102]. It

is well known that each electron could be described through four following quantum

numbers that uniquely define it and specify the shell it may occupy [102, 103]:

• The principal quantum number (n) describes the electron shell, or energy level of

an atom. The values of n = 1, 2, 3, ... that correspond to K-shell, L-shell, M-shell,...

• The azimuthal quantum number (l) describes the subshell (angular momentum).

This is related to the shape of the orbital. The value of l = 0, 1, 2, ..., n-1.

• The magnetic quantum number (ml) describes the specific orbital (or “cloud”)

within that subshell, and yields the projection of the orbital angular momentum along

a specified axis. The value of ml ranges from -l to l, with integer steps between them.

• The spin quantum number (ms) describes the spin (intrinsic angular momen-

tum) of the electron within that orbital (spin up or spin down). The value of ms is

independent of the three quantum numbers above. It has only two values: +1/2 or

−1/2.

The Pauli exclusion principle states that it is impossible for two electrons of an atom

to have the same values of the four quantum numbers (n, l, ml and ms). According to

this principle, maximum numbers of electrons on each shell can be determined. For

example, consider K shell, i.e. n = 1. The electron will have only one value of the

azimuthal quantum number which is l = 0 and one value of the magnetic quantum

number, which is ml = 0 but it can have two values of ms, either +1/2 or −1/2.

Therefore, the maximum electron number of the K-shell is two electrons (first one

with n = 1, l = 0, ml = 0 and ms = +1/2; second one with n = 1, l = 0, ml = 0

and ms = −1/2). Similarly, the L-, and M-shells can contain eight and 18 electrons,

respectively [101, 103].

When a sample is irradiated with X-rays, the X-rays may undergo either scattering

or absorption by atoms of the sample. In the case of absorption, the incident X-rays

with sufficient energy will eject an electron from an inner shell of the atom, leaving a
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Figure 1.8: Fluorescence and Auger electron yields as a function of atomic number for

K shell vacancies. Auger transitions (red curve) are more probable for lighter elements,

while fluorescence yield (dotted blue curve) becomes dominant at higher atomic numbers

(Figure adapted from Ref. [104]).

vacancy (hole) in the core shell. The hole state of the core shell has a finite lifetime

of ∼ 10−15 sec [105, 106] and it, therefore, is refilled quickly by an electron from an

outer shell. This transition from the outer shell to the inner shell occurs via two

competitive processes, the X-ray fluorescence and Auger effects [100, 107]. In the

X-ray fluorescence, which is subjected to selection rules, the electrons with energy

Em from the outer shell will move down to the inner shell with energy En to fill into

the vacancies. This process will create the emission of a characteristic X-ray photon

(fluorescence) with energy (E) that is the difference between two binding energy of

two shells:

E = En − Em. (1.14)

In addition to the X-ray fluorescence emission, the transition from the outer shell to

the inner shell can also induce the emission of Auger electrons via the Auger effect [104,

107]. The probability of X-ray fluorescence emission is called the fluorescence yield,

while the Auger electron yield is for emission of Auger electrons. Both depend on

the element’s atomic number and the shell in which the vacancy occurred. The X-ray

fluorescence and Auger electron yields for K-shell as a function of atomic number

is shown in Figure 1.8. This figure clearly shows that the Auger effect is dominant

for light elements, whereas emission of X-ray fluorescence is more likely for heavier

elements [107]. Each atom has its unique characteristic X-rays spectrum dominated

by the selection rules. The allowed transitions for the XRF emission induced by

photoelectric effect are specified by three quantum selection rules [100, 107, 108]:
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Figure 1.9: Electric-dipole allowed transitions and different X-ray fluorescence emis-

sion lines in an atom after K-shell ionization.

• 4n ≥ 1 where n is the principal quantum number.

• 4l = ±1 where l is the azimuthal quantum number.

• 4j = ±1 or 0 where the quantum number j is the total momentum j = l + s,

where s is the spin quantum number. Based on these rules, for instance, only one

type of electron transition (p-orbtial −→ s-orbital) is possible to fill an ionized K-

shell (1s). Possible transitions include: 2p (L-shell), 3p (M-shell), and 4p (N-shell)

to 1s (K-shell), yielding three main X-ray characteristic lines. Figure 1.9 represents

the most common X-ray characteristic lines with their allowed transitions. The Greek

letters in Figure 1.9 represent the nomenclature applied to the most probable electron

transitions to the K, L, and M shells, and the resulting characteristic X-ray emissions.

The energy of each transition (X-ray characteristic line) from an atomic level m to an

atomic level n is proportional to the square of its atomic number as given by Moseley’s

law [100, 107]:

Emn = RH(Z − σ)2(
1

n2
− 1

m2
), (1.15)

where RH is the Rydberg constant relating to atomic spectra, σ is the screen con-

stant for the repulsion correction due to other electrons in the atom, and Z is the

atomic number. Every element has its own characteristic X-rays that is its fingerprint.

ii) Qualitative and quantitative XRF analysis

Qualitative analysis: Based on Moseley’s law, the qualitative analysis is done

using tabulated energy values of characteristic X-rays. Therefore, the existence of
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elements in a sample can be identified from the energy of peaks, which are present

in an XRF spectrum. The assignment of the XRF lines should follow the selection

rules already presented in previous section and take into account that every element

may be composed by a group of X-ray lines that have certain intensity ratio. Details

of the X-ray fluorescence lines are presented in Figure 1.9. The qualitative XRF

analysis needs to consider also background and a number of spectral artifacts, which

become specially important for trace element analysis [100, 107]. The background

is mainly due to coherent and incoherent scattering of the excitation radiation by

the sample. The shape can be very complex and depends both on initial shape of

the excitation spectrum and on the sample composition [100]. Occurrence of some

processes due to the scattering of the incoming X-rays by the sample and the emitted

X-rays impacting the detector may lead to additional peaks that are not taken into

account in the actual X-ray fluorescence process. Therefore, in order to evaluate the

XRF spectrum correctly, the origin of these peaks needs to be defined [100, 107]:

• Escape peaks : Resulting from the escape of Si K photons from the detector after

photoelectric absorption of the impinging X-ray photon near the edge region of Si

material. Because of this process, the energy deposited in the detector equals to the

difference value between the energy of the impinging X-rays and the Si Kα photons.

The positions of the escape peaks are thus expected at 1.74 keV (Si Kα) below the

parent peaks. The width of the escape peaks is smaller than the one of the parent

peaks and corresponding to the spectrometer resolution at the energy of the escape

peak. The escape fraction (f) is determined as a ratio of the number of the counts

in the escape peak (Ne) over the number of detected counts from escape and parent

(Np) peaks and f = Ne/(Np +Ne) [100].

• Sum peaks (pile-up): Occuring when two or more X-ray photons impact the

detector at a same time. The respective electron pulse created and measured is the

sum of all these X-ray energies which will lead to a characteristic line with a multiple of

energy of the true X-ray fluorescence energy of the probing element. The intensity of

sum peaks is count-rate dependent, and they can be reduced and virtually eliminated

by performing the measurement with lower incident beam intensity.

• Compton and Rayleigh scattering : When X-rays irradiate a sample, a part of

the incident X-rays is scattered instead of producing characteristic radiation. Namely,

some photons hit electrons in the sample and bounce away depending on the scattering

angle which is the angle between the incoming photon direction and the outcoming

photon direction. This process is called Compton or incoherent scattering [101]. On

the other hand, when photons interact elastically with electrons, the latter oscillate
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at the frequency of the incoming X-Rays. As a consequence, the sample will emit

radiation at the same frequency as the incident X-rays. This process is called Rayleigh

or coherent scattering [101]. Therefore, a sample with light elements gives rise to high

Compton and low Rayleigh scattering because a light element contains many loosely

bound electrons. In contrast, a sample with heavy elements gives rise mostly to

Rayleigh scattering due to the existence of strongly bound electrons in the sample.

Quantitative analysis: When continuous radiation is used to excite the charac-

teristic X-rays of an element i in a completely homogeneous flat and smooth sample

of thickness d (neglecting enhancement effects due to an extra excitation of the ele-

ment of interest by the characteristic radiation of other elements in the sample), the

intensity of the X-ray fluorescent radiation (Ii) is given by [69, 100]:

Ii = I0·G·Ci·
∫ d

0

e
−[
µ(hν)

sin θ1
+
µ(Ei)

sin θ2
]ρx

dx, (1.16)

=
I0·G·Ci·(1− e

−ρd[
µ(hν)

sin θ1
+
µ(Ei)

sin θ2
]

)

ρ[
µ(hν)

sin θ1
+
µ(Ei)

sin θ2
]

, (1.17)

where I0 is the number of incoming photons; the factor G accounts for the XRF yield,

solid angle, and detection efficiency; Ci is the concentration of the element i in the

material; ρ is the sample density; µ is the total mass attenuation coefficient; Ei and

hν are the energies of the XRF and incoming radiation, respectively, while θ1 and θ2

are their respective angles relative to the sample surface. This approach neglects also

the roughness of the sample surface and sample shape (only consider the flat sample).

Based on Equation 1.16, the concentration of an element i can be estimated. How-

ever, the intensity of characteristic X-rays in Equation 1.16 is modified by the effects

of the incident (primary) µ(hν) and X-ray fluorescence (secondary) µ(Ei) absorption

in the sample. These are major sources of the so-called matrix effects in XRF analy-

sis. These effects are caused by absorption and enhancement of X-ray radiation in the

specimen. The primary and secondary absorption occur if the elements in the sample

absorb the primary and characteristic radiation, respectively. A strong absorption

is observed if the sample contains an element with absorption edge of slightly lower

energy than the energy of the characteristic line of the analyte element. When ma-

trix elements emit characteristic radiation of slightly higher energy than the energy

of analyte absorption edge, the analyte is excited to emit characteristic radiation in
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addition to that excited directly by the X-ray source [109]. Therefore, the intensity

Ii is not only a function of the i element concentration, but also depends on that of

the other constituents.

However, in case of thin samples and angles (θ1, θ2) that are not too small, the

quantity ρd[µ(hν)/ sin θ1 + µ(Ei)/ sin θ2]� 1, and the exponential function in Equa-

tion 1.16 can be approximated by the first two terms in its Taylor expansion [100].

Thus, the intensity of the characteristic X-rays, I thini , depends linearly on the concen-

tration of i element according to the equation:

I thini = I0·G·Ci·d. (1.18)

This also indicates that for the thin-samples, the matrix effects can be neglected.

For thick samples, on the other hand, if the total mass per unit area ρd is suf-

ficiently large, the exponential function in Equation 1.16 becomes negligible, thus

Equation 1.16 is simplified to:

I thicki =
I0·G·Ci

ρ[
µ(hν)

sin θ1
+
µ(Ei)

sin θ2
]

. (1.19)

The equation shows that the I thicki depends nonlinearly on the concentration of i ele-

ment and depends also on matrix effects.

iii) Minimum detection limits

Besides the high spatial resolution, the MDL is also an important parameter for

a synchrotron XRF measurement. The MDL is the lowest concentration at which

an element can be detected in an experimental setup. This parameter is necessary

to be known prior each sample measurement. It can be determined by the peak-to-

background ratio, concentration of an element of a reference sample [110]. Usually,

the MDL is determined by measuring SRM with well known elemental composition,

following by the equation:

CMDL,i =
3
√
IB,i

Ii
Ci, (1.20)

where CMDL,i is the minimum detection limit of element i in at.%. IB,i and Ii are

the measured background and characteristic X-ray intensity of element i in counts.

Ci is the concentration of element i in the standard reference sample in at.% unit.

For instance, the MDL of our XRF measurements were determined by measuring the

XRF of SRM 1577b (bovine liver) at 17 keV in pink beam and in 7/8 + 1 filling

modes as shown in Figure 1.10. The MDL of Co and Zn are the ones of interest for
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Figure 1.10: Detection limits of the XRF measurements calculated using the signal

from the standard reference material 1577b (Bovinve Liver) at 17 keV.

this thesis, which are about 7× 10−4 and 3× 10−4 at.%, respectively.

iv) XRF data acquisition, fitting and quantification

The XRF measurements were performed at the beamline ID22 (new beamline

ID16B) using an in-vacuum undulator U23 with the setup shown in Figure 1.11. The

X-ray beam coming from an insertion device U23 passes through high power slits and

intensity attenuators [111] (not shown in the figure). The beam then is horizontally

reflected at 0.14◦ by a Si mirror coated with Pd, Si and Pt layers, which produces a

pink beam with different cut-off energies. A double crystal Si (111) monochromator

is used afterwards to set the energy with a resolution of about 1 eV (monochromatic

beam). For XRF measurements, however, we do not use the monochromator, but

only the mirror to have a photon flux of about 1012 photons/second with an energy

bandwidth ∆E/E ≈ 10−2 (pink beam mode). Before interacting with the sample,

the X-ray beam is focused by a pair of KB mirrors, which can focus the beam down

to 50 × 50 nm2 at 17 keV. More details about the setup and instrumentation at the

beamline ID22 are found elsewhere [95, 112]. For data collection, the emitted X-ray

fluorescence signal from the sample was collected using an energy dispersive Si drift

detector placed at 15◦ with respect to the substrate surface. XRF maps were also

obtained by scanning sample with a piezo stage on the nanobeam with a step size of

25× 25 nm2 and integration time of 500 ms per point. The working distance between

the sample and the detector integrated with a Mo collimator is about 17 mm, but this

distance may be varied, depending on the strength of the X-ray fluorescence signal

of the element of interest. During the data acquisition, several parameters of the Si
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drift detector such as dead time, peaking time, and solid angle need to be taken into

account since they also strongly affect the quality of the XRF measurement.

Dead-time correction and solid angle: Whenever the detector detects an X-ray

photon, it needs some times to analyze and process the signal. Within this period,

called the dead-time, no other X-ray photons are detected and are thus lost. This

dead-time is of the order of a few microseconds [100]. The counting losses are thus

dependent on the actual count rate. It means the greater the count rates, the greater

losses during the measurement. The measured count rate Rm is always lower than

the actual count rate RT following the expression [100]:

RT =
Rm

1− τdRm

, (1.21)

where τd is the dead-time. The actual count rate is determined by the detector’s solid

angle (Ω) that can be obtained by [113]: Ω = A/r2, where A is the surface area of the

detector, and r is the sample to detector distance. If the solid angle is large, meaning

high actual count rates, therefore the higher photons are not detected. As a result, a

dead-time correction should be made in the measurement setup, for instance, moving

the detector backward or inserting an attenuator. The XRF data were analyzed using

a non-linear least-squares fitting routine PyMca [114]. The program allows to do XRF

spectrum fitting and quantification.

XRF Spectrum fitting: The characteristic radiation of a particular X-ray line

has a Lorentz distribution. Peak profiles observed with most solid-state detectors

are the convolution of this Lorentz distribution with the nearly Gaussian detector

response function [100]. A Gaussian peak is characterized by three parameters: the

position, width, and height or area. The non-linear least-square fit PyMCA is able

to determine these parameters during the fitting. The XRF peaks observed in the

spectrum are directly related to the elements present in the sample. The peak fitting

function in the PyMCA is written in terms of energy of these elements rather than

channel number. Defining ZERO as the energy of channel 0 and expressing the

spectrum GAIN in eV/channel, the energy of channel i is given by [114]:

E(i) = ZERO +GAIN × i. (1.22)

The non-linear least-square fit PyMCA optimizes ZERO and GAIN for the entire

fitting region, thus for all peaks simultaneously. As a result, the actual position of

the peaks is obtained through their energies calculated by Equation 1.21. However,

for the best XRF spectrum fitting, it is necessary to take into account the contin-

uum/background, sum and escape peaks. The background can be estimated through
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an iterative procedure in which the content of each channel is compared against the

average of the content of its neighbors at a distance of i channel. If the content is

above the average, it is replaced by the average. To speed up the procedure, i can

be taken as a fraction of the peaks FWHM at the beginning of the iterative process,

being one of the end of it [114]. Concerning the escape peak, its fraction f is defined

as f = Ne/(Np +Ne). PyMCA assumes normal incidence to the detector and consid-

ers the escape only from the front surface. For a Si detector, the escape peaks could

be modeled by a Gaussian at 1.74 keV below the parent lines. The escape peaks are

not fitted as independent peaks, but they are part of the multiplet [114]. Concerning

the sum peaks, since any of the peaks can be detected simultaneously with any other

peaks, one can calculate the summing contribution of channel i, simply shifting the

whole calculated spectrum by i channels and multiplying it by the calculated content

of the channel times a fitted parameter. This will be then repeated for all the points

of the spectrum. The physical meaning of that parameter, for a time acquisition of

one second, could be interpreted as the minimum time, measured in seconds, needed

by the acquisition system to distinguish two photons individually and not considering

them as a single photon [114].

Estimation of elemental concentration: Once the peak identification and en-

ergy calibration are done, the peak intensity can provide the elemental concentrations.

Indeed, the intensity of the characteristic X-rays of element i is linearly dependent

on its concentration (Ci) according to Equation 1.18 because the the thickness of the

NWs studied in this work is small (150− 250 nm), relative to their lengths from sev-

eral to tens of microns. Based on Equation 1.18 and taking into account the thickness

profile of the NWs, the only unknown terms to calculate the concentration are the

incident intensity and the detector efficiency. Using the PyMCA, the concentration

can be estimated by two following methods:

1) The fundamental parameter method works if the two unknown parameters

(incident intensity and detector efficiency) are determined and then used as input

parameters. This can be done by analyzing the XRF data of a SRM with well-known

elemental concentrations. The measurement conditions for XRF data acquisition of

the SRM should be identical for the data acquisition of the sample under investi-

gation. Due to the concentration of each element in the SRM is known, PyMCA

will allow to determine the fundamental parameters such as the incident intensity

and detector efficiency. Such known fundamental parameters are inputted into the

PyMCA program for the XRF quantification of the studied sample. Therefore, the

concentration of each element of interest in the sample will be calculated [114].
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2) The matrix composition method is an indirect method to determine the two

unknown parameters above. By this method, one of the matrix elements of the

sample is selected as an internal reference. Thus, the mass concentration of a wanted

element can be estimated by using the PyMCA. Namely, the mass fraction of the

wanted element as well as the selected reference element calculated from the chemical

formula of the sample are inserted into the PyMCA. The XRF fitting/quantification

will be performed iteratively until the inserted value be identical to the value obtained

from the fitting [114].
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Figure 1.11: Schematic of the experimental setup for recording X-ray fluorescence

and X-ray absorption using a synchrotron X-ray nanobeam at the beamline ID22. The

vertical mirror is a Si crystal coated with Si, Pd, Pt used at 2.5 mrad to remove high

harmonics. The Si (111) monochromator allows the selection of the working energy

with a spectral resolution of 1 eV. Multilayer coated KB mirrors are used to focus the

X-ray beam down to nanometer length scale. The XRF data are collected by an energy

dispersive Si drift detector.

1.3.5 X-ray absorption spectroscopy

XAS is a powerful tool for studying short-range order and/or electronic structure of a

broad range of crystalline and amorphous materials. Namely, it can provide quanti-

tative structural information at the atomic scale about the local environment around

the absorbing atom, i.e., near-neighbor species, interatomic distances, coordination

chemistry, valence state and coordination number [115]. In principle, XAS informa-

tion can be obtained for every elements, as long as atoms have core level electron

transitions [116]. This section introduces XAS and its principles as well as discusses

how information can be extracted from X-ray absorption spectra.
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The X-ray absorption process is based on the photoelectric effect. Thus, a tran-

sition between two quantum states: from an initial state (with an X-ray, a core

electron, and no photoelectron) to a final state (with no X-ray, a core hole and a

photo-electron). Namely, when tuning the energy of incident photons to a value that

is equal or larger than the binding energy of an atom, an electron from an inner core

level is ejected to a vacant excited state or to the continuum. The ejected electron is

called photo-electron and has a kinetic energy (Ek):

Ek = hν − Eb =
}2k2

2m
=

2}2π2

mλ2
, (1.23)

where E = hν is the incoming photon energy, and Eb is the binding energy of the

atom. This phenomenon results in a sharp rise in the absorption intensity, which

is called an absorption edge. Thus, the absorption edge energy (E0) corresponds

to the binding energy Eb. As mentioned in previous sections, the absorption edges

are labeled in order of increasing energy such as K, L1, L2, L3, ..., corresponding

to the excitation of an electron from 1s (2S1/2), 2s (2S1/2), 2p (2P1/2), 2p (2P3/2), ...,

orbitals (states), respectively. Transitions corresponding to these edges are illustrated

in Figure 1.12 (a). Following the absorption process, the ejected electron left a hole

at core level of an atom. Therefore the atom is now in an excited state, which will

decay typically within a few femtoseconds. In the hard X-ray regime, the dominant

mechanism of the decay of the excite state is the X-ray fluorescence, discussed in

Section 1.3.2.

XAS is the measurement of the X-ray absorption coefficient µ(E) of a material as

a function of energy. The energy dependence of the absorption coefficient µ(E) can

be measured either in transmission and X-ray fluorescence modes. The transmission

mode is typically used for a concentrated sample in which the element of interest

is the major component (> 10 %), while the X-ray fluorescence mode is used for a

material with a lower concentration (down to parts per million level). In this work,

we used the X-ray fluorescence mode for all the XAS measurements (schematic of

experimental setup is shown in Figure 1.11). The absorption coefficient µ(E) in this

case can be obtained through the expression:

µ(E) =
If
I0
, (1.24)

where If is the intensity of the X-ray fluorescence lines, I0 is the intensity of incoming

X-rays. Figure 1.12 (b) shows an example of XAS spectrum measured in the X-ray

fluorescence configuration for a sample studied in this thesis: a Co-implanted ZnO
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Figure 1.12: (a) Schematic illustration of the transitions that contribute to the absorp-

tion edges. j is the total angular momentum of an electron energy level. (b) Example:

a Zn K-edge X-ray absorption spectrum of ZnO:Co NWs recorded in X-ray fluorescence

configuration.

NW. An XAS spectrum is generally divided into two parts: X-ray absorption near

edge structure (XANES) and extended X-ray absorption fine structure (EXAFS). The

energy dividing the XANES from the EXAFS is roughly estimated, at the wavelength

of the excited electron which is equal to the distance between the absorbing atom and

its nearest neighbors. Usually, XANES is a region of XAS spectrum within ∼ 50 eV

of the absorption edge, including pre-edge and edge regions. While EXAFS covers

the region from 50 to 1000 eV above the edge.

Since XAS is a type of absorption spectroscopy from a core initial state with a

well defined symmetry, the quantum mechanical selection rules set the symmetry of

the final states in the continuum, which usually are mixture of multiple components.

The electronic-dipole selection rule for a transition to an unoccupied final state is that

an orbital angular momentum quantum number ∆l = ±1 [72, 117]. For instance, the

most intense features of a K-edge are due to core transitions from 1s → p-like final

states.

i) X-ray absorption near edge structure

As mentioned above, the XANES spectrum covers the energy region from the pre-

edge to ∼ 50 eV above the absorption edge. The features caused by the electronic

transitions to empty bound states and multiple-scattering resonances of the photo-

electrons with low kinetic energy.
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The pre-edge of XANES is the region with E < E0. The pre-edge peak structures

usually result from bound state transitions. The pre-edge structures of a K-edge

absorption spectrum arise from 1s to unfilled 3d transition. Although the 1s to 3d

transition is forbidden by dipole selection rules, it is nevertheless observed due to 3d

to 4p orbital hybridization [118, 119]. Thus, these pre-edge structures are observed

for every first row transition metal in the periodic table as long as its 3d orbital is not

fully occupied. The pre-edge region gives information on local geometry and bonding

characteristics of the absorption sites. Its height and position can be also used to

empirically determine the oxidation state and coordination chemistry [116].

The absorption edge is the position with E = E0, where a sudden increase of

absorption appears, defining the ionization threshold to the continuum. Therefore,

the energy of the X-ray absorption edge sensitively depends on the electronic structure

and chemical state of the absorber. Such information is useful to identify the oxidation

state of the atomic species. Usually, the edge shows a shift to higher energy with the

increase of the oxidation state. It can be simply explained by considering that it is

increasingly difficult to remove an electron from an atom that bears a higher positive

charge. For instance, a difference of one unit in Mn oxidation state is related to a

shift ∼ 4 eV in the absorption edge feature [120].

In the XANES region above the absorption edge, because of such low kinetic en-

ergy, the wavelength calculated from Equation 1.22 is larger than the interatomic

distance of photoabsorber and backscatter pair. Thus, the photoelectron backscat-

tering amplitude by neighbor atoms is very large so that multiple scattering features

become dominant in the XANES spectrum [121]. This provides information about

the first coordination shells around the absorbing atom and bond angles.

ii) Extended X-ray absorption fine structure

The EXAFS refers to the absorption coefficient modulation starting from about 50

eV to 1000 eV above the absorption edge. The simplest EXAFS theory is explained

through the single scattering approximation [116, 122]. As mentioned earlier, when an

incident X-ray beam with sufficient energy is absorbed by an electron at a core-level

of absorbing atom A (Figure 1.13), a photoelectron is ejected away from the atom A.

This photoelectron is also represented as a spherical wave with a wave vector (k) as

follows:

k =

√
2m(E − E0)

}2
, (1.25)
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where E is the incident photon energy, E0 is the absorption edge energy, } is reduced

Planck constant and m is the electron mass. If there is a neighboring atom B as

shown in Figure 1.13, the outgoing photoelectron wave will be scattered back to the

absorber. The interference between the outgoing and backscattered photoelectron

waves, therefore, gives rise to the oscillation in the X-ray absorption coefficient. In

case of constructive interference, outgoing and scattered photoelectron waves are in

phase as shown in Figure 1.13 (a), and maxima are observed. In contrast, the min-

ima correspond to destructive interference as shown in Figure 1.13 (b), out of phase

between outgoing and scattered photoelectrons.
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Figure 1.13: Schematic of the single scattering between absorbing atom A and neigh-

boring atom B in the EXAFS energy region. (a) and (b) Constructive and destructive

interferences due to the outgoing and back-scattered photoelectrons are in phase and

out of phase, respectively.

In EXAFS analysis, it is typical to define χ(k), as the fractional modulation of

the X-ray absorption coefficient:

χ(k) =
µ(E)− µ0(E)

µ0(E)
, (1.26)

where µ(E) is the experimentally determined absorption coefficient and µ0(E) is the

atomic background absorption of a “bare atom”. µ0(E) can not be measured exper-

imentally because of the physical impossibility of isolating the atoms in the sample.

Therefore, it is estimated by fitting a smooth spline function through the data [123].
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Division by µ0(E) normalizes the EXAFS oscillations “per atom” and thus, the EX-

AFS represents the average structure around the absorbing atoms.

The EXAFS equation

Since the EXAFS spectrum can be considered as summation of a weight addition of

a range of waves with different wavelengths (or frequencies), the different frequencies

appearing in the oscillations in χ(k) correspond to different near neighbor coordination

shells, which can be described and modeled by following the EXAFS equation [124,

125]. In other words, the EXAFS equation is a theoretical expression that describes

χ(k) in terms of structural parameters and thereby allows structural information to

be derived from the experimental χ(k) [122, 123]:

χ(k) =
∑
j

NjS0
2f j(k)

kRj
2

e−2k2σj
2

e−2Rj/λ(k) sin[2kRj + δj(k)] · · · . (1.27)

In Equation 1.27, the parameters that are usually considered for the study of the

local structure and coordination chemistry are the number of scattering atoms known

as Nj, the absorber–scatterer distance, R and σ2, known as the Debye-Waller factor,

which is the mean square variation in the interatomic distance R due to the struc-

tural disorder. However, there are a variety of other parameters that must either

be determined or defined in order to extract the physically/chemically relevant in-

formation; for instance, f(k) and δ(k) which represent, respectively, the magnitude

of the back-scattering amplitude, and the phase shift that the photoelectron wave

undergoes when passing through the potential of the absorbing and scattering atoms.

These amplitude and phase parameters contain the information necessary to identify

the scattering atom [122].

The EXAFS amplitude reduces as 1/R2, which reflects the decrease in photoelec-

tron amplitude per unit area as one moves further from the absorbing atom. The main

consequence of this damping is that the EXAFS information is limited to atoms in the

vicinity of the absorber. There are three additional damping terms in Equation 1.27:

i) the S0
2 term that is an amplitude reduction factor due to multiple excitation at

the absorbing atom or many body effects such as the shake up/off processes at the

absorbing atom. It means that S0
2 depends on the atom itself and its value is usually

estimated by the fitting of a metallic foil or reference sample. Typically, S0
2 has a

value between 0.7 and 1. ii) the exponential e−2k2σj
2

term which reflects the fact

that if there is more than one absorber–scatterer distance, each distance will con-

tribute to the EXAFS oscillations with a slightly different frequency. The destructive
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interference between these different frequencies leads to a reduction in the EXAFS

amplitude. iii) the e−2Rj/λ(k) term is a reduction factor that arises from the mean

free path of the photoelectron [λ(k)]. This limits further the distance range that can

be measured by EXAFS. As a consequence of these damping terms in Equation 1.27,

EXAFS oscillations are typically observed for atoms within approximately 5 Å of the

absorbing atom [122].

iii) XAS data acquisition and analysis

The XAS measurements were performed at the beamline ID22 using the nano-X-

ray beam with the setup shown in Figure 1.11. The double Si (111) monochromator

was used in the XAS measurements in order to scan the energy with resolution of

1 eV. Thus, in combination with the X-ray nanobeam, the XAS acquisitions were

collected with a spot size of around 110× 110 nm2 and a photon flux approximately

1010 photons/second. The XANES and EXAFS data were recorded in XRF mode with

a step size of 1 eV and integration times determined by the counting statistics. The

XANES and EXAFS data reductions were performed using the IFEFFIT package

(i.e., ATHENA) [126, 127]. The EXAFS data analysis was then carried out by ab

initio modeling of the absorption cross section using the FEFF code [128]. Theoretical

backscattering amplitudes f(k) and phase shifts δ(k) from Equation 1.27 for all single

and multiple scattering paths were calculated using hexagonal ZnO model clusters

(e.g., a = 3.2498 Å and c = 5.2066 Å) [129]. Once these theoretical factors were

determined, the ARTEMIS routine [126, 127] was exploited to fit the data in R space

within the window [1.0 − 3.7 Å], which included the first and second coordination

shells. The amplitude S0
2 = 0.7307 was determined from a metallic Zn foil. The

coordination number around the Zn absorbing atom of four O nearest neighbor and

twelve Zn second nearest neighbor atoms were fixed. As a result, we have fitted the

interatomic distances (Ri) and Debye-Waller factors (σ2
i ) of the various atomic shells.

1.3.6 X-ray diffraction

XRD is a versatile, non-destructive technique that allows the study of the crystal

structure of materials in the long range order. Some basic fundamentals of XRD are

reviewed in order to understand easily how to extract the structural information of a

compound from the diffraction pattern.

a
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Figure 1.14: A Bragg reflection from a particular family of lattice planes, separated

by a distance d. Incident and reflected rays are shown for the two neighboring planes.

i) Principle of X-ray diffraction

The principle of XRD is based on the Bragg’s law [130, 131]. W. L. Bragg found

that crystalline materials under monochromatic X-ray irradiation produce typical

patterns of intense reflected X-ray intensity peaks. This was explained by regarding a

crystal that is constituted by parallel planes of ions, with spacing between two closest

planes d as shown in Figure 1.14. The conditions for an intense peak of the scattered

X-ray are [130]:

• The X-rays should be specularly reflected by the ions in any one plane, namely

the angle of incident X-ray (θ) equals the angle of reflected one (θ).

• The reflected X-rays from successive planes should interfere constructively to

each other. In order that happens, we should take into account the path difference

of the two reflected X-rays on two successive planes between two X-rays. According

to Figure 1.14, the path length difference is (BC + CD) that equals 2d sin θ, where θ

is the angle of the incident X-rays. To the reflected X-rays interfering constructively,

the path length difference must be an integral number n of the X-ray wavelength (λ),

this was known as the Bragg’s law:

nλ = 2d sin(θ). (1.28)

This equation allows to determine d-spacing between the planes. Through the rela-

tionship between the d, lattice parameters, and Miller indices, for instance the hexag-

onal system gives the relationship: 1/d2 = 4(h2 + hk + k2)/3a2 + l2/c2. Based on the

two (hkl) planes, the full structure parameters of the crystal can be determined.

a

a
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ii) Intensities of diffracted beam

Let us consider to the powder X-ray diffraction method, which was used in this

work. The integrated intensity of each powder diffraction peak is affected by several

factors by the following expression [132]:

I(hkl) =| F(hkl) |2 ×M(hkl) × LF (θ)× TF (θ), (1.29)

where | F(hkl) | is the structure factor, M(hkl) is multiplicity, LF (θ) is Lorentz factor,

and TF (θ) is temperature factor.

• Structure factor: The structure factor reflects the interference between atoms in

the unit cell. All of the information regarding where the atoms are located in the unit

cell is contained in the structure factor. The structure factor is given by the following

summation over all atoms (from 1 to N) in the unit cell [132]:

F(hkl) =
N∑
1

fje
2πi(hxj+kyj+lzj), (1.30)

where fj is a form factor for the jth atom that describes the efficiency of scattering

of given atom in a given direction; h, k, and l are Miller indices; xj, yj, and zj are the

fractional coordinates of the jth atom.

• Multiplicity factor: This is defined as the number of different planes in a form

having the same spacing. For instance, a family of planes {100} of a cubic crystal

contains six different planes (different Miller indices), thus the M(hkl) is six. The

multiplicities are lower in lower symmetry systems [132].

• Lorentz factor: There are a number of factors that lead to a theta dependence

of the peak intensities: 1) diffraction can occur for angles slightly different from the

value predicted by Bragg’s law; 2) the number of crystals oriented in such a way

as to satisfy Bragg’s law is highest for low angles; 3) the fraction of the diffraction

cone that intersects the detector is highest at low angles. When combine these con-

siderations and do some trigonometric manipulation we get the Lorentz factor [132]:

1/(4 sin2 θ cos θ).

• Temperature factor: The vibrations of atoms in a crystal lead to an angle de-

pendent effect on the diffracted peak intensities. The more an atom vibrates the

scattering power is decreased, because the scattering power of the atom is smeared

out. As an approximation we can assume that all atoms vibrate equally. In that case

the temperature factor TF (θ) can be expressed by the expression: e
−2B(

sin θ

λ
)2

, where

the coefficient B is the isotropic temperature factor, being proportional to the mean
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squared displacement of the atoms [132].

iii) XRD data acquisition and analysis

For XRD measurements, we used a similar setup like the one for XAS measure-

ments as shown in Figure 1.11 plus a fast readout low noise CCD detector [133] placed

behind the sample to record the diffractograms. Using an incident monochromatic

beam of 28 keV, Co-implanted ZnO NW samples were measured by rotating the NWs

to an angle θ that satisfies the Bragg’s condition for certain planes. At this angle,

in order to get a map the NWs were scanned through the beam with a step size of

100 × 100 nm2. The XRD data was analyzed using the Fit2D program [134, 135],

which allows to correct and integrate the 2D data. Thus, we could obtain 2θ XRD

spectra and build XRD maps.

1.4 Complementary characterization tools

1.4.1 Scanning electron microscopy

SEM uses a focused energetic electron beam to generate a variety of signals at the

surface of a sample. From electron-sample interactions in SEM, the signals obtained

such as secondary electrons and backscattered electrons are most valuable for studying

morphology of the sample and for illustrating contrasts in composition in multiphase

samples, respectively.

In this work, we used a Zeiss Leo 1530 SEM with an acceleration voltage of 20 keV

at the ESRF to localize and to study the morphology of the NWs before measuring

them at the beamline with the hard X-ray nanoprobe.

1.4.2 Transmission electron microscopy

TEM uses a parallel high energetic electron to illuminate a sample. The secondary

signals such as elastically/inelastically scattered electrons, high angle incoherent elec-

tron are commonly detected in TEM due to the interaction of the high-energy electron

beam with a thin sample. Each signal is used for different purposes. For instance, the

elastically scattered electrons are used to form bright field, dark field, and diffraction

pattern TEM, as well as high-resolution TEM images. For bright field-TEM, the

parallel incident beam is imaged through the sample onto a screen. The contrast is

produced by absorption of electrons in the sample (called mass-thickness contrast).

In case of dark field-TEM, only electrons diffracted in a certain direction are used to
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generate an image. The type of contrast for this case is diffraction contrast, which

is used to distinguish between different crystal phases or orientations, by choosing

a reflection characteristic for a particular crystal phase or crystal orientation. This

makes the regions of the sample with the selected phase become bright and regions

with all other phases dark in the image. Electron diffraction pattern-TEM was used

to identify the crystal phases and the growth direction of the NWs. high-resolution

TEM images are formed by interference of the direct and the diffracted beams, and

this is called phase-contrast imaging.

In order to complement results obtained by synchrotron nanoprobe based tech-

niques, a TEM investigation was performed by the group of Prof. Carsten Ronning

using a JEOL JEM 3010 system with a thermal LaB6 electron gun at 300 keV.

1.4.3 Optical characterization

The optical properties of Co-implanted ZnO NWs were also studied in collaboration

with the group of Prof. Carsten Ronning. It is well-known that a semiconductor can

emit light under the excitation with an external source. If the light is generated by

the absorption of photons, the emission process is called photoluminescence (PL). If

high energy electrons are used to bombard the sample, resulting in light emission, this

process called cathodoluminescence (CL). In this work, these two methods were used

to investigate Co-implanted ZnO NWs to confirm the successful optical activation of

implanted Co ions in ZnO NWs, as well as to corroborate the results obtained from

the synchrotron based characterizations.

i) Cathodoluminescence spectroscopy: CL measurements were performed us-

ing a JEOL SEM equipped with a GATAN MonoCL3+ system. The electron energy

was 10 keV for all CL investigations at 10K. Monochromatic CL images were ac-

quired using a high-sensitivity photomultiplier coupled to a grating monochromator

at a bandwidth of 5 nm. While CL spectra were detected using a back-illuminated

CCD camera [48, 136].

ii) Photoluminescence spectroscopy: Micro-PL measurements were performed

below 10K using a self-built epifluorescence microscope with excitation by a continuous-

wave 325 nm HeCd laser [137]. While, time-resolved photoluminescence measurements

were performed, exciting by frequency-tripled Nd:YAG laser (pulse FWHM 3 ns) and
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detection by a grating monochromator with an intensified CCD camera using a gate

width of 5 ns [138].

1.5 Key challenges and scientific goals

Doping of semiconductor NWs by ion implantation is a critical step to produce ho-

mogeneously doped materials with novel properties and functionalities for new de-

vices [40, 41]. However, the doping during growth is a challenging task, as the self-

organized growth mechanisms are sensitive to changes in the growth conditions. Dop-

ing of ZnO NWs with Co via wet chemical methods is possible [139], but the control

of the dopant concentration is not precise and the crystal quality is lower compared

to VLS grown NWs [140]. In general it was observed that doping during VLS growth

tends to provide an inhomogeneous dopant distribution [141] and the dopant concen-

tration is typically limited by the low solubility in the solid phase [142]. A successful

alternative is the doping by ion implantation, which can overcome all the drawbacks

and provides doping with nearly every element in the desired concentration [68]. But,

the method generally produces structural defects into the host structure, which can

be reduced through a thermal annealing process. Therefore, so far, a long lasting

field of research is the understanding of ion implantation induced lattice damage and

subsequent structural recovery during the post-implantation thermal treatment, es-

pecially at the nanometer scale [143]. The growth and Co doping of ZnO NWs were

presented in the Ph.D work of Sebastian Geburt from the University of Jena [48]. The

present dissertation focuses on the chemical and structural characterization of the Co-

implanted ZnO NWs with different growth conditions using a hard X-ray nanoprobe.

We address the following challenges:

1) Homogeneity and concentration of implanted ions along single ZnO:Co

nanowires

The utilization of transition metal doped ZnO NWs for optolectronics or spin-

tronics requires the control of the transition metal concentration and homoneneous

distribution across the whole NWs. Although there are many reports on Co doped

ZnO NWs [68, 144–146], besides the issues of magnetism stability [146], it remains

controversial whether the incorporation of Co dopant is as uniform as in bulk crystals

or thin films, or with metal clusters and precipitates of impurity phases [144]. In both

radial and axial directions, it is still crucial to address nanosegregation effects, trace

element contaminations with magnetic nanoparticles, and mixtures of phases in small
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domains [147]. However, the role of impurities on NWs and/or on phase separation ef-

fects can be only achieved using analytical techniques which are element-specific with

high chemical trace sensitivity, and capable of detecting up to nanosized aggregates

within deep escape depths.

Therefore, the first paper [M. H. Chu, J. Segura-Ruiz, G. Mart́ınez-Criado,

P. Cloetens, I. Snigireva, S. Geburt, and C. Ronning. “Synchrotron fluorescence

nanoimaging of a single Co-Implanted ZnO nanowire”. Phys. Status Solidi RRL 5,

283 (2011)] embedded in this thesis addresses the first key challenge. We investigate

the elemental distribution of single as-grown and Co-implanted ZnO NWs by a hard

X-ray nanoprobe. Within our experimental accuracy, nano-XRF data shows no pres-

ence of background impurities in the NW but residual Fe and Sn in the substrate.

Elemental maps of Zn and Co displays a homogeneous distribution at the length

scale of the X-ray beam size, without clustering or segregation effects. Through XRF

quantification, Co concentration is roughly estimated about (0.15±0.05) at.%. These

findings are also confirmed in other papers presented in the second part of this dis-

sertation.

2) Local structure of thermally annealed single ZnO:Co nanowires

In addition to the study of elemental distribution in the single NWs, determining

the dopant local order in individual NWs is crucial to understand their behavior

in nanodevices [148, 149]. Also, the investigation of the oxidation state of Co ions

is important as valence state of Co ions can be either 3+ or 2+, but only intense

Co2+ intra-3d emission has been observed [44, 46]. Although the average local atomic

structure in ensembles of ZnO:Co NWs had been studied by XANES and EXAFS [118,

150], its examination in single NWs by XAS is still an experimental challenge due to

the beam instability during the energy scan and chromaticity of the nanofocusing lens.

It remains open whether the incorporation of Co in individual NWs is substitutional as

in bulk crystals or thin films, without the formation of metallic clusters or precipitates,

and lattice distortion [151, 152]; How the oxidation state of implanted ions behaves

along the single NWs? These points enable to evaluate the role of thermal annealing

in the recovery of ZnO structure after the Co ion implantation process.

Therefore, the second paper [J. Segura-Ruiz, G. Mart́ınez-Criado, M. H. Chu,

S. Geburt, C. Ronning. “Nano-X-ray absorption spectroscopy of single Co-implanted

ZnO nanowires”. Nano Lett. 11, 5322 (2011)] reports for the first time on the local

structure of single Co-implanted ZnO NWs subjected to a thermal treatment through

a hard X-ray nanoprobe. XANES around the Co K-edge displays the substitutional

incorporation of Co2+ ions into the Zn sites of the wurtzite host lattice. EXAFS data
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analysis supports the tetrahedral configuration of Zn in the hexagonal host lattice

without pronounced distortion in the interatomic distances of the two nearest neighbor

shells. The EXAFS results give no evidence of large structural defects induced in

the ZnO host lattice by the Co incorporation and confirm the annealing mediated

recovery of the ZnO structure. In addition, the linear polarization of the synchrotron

nanobeam made our study not only element specific, but also capable of detecting

preferentially oriented defects induced by the ion implantation process. Polarization

dependent XANES shows no structural disorder induced neither in the radial nor axial

directions of the implanted NWs after the subsequent annealing. The recovery of the

damaged structure induced by the ion implantation through the thermal annealing

was also confirmed in the following papers.

3) Ion implantation-induced defects in single ZnO:Co nanowires

As mentioned above, the ion implantation process has proven to be an effective

and easy way to incorporate Co into the ZnO host lattice. But, the method generally

produces unwanted structural defects in the NWs, which could ultimately limit the

scalability of semiconductor NWs, as well as affect the performance of advanced opto-

electronics and spintronics nanodevices. Although we showed that such defects could

be reduced through a thermal annealing process, the study of NWs that have not been

subjected to this treatment is also crucial in order to control the collateral effects.

So far, using conventional diffraction methods and EXAFS over large ensembles of

implanted NWs, it has been revealed a crystal lattice distortion induced by the ion

implantation process [153–156]. However, its direct observation from individual NWs

has not been addressed in both short and long range orders. Therefore, the following

papers concentrate on this third challenge.

The third paper [M. H. Chu, G. Mart́ınez-Criado, J. Segura-Ruiz, S. Geburt,

and C. Ronning. “Local lattice distortions in single Co-implanted ZnO nanowires”.

Appl. Phys. Lett. 103, 141911 (2013)] reports on the local structure of as-implanted

and thermally-treated single ZnO:Co NWs. Although the Co ions are incorporated

into the wurtzite ZnO lattice, X-ray absorption near edge structure data show high

structural disorder in the as-implanted NWs compared with the annealed ones. In

particular, extended X-ray absorption fine structure from single wires reveals a lattice

distortion around Zn sites of the as-implanted NWs, which involves an expansion of

the wurtzite lattice.

The fourth paper [M. H. Chu, G. Mart́ınez-Criado, J. Segura-Ruiz, S. Geburt,

and C. Ronning. “Structural order in single Co-implanted ZnO nanowires”. Phys.

Status Solidi A 211, 483 (2014)] presents a preliminary study on the long range
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order of single room temperature-implanted (as-implanted) and high temperature-

implanted ZnO:Co NWs. XRD results suggest a crystal lattice expansion induced by

the ion implantation process in the as-implanted NWs and a recovery of lattice crystal

for the high temperature implanted NWs. In addition, micro-PL data corroborate

these findings. However, further detailed XRD study was necessary to confirm the

results.

The fifth paper [M. H. Chu, G. Mart́ınez-Criado, J. Segura-Ruiz, S. Geburt,

and C. Ronning. “Nano-X-ray diffraction study of single Co-implanted ZnO nanowires”

in press on Phys. Status Solidi A (2014) DOI: 10.1002/pssa.201431194] with the aim

to gain further insights into the ion implantation-induced defects distribution along

the NWs, presents a full study on the long-range order of individual ZnO:Co NWs by

nano-XRD. The findings reveal a distortion of the c lattice constant along the c-axis

because of the ion implantation-induced defects, which were reduced, as expected,

through a thermal annealing process. In addition, a rough comparison of the findings

obtained by XRD and EXAFS techniques in this paper results in a full agreement

between the short- and long-range orders.

Complementary results on optical properties of single Zn:Co nanowires

The sixth paper [S. Geburt, R. Roder, U. Kaiser, L. Chen, M. H. Chu, J.

Segura-Ruiz, G. Mart́ınez-Criado, W. Heimbrodt, and C. Ronning. “Intense intra

3d-luminescence and waveguide properties of single Co-doped ZnO nanowires”. Phys.

Status Solidi RRL 7, 886 (2013)] presents the optical properties of single ZnO:Co

NWs studied by micro-PL and -CL to complement the results obtained by hard X-

ray nanoprobe. The results show that Co2+ ions are indeed optically activated and

emit an intense intra-3d luminescence in the visible and near infrared range. Thus, in

good agreement with the previous reports, the single implanted NWs showed a homo-

geneous Co2+ emission. The Co-implanted NWs emit waveguided emission from their

ends with an enhanced absorption in the range of the Co emission. The spectra of

single implanted NWs at different excitation powers follow a linear emission increase

with power up to 1000 W/cm2.
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Conclusions and Perspectives

2.1 Conclusions

The present PhD thesis has shown the combined use of nano-XRF, nano-XAS, and

nano-XRD tools to study single Co-implanted ZnO NWs. These three techniques

make use of the high spatial resolution in pink (60×60 nm2) and monochromatic (110×
110 nm2) beam operation modes provided by the KB mirrors based X-ray nanoprobe.

The multi-technique approach which relied on a synchrotron nanoprobe, allowed the

direct characterization of the composition, short- and large-range structural order of

single semiconductor NWs at the nanometer length scale. The most relevant findings

are:

• The nano-XRF data analysis indicated the homogeneous distributions of the Zn

and Co at the length scale of the X-ray beam size, without clustering or segregation

effects, as well as no presence of unintentional impurity incorporation along the single

Zn:Co NWs. Through XRF quantification, the estimated Co concentrations were in

the range from 0.2 at.% to 0.9 at.%, which were in good agreement with the values

obtained from the simulations using the iradina Monte-Carlo Code.

• We reported for the first time nano-XAS measurements on single Co-implanted

ZnO NWs. So far, the XAS technique had been mostly limited down to microme-

ter length scales because of the X-ray beam instability during the energy scan and

chromaticity of the X-ray nanofocusing optics. For that reason, most of the local

structural analyses on NWs had reported average interatomic distances over a macro-

scopic volume. In this dissertation, the nanoimaging endstation ID22NI allowed to

explore phase separation effects and short range order in single Co-implanted ZnO

NWs using XAS technique. The findings indicated the short-range structural disor-

der induced by an ion implantation process in single Co-implanted ZnO NWs, as well
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as the good recovery of the damaged structure through a post-implantation thermal

annealing. In both cases, the tetrahedral structure remains all along the NWs. In

addition, the use of the linear polarization of the synchrotron radiation made the

XAS experiment not only element specific, but also capable of detecting preferen-

tial oriented nanodefects induced by the implantation process. Within the context

of room temperature ferromagnetism in diluted magnetic semiconductors, the results

reported here gave strong evidence of the substitutional incorporation of implanted

Co transition metal into the ZnO host lattice.

• The thesis highlighted the lattice distortions associated to the ion implantation

related defects along the NWs using nano-XRD. Our results provided new insights

into the role of the unavoidable damage created by the ion implantation process in

individual NWs. Such defects ultimately limit the use of semiconductor NWs.

• The micro-PL and CL results of single Co-implanted ZnO NWs corroborated

the synchrotron nanoprobe-based findings, as well as confirmed the good optical acti-

vation of the implanted Co ions in ZnO NWs through the post-implantation thermal

annealing.

2.2 Perspectives

X-ray excited optical luminescence on single ZnO:Co nanowires

Although preliminary optical properties of single Co-implanted ZnO NWs stud-

ied using micro-PL and CL were presented in this thesis, as well as in Ref. [48], a

tool with higher spatial resolution such as XEOL is necessary to investigate the rela-

tionship between the electronic structure and compositional distribution within single

Co-implanted ZnO NWs. In addition, polarization and time-resolved dependent PL

of single NWs are very important for potential applications in polarization-sensitive

devices [6, 7], which have not been completely studied yet. Thus, taking the advantage

of the highly polarized and temporal structure of the synchrotron radiation source in

combination with the polarization dependent and time-resolved XEOL detection at

the nanometer length scale, the aim will be to obtain high-resolution luminescence

maps of the degree of polarization and lifetime of the radiative transitions in single

NWs. A proposal submitted last year (MA2212) has got beamtime allocation (15

shifts) in April and July 2014 at the new beamline ID16B.
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X-ray beam induced current on single ZnO:Co nanowires

In a complementary way to XEOL, the XBIC in 2D can be used to study the

spatial distribution of nonradiative centers, namely the recombination activity of im-

purities and defects in the ZnO:Co NWs. However, sample preparation for the XBIC

measurements of single NWs is still critical. The electrical contacts in the NWs are

still very challenging because they can be broken during the setup and measurement.

It needs, therefore, a further improvement in the sample preparation in order to en-

able this measurement.
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a

Conclusions en Français

Ce travail de thèse a montré l’utilisation combinée de nano-fluorescence des rayons

X, nano-spectroscopie des rayons X, et des outils de nano-diffraction des rayons X

pour étudier les nanofils de ZnO dopés au cobalt par implantation ionique. Ces

trois techniques utilisent une haute résolution spatiale grâce à la focalisation par des

miroirs KB multi-couches en faisceau “rose” (60× 60 nm2) et en faisceau monochro-

matique (110 × 110 nm2). L’approche multi-techniques, s’appuyant sur l’utilisation

d’une nanosonde de rayonnement synchrotron, a permis la caractérisation directe de

la composition et de l’ordre structurel à courte et grande distance des nanofils semi-

conducteurs à l’échelle du nanomètre. Les résultats les plus pertinents sont:

• L’analyse des données de nano-XRF révèle une distribution homogène du zinc

et du cobalt implanté dans la limite de la résolution du faisceau de rayons X, sans

cluster ni effet de ségrégation, et sans aucune présence d’impuretés le long du nanofils

ZnO:Co. Grâce à la quantification XRF, les concentrations de Co estimées sont de

l’ordre de 0,2 at.% à 0,9 at.%, ce qui est en accord avec les valeurs obtenues à partir

des simulations réalisées en utilisant le code Monte-Carlo iradina.

• Nous avons rapporté pour la première fois des mesures de nano-XAS sur nanofils

de ZnO dopés au cobalt par implantation ionique. Jusqu’à présent, la technique XAS

a été principalement limitée à des mesures micrométriques à cause de l’instabilité du

faisceau de rayons X lors du balayage en l’énergie et de la chromaticité de l’optique de

nanofocalisation des rayons X. Pour cette raison, la plupart des analyses structurales

locales sur nanofils avaient montré des moyennes pour les distances interatomiques

sur un volume macroscopique. Dans cette thèse, la station de nano-imagerie ID22NI

a permis d’explorer les effets de séparation de phases et de l’ordre structurel à courte

distance dans les nanofils de ZnO dopés au cobalt par implantation ionique en utilisant

la technique XAS. Les résultats indiquent un désordre structural à courte distance

induit par le processus d’implantation ionique du cobalt dans les nanofils de ZnO,

ainsi qu’une bonne récupération de la structure endommagée grâce à un recuit ther-

mique après l’implantation. Dans les deux cas, la structure tétraédrique perdure

tout au long du nanofil. En outre, l’utilisation de la polarisation linéaire du rayon-

nement synchrotron permet aux mesures XAS d’être non seulement discriminative au

niveau des éléments chimiques détectés, mais également d’être capable de détecter

les défauts nanométriques ayant des orientations préférentielles du fait du processus

d’implantation. Dans le cadre des propriétés ferromagnétiques des semi-conducteurs
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magnétiques dilués à température ambiante, les résultats présentés ici ont donné des

preuves solides de l’incorporation par substitution du cobalt, métal de transition im-

planté dans le réseau cristallin du ZnO.

• La thèse a mis en évidence les distorsions du réseau cristallin associées aux

défauts liés à l’implantation ionique dans les nanofils grâce à l’utilisation de la nano-

diffraction par rayons X. Nos résultats ont fourni de nouvelles connaissances sur le

rôle des dommages inévitables créés par le processus d’implantation ionique dans

les nanofils. En définitive, de tels défauts limitent l’utilisation des nanofils semi-

conducteurs.

• Les résultats de micro-PL et de CL de nanofils de ZnO dopés au cobalt par

implantation ionique ont corroboré les conclusions obtenues grâce à la nanosonde de

rayonnement, et ont confirmé la bonne activation optique des ions cobalt implantés

dans les nanofils de ZnO par le recuit thermique post-implantation.

Perspectives en Français

Luminescence optique des rayons X excitée sur des nanofils ZnO:Co

Malgré les propriétés optiques préliminaires obtenues à l’aide de mesures par

micro-PL et CL, et présentées dans cette thèse et en référence [48], sur des nanofils

de ZnO dopés au cobalt par implantation ionique, un outil avec une résolution spa-

tiale élevée comme le XEOL est nécessaire pour étudier la relation entre la structure

électronique et la distribution de composition dans un nanofil de ZnO dopé au cobalt.

En outre, les mesures de photo-luminescence résolues dans le temps et en fonction de

la polarisationsur des nanofils n’ont pas encore été complètement étudiées alors que ces

paramètres sont très importants pour des applications potentielles dans des appareils

sensibles à la polarisation [6, 7]. Ainsi, en tirant profit de la structure hautement

polarisée et temporelle de la source de rayonnement synchrotron pour de la détection

XEOL dépendante de la polarisation et résolue en temps, à l’échelle du nanomètre,

l’objectif sera d’obtenir des cartographies de luminescence à haute résolution du degré

de polarisation et de la durée de vie des transitions radiatives dans les nanofils. Une

demande de temps de faisceau présentée l’année dernière (MA2212) a abouti sur

l’obtention de 15 sessions de 8h en Avril et Juillet 2014 sur la nouvelle ligne ID16B

de l’ESRF.
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Courant induit par le faisceau de rayons X sur les nanofils ZnO:Co

En complément des mesures XEOL, les mesures en XBIC en 2D peuvent être

utilisées pour étudier la distribution spatiale des centres non radiatifs, tel que par

exemple l’activité de recombinaison des impuretés et des défauts dans les nanofils

ZnO:Co. Cependant, la préparation des échantillons pour les mesures XBIC sur les

nanofils est toujours critique. Les contacts électriques dans les nanofils sont encore

très difficiles, car ils peuvent être brisés lors de l’alignement ou de la mesure. Il

faut, par conséquent, améliorer la préparation de l’échantillon afin de permettre cette

mesure.
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1 Introduction The combination of diluted magnetic 
semiconductors and unidimensional systems has emerged 
as a promising approach for spintronics nanodevices [1]. In 
particular, Co doped ZnO nanowires (NWs) offer unique 
advantages owing to their large geometrical aspect ratio 
and predicted room-temperature (RT) ferromagnetism [2]. 
Although there are several reports on Co doped ZnO na-
nowires [3, 4], besides the issues of magnetism stability [5], 
it remains controversial whether the incorporation of tran-
sition metals (TMs) is as uniform as in bulk crystals or thin 
films, or with metal clusters and precipitates of impurity 
phases [4, 6]. In both radial and axial directions, it is still 
crucial to address electromigration and/or nanosegregation 
effects, trace element contaminations with magnetic nano-
particles, and mixtures of phases in small domains [7]. 
However, the role of impurities on NWs and/or on phase 
separation effects can be only achieved using analytical 
techniques which are element-specific with high chemical 
trace sensitivity, and capable of detecting up to nanosized 
aggregates within deep escape depths. Therefore, the aim 
of this study is to investigate single Co doped ZnO NWs 
by hard synchrotron radiation nanoprobe. Although a soft 

X-ray nanoprobe is necessary to study the lower-Z ele-
ments, a hard X-ray instrument like the nanoimaging sta-
tion ID22NI of the European Synchrotron Radiation Facil-
ity (ESRF) has exceptional attributes for TMs analysis in a 
higher energy range. 

 
2 Experimental details ZnO NWs were grown on 

the Si(100) substrates covered with 5 nm thick Au film 
through the vapour–liquid–solid process at 1350 °C [8, 9]. 
As-grown ZnO NWs were implanted with Co ions at RT 
with a total ion fluence of 1.5 × 1016 cm–2 and several ion 
energies from 60 to 300 keV. This process results in a nom-
inal concentration of 1 at% homogeneously within the NW 
thickness [3]. After implantation, the samples were an-
nealed at 750 °C for four hours in air to remove the radia-
tion induced lattice damage. The as-grown and Co-
implanted ZnO NWs were transferred to clean p-Si (100) 
substrates via imprint [3]. To examine the elemental uni-
formity, scanning nano-X-ray fluorescence (XRF) meas-
urements were carried out at the hard X-ray nanoprobe of 
the beamline ID22 of the ESRF [10]. The station ID22NI is 
equipped with a pair of Kirkpatrick–Baez multilayer coat-

In this study, we report the application of synchrotron radia-
tion nanoprobe technique to the elemental analysis of single
as-grown and Co-implanted ZnO nanowires. The nano-X-ray
fluorescence technique enabled us not only to examine the
spatial variation of Zn and Co elements, but also to disregard
the presence of residual impurities in the nanowires, as well
as the detection of Fe and Sn residual impurities in the sub-

 strates. Our observations provide strong evidence for the
overall elemental uniformity of Zn and Co along the wires,
without clustering or segregation effects. Within the nano-
probe spatial resolution, our findings indicate a Co localiza-
tion within thicker irregularities observed with scanning elec-
tron microscopy. 
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ed Si mirrors providing a spot of 50 × 50 nm2 with a pho-
ton flux of about 1011 ph/s at 17 keV (ΔE/E ≈ 10–2). The 
XRF signal was detected with an energy dispersive silicon 
drift detector at 15° related to the sample surface. The XRF 
spectra were analyzed by the non-linear least-squares fit-
ting code PyMca [11]. 

 
3 Results Representative scanning electron micro-

graphs (SEM) of as-grown and Co-implanted NWs are 
shown in Fig. 1(a) and (b). The wire lengths and average 
diameters are 15.5 µm and 300 nm for the as-grown NW, 
and 8.5 µm and 125 nm for the Co-implanted NW, respec-
tively. Both NWs taper toward the top and show irregulari-
ties at the lateral walls due to a secondary vapour–solid 
process taking place during the growth [12]. Figure 1(c) 
displays the average XRF spectra collected over the scan-
ned area shown in Fig. 2 for both NWs. The XRF signals, 
plotted on logarithmic scale, were normalized to the inten-
sity of the Zn Kα peak for clarity. The data exhibit the Kα 
and Kβ fluorescence lines of Zn and Ar generated from the 
NW and the air, respectively. The escape peaks produced 
by the Si drift detector at 1.74 keV (Si Kα energy) below 
the Zn parent lines are also indicated in the graph. In the 
same energy range, the contribution from the Co Kα line is 
revealed for the Co-implanted ZnO NW. The measure-
ments show the presence of residual Fe in both samples, and 
Sn in the Co doped ZnO. The issue if these elements are in-
corporated into the NW or not, will be addressed later on. 

 

b) 1 µm 

a) 2 µm ZnO 

Co:ZnO 

c) 

 
Figure 1 (online colour at: www.pss-rapid.com) SEM images of 
a single as-grown ZnO NW (a), and a Co implanted ZnO NW (b). 
Normalized XRF spectra corresponding to both NWs (c). The 
XRF intensity of the as-grown ZnO NW has been multiplied by 
five for clarity. 

To examine the compositional homogeneity, we have 
scanned both single NWs taking advantage of the high  
X-ray flux of ID22NI, typically of the order of 1011 ph/s at 
the focused nanobeam area of 50 × 50 nm2. In Fig. 2, red–
green–blue plots display the Zn, Co, Fe and Sn XRF inten-
sity distributions for both, as-grown (a) and Co-implanted 
(b) NWs. The maps were taken with a 25 nm step size and 
integration time of 500 ms/point. The respective colour 
scale indicates the intensity range (light represents high 
counts, dark low counts). As expected, the Zn map exhibits 
the corresponding bright image for the NW, illustrating the 
general morphology observed by SEM. On the contrary, 
the Fe map shows a uniform distribution all-over, indica-
ting that this element is not incorporated into the ZnO NW.  

The resulting spatial variations shown in Fig. 2(b) re-
flect a homogeneous Co-implantation in ZnO, without sig-
natures of impurity-induced defects and/or agglomeration 
effects in the NW. Within our detection limits, the varia-
tions of the fluorescence intensity observed in the Co map 
are basically due to signal-to-noise statistics rather than 
changes in the Co content. A preliminary quantification es-
timates a mean value of 0.15 ± 0.05 at% Co. We have 
characterized several single Co implanted NWs and found 
the same elemental homogeneous distribution in all of 
them. Compared with a previous report on (Ga, Mn)N 
NWs, which reveals nonuniform elemental patterns [13], 
our observations show a more homogeneous elemental in-
corporation at the length scale of the X-ray beam size. 
Again, the spatial projections of Fe and Sn illustrate a ho-
mogeneous distribution all-over,  without  any preferential 
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Figure 2 (online colour at: www.pss-rapid.com) Colour maps of 
the single as-grown ZnO NW (a), and Co implanted ZnO NW (b). 
Red, green and blue correspond to the Zn, Co, and the Fe and Sn 
signals, respectively. The intensity ranges are indicated by their 
colour scale (dark represents low counts, bright high counts). 



Phys. Status Solidi RRL 5, No. 8 (2011) 285 

 

www.pss-rapid.com  © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Rapid

Research Letter

 
 

 
 

1                          2                            3    

a) 

b) 

c) 

1.2x104                                                                            0 

 
Figure 3 (online colour at: www.pss-rapid.com) Colour map of 
the integrated XRF count rate of the Co-implanted NW (a). The 
colour scale indicates the XRF intensity in photon counts. Axial 
(b) and radial (c) elemental profiles taken as indicated by the  
lines in (a). The inset in (b) shows the profiles normalized to the 
intensity of highest Zn peak in the delimited region. 

 

variation along the NW. Within the detection limit of the 
X-ray nanoprobe, our findings suggest a colocalization of 
Zn and Co atoms with the presence of background impuri-
ties of Fe and Sn in the substrates. The different intensities 
of Fe and Sn fluorescence lines in the as-grown and im-
planted samples are not an effect of the implantation pro-
cess but different residual impurities in two Si substrates 
used to disperse the NWs. 

To gain further insight into the composition of the in-
dividual Co doped ZnO NW, Fig. 3 shows the Zn and Co 
profiles along both radial and axial directions of the NW. 
The spatial dependences of Zn and Co lines exhibit no re-
levant contrast along the axial axis in Fig. 3(b), except in 
the circled regions shown in Fig. 3(a), locally amplified in 
the inset, where the stronger fluorescence intensity charac-
terized both growth inhomogeneities observed in Fig. 1(b). 

Although no clear statement can be made concerning 
the variation of the composition in the thicker features, 
from the inset and within the experimental error, the Co 
signal seems to arise from an inner volume compared to Zn 
one. The radial uniformity of the Co-implanted ZnO NW 
was also measured to examine the Co-implantation homo-

geneity. A series of line scans were performed across the 
wire as indicated by lines 1, 2 and 3 in Fig. 3(a). According 
to the variation of the wire shape along the axial direction, 
for the Zn profiles Fig. 3(c) represents the wire diameter. 
The tapering effect in the NW is evidenced as a reduction 
in the fluoresce intensity of profile 3 with respect to profile 1. 
As expected, Zn strength has a larger signal-to-noise ratio 
than Co. Nevertheless, for the line scan number 2, taken in 
one of the growth inhomogeneities, a core/shell-like radial 
distribution is revealed from the Co/Zn profiles, with Co 
mostly detected in the inner volume of the wire. 

In conclusion, we have investigated the elemental dis-
tribution of single as-grown and Co-implanted ZnO NWs 
by hard X-ray nanoprobe. Nano-XRF data have shown no 
presence of background impurities in the NW but residual 
Fe and Sn in the substrate. Elemental maps of Zn and Co 
displayed a homogeneous distribution at the length scale of 
the X-ray beam size, without clustering or segregation ef-
fects. The corresponding profiles along both radial and 
axial directions of the NW were also examined. Within the 
experimental accuracy of the X-ray nanoprobe, our find-
ings indicated that Co is homogeneously distributed along 
the NW, except in thicker irregularities of the wire observ-
ed by SEM. 
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Determining the local order of individual nanostructures is
crucial to understand their behavior in the spintronics

nanodevices.1�3 In particular, Co-doped ZnO nanowires
(NWs) offer unique advantages owing to their large geometrical
aspect ratio and predicted room-temperature ferromagnetism.4,5

In addition to spintronic applications, transitions involving
degenerated Co 3d-shell states within the ZnO could be used
in optoelectronic devices.6 However, controlled doping of semi-
conductor NWs with transition metals (TM) during growth
remains a challenge. For instance, the doping of NWs by
metal�organic chemical vapor deposition,7 molecular beam
epitaxy,8 or hot-walled pulsed laser deposition,9 gives origin to
a high density of structural defects (e.g., edge dislocations and
stacking faults), inhomogeneous dopant distribution and sec-
ondary phases. Ion implantation is an alternative that allows a
better control of both concentration and distribution of TM
ions.10 Determining the doping homogeneity and local order of
individual implanted nanostructures is crucial to understand their
behavior in spintronics nanodevices. Although there are many
reports about ensembles of NWs, it remains controversial
whether the incorporation of Co in individual NWs is substitu-
tional as in bulk crystals or thin films, without the formation of
metallic clusters or precipitates.11,12 The average local atomic
structure and secondary phases in ensembles of NWs have
already been studied by X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS).13,14 However, the examination of single NWs remains
an experimental challenge. Alternatively, the long-range order in
single nanostructures has been analyzed by X-ray nanodiffraction,15

three-dimensional strain images of single NWs have been
obtained by coherent X-ray diffraction imaging,16 and the 3D
structure of nanoscale crystals by X-ray Fourier transform
holography.17 Moreover, we have recently reported the applica-
tion of synchrotron fluorescence nanoimaging to single
NWs,18,19 but the X-ray absorption acquisitions have been
mostly limited by the beam instability during the energy scan
and chromaticity of the nanofocusing lens. In this work, a
Kirkpatrick�Baez mirror based nanoprobe with scanning X-ray
fluorescence (XRF) capability was used to explore phase separa-
tion effects and short-range order in single Co implanted ZnO
NWs. In addition, the linear polarization of the synchrotron
nanobeam made our study not only element specific but also
capable of detecting preferentially oriented defects induced by
the ion implantation process.20

In this Letter, we describe the investigation of ZnO NWs
grown on p-Si (100) substrates using vapor�liquid�solid
process. The main NW axis is parallel to the c-axis of the wurtzite
structure. The Co ions were implanted using a dose of 1.57 �
1016 cm�2 with ion energies ranging from 60 to 300 keV to
obtain a homogeneous concentration profile. After the Co
implantation, the NWs were annealed at 750 �C in air during
four hours to recover from the radiation induced lattice
damage. More details about growth and implantation processes
can be found elsewhere.6,21 For the X-ray based analysis, the

Received: August 12, 2011
Revised: October 2, 2011

ABSTRACT: We report on the local structure of single Co-
implanted ZnO nanowires studied using a hard X-ray nanoprobe.
X-ray fluorescence maps show uniform Zn and Co distributions
along the wire within the length scale of the beam size. The X-ray
fluorescence data allow the estimation of the Co content within
the nanowire. Polarization dependent X-ray absorption near edge
structure shows no structural disorder induced neither in the
radial nor axial directions of the implanted nanowires after
subsequent annealing. Co2+ ions occupy Zn sites into the wurtzite
ZnO lattice. Extended X-ray absorption fine structure data reveal
high structural order in the host lattice without distortion in their
interatomic distances, confirming the recovery of the radiation
damaged ZnO structure through thermal annealing.

KEYWORDS: EXAFS, XANES, nanowires, ZnO, dilute magnetic semiconductors
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NWs were transferred to a clean p-Si (100) substrate via imprint.
The X-ray absorption measurements were carried out at
the hard X-ray nanoprobe beamline ID22 of the European
Synchrotron Radiation Facility.22 The monochromatic X-ray
beam was focused to 100 � 100 nm2 spot size with ∼1011 ph/s
using a pair of Kirkpatrick�Baez Si mirrors. The intensity of the
incident beam was monitored with a gas filled ionization chamber.
The XRF signal was collected at 15� with respect to the substrate
surface with a Si drift detector. The XRFmaps were taken at 12 keV
with a pixel size of 25� 25 nm2 and an accumulation time of 500ms
per pixel. The information depths of Co and Zn fluorescence
photons were about 8.0 and 4.3 μm at 12 keV, respectively.23 Using
the PyMca program,24 the XRF spectra were fitted to quantify the
elemental composition. XANES and EXAFS data were recorded in
XRFmodewith a step size of 1 eV and integration times determined
by the counting statistics. The data analysis was performed using the
IFEFFIT package.25

Figure 1a shows the scanning electron microscopy (SEM)
image of a single NW with diameter and length of 180 nm and 7
μm, respectively. The positions indicated by 1, 2, and 3 corre-
spond to the areas where XANES and EXAFS spectra were
recorded. Figure 1b,c shows the elemental maps of Zn and Co
with the respective concentrations estimated from the XRF
quantification.26 The average concentrations of Co and Zn are
(0.3( 0.1) and (49.7( 0.1) atom %, respectively. These values
are in good agreement with those obtained from simulations
using the IRADINA Monte Carlo code,27 which takes the
nanowire geometry fully into account. Within our detection
limits, the observed content variations are due to signal-to-
noise statistics rather than changes in the Co and Zn fractions.
The maps indicate homogeneous distributions of Co and
Zn along the NW without any signature of clusters or
nanoaggregates.

Taking advantage of the high spatial resolution and the linear
polarization of the X-ray beam, Zn K edge XANES spectra
recorded along the NW are shown in Figure 2a. The c-axis of
the NW is oriented perpendicular to the electric field vector of
the synchrotron radiation. Due to the scalar product between the
photon polarization vector (e) and the position vector of the
electron (r) in thematrix element of the absorption cross section:
M = < ϕ1s|e 3 r|ϕf>, XANES spectra in wurtzite ZnO depend on

the crystallographic orientation.28 Thus, if the electric field of the
absorbed photons is perpendicular to the c-axis (E ^ c), transi-
tions from 1s to pxy states are allowed. Therefore, under our
experimental configuration, the XANES data probe the sym-
metry of the ab-plane, namely pxy conduction band states. The
spectral features in Figure 2a reflect the typical wurtzite
structure of the ZnO lattice.29 No signatures of Zn metallic
precipitates after the ion implantation process are observed in
the spectra. According to the line shapes and peaks energies,
there is no structural disorder in the radial direction along the
implanted NW. For the axial direction, Figure 2b displays the
XANES data from the NWwith its c-axis oriented parallel to the
electric field vector of the X-ray beam. Thus, the XANES data
probe the symmetry of the c-plane, namely pz conduction band
states. Again, the spectra exhibit the peaks associated to the
hexagonal structure, without any evidence of lattice damage
along the NW. Our findings reveal the high structural order of
the host lattice along both radial and axial directions.

Figure 3a shows the XANES spectra around the Zn K edge
(solid circles) and Co K edge (open circles) at points 1 and 2.
To enable the comparison between Zn and Co XANES spectra,
the energy has been rescaled to the respective absorption K
edges calculated from the first derivative of the XANES signal.
Despite the low Co content, the quality of the XANES data
around the Co K edge reproduces well the oscillations of the Zn
K edge spectra at both points, with minor differences above 70
eV. Co ions seem to be incorporated into the wurtzite host
lattice on the Zn sites. To gain further insight into the Co
chemical configuration, Figure 3b shows the average XANES
spectrum of the NW around the Co K edge (solid circles). For
comparison, we have included the Co K edge XANES of a high
quality wurtzite Zn0.9Co0.1O epitaxial film taken from ref 29
(open circles), a mixed valence Co3O4 sample (open triangles),
and a metallic Co foil (open squares). The good match between
the NW and ZnCoO data suggests oxidation state 2+ for Co
ions. Metallic Co and/or mixed valence Co3O4 contributions
are not clearly visible. The weak pre-edge peak around 7710 eV
arises from the hybridization of the Co 3d and 4p orbitals
states induced by the tetrahedral crystal field within the

Figure 1. (a) SEM image of the single Co implanted NW. Elemental
maps collected at 12 keV for Zn (b) and Co (c) with the respective
atomic fraction estimated from the XRF quantification.

Figure 2. ZnK edge XANES spectra recorded along the NWwith the c-
axis oriented perpendicular (a), and parallel (b) to the electric field
vector of the X-ray nanobeam. For clarity, the spectra were shifted
vertically.
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noncentrosymmetric ZnO structure.14,30 While a strong pre-
edge peak is associated with the existence of pure CoO particles
as a secondary phase,14 our result supports that Co has been
substitutionally incorporated into the wurtzite ZnO lattice.

In order to confirm the local structure, EXAFS data around the
Zn K edge were acquired at different positions along the NW.
Figure 4a plots the k3-weight EXAFS oscillations accompanied
by their best fits in the interval [0�8.1 Å�1] using a Hanning
window. The data analysis was carried out by ab initio modeling
of the absorption cross section using the FEFF code.31 Theore-
tical backscattering amplitudes and phase shifts for all single and
multiple scattering paths were calculated using hexagonal ZnO
model clusters (a = 3.289 Å and c = 5.315 Å).32 The
ARTEMIS routine25 was exploited to fit the data in R space
within the window [1.0�3.7 Å], which included the first and
second coordination shells. On the basis of previous X-ray
diffraction data,33 a fixed coordination of 4 O nearest neigh-
bor atoms and 12 Zn second-nearest-neighbor atoms was
applied. We have fitted the interatomic distances (Ri) and
Debye�Waller (DW) factors (σi

2) of the various atomic
shells, fixing the amplitude s0

2 = 0.7307 as determined from
the metallic Zn foil. The values of the structural parameters
extracted from the curve fits are reported in Table 1.

Figure 4b shows the corresponding magnitude of the Fourier
transforms (FTs) of the EXAFS functions. The spectra show
two dominant peaks related to the first O- and second Zn-shells,
which are expected in the wurtzite model. All points show
the same contributions with a slight decrease in the first shell
amplitude as a function of the position. In general, within
the experimental accuracy, there is no change in the first and
second neighbor distances along the NW. Note that the Zn�O
and Zn�Zn spacings are equal to those of pure ZnO (1.98 and
3.25 Å34), without any evidence of amorphization. The un-
distorted cation�anion first neighbor distance also reflects the
low Co content estimated by XRF in the implanted ZnO NW
(Figure 1). For points 2 and 3, the apparent reduced amplitude
of the nearest O-neighbor peak is accounted for by the higher
static disorder; namely, increase of their corresponding DW
factors. The data analysis suggests that there is no local atomic
distortion around the Zn sites, although there is an increase
in the width of the interatomic distance distribution, as mea-
sured by the EXAFS DW factor. The overall EXAFS results
do not indicate any significant contribution from common
defects generated by the implantation process, e.g., secondary
phases, vacancy accumulations and interstitials. This confirms

Figure 4. (a) k3-weight EXAFS oscillations (open symbols) accompa-
nied by their best fits (solid lines) in the interval k = 0�8.1 Å�1. (b)
Magnitude of the FTs of the EXAFS functions (open symbols) and their
best fits (solid lines). For clarity, the spectra were shifted vertically.

Figure 3. (a) XANES spectra around the Zn K edge (solid circles) and
Co K edge (open circles) taken at points 1 and 2. The energy has been
rescaled to the respective absorption K edges. (b) Average XANES
spectrum of the NW around the Co K edge (solid circles), a high quality
wurtzite Zn0.9Co0.1O epitaxial film taken from ref 29 (open circles), a
mixed valence Co3O4 sample (open triangles), and a metallic Co foil
(open squares).

Table 1. Summary of the Interatomic Distances (Ri), Debye�Waller (DW) Factors (σi
2) of the Various Atomic Shells, and the

R-Factors Obtained from the Fittings of the FT EXAFS Fixing s0
2 = 0.7307 As Determined from the Metallic Zn Foil

point RZn�O (Å) σZn�O
2 � 10�3 (Å2) RZn�Zn (Å) σZn�Zn

2 � 10�3(Å2) R

1 1.97 ( 0.02 2.3 ( 1.6 3.25 ( 0.02 5.0 ( 1.4 0.016

2 1.98 ( 0.02 3.7 ( 1.6 3.25 ( 0.01 4.5 ( 1.3 0.011

3 1.98 ( 0.02 9.3 ( 2.0 3.25 ( 0.01 7.4 ( 1.5 0.011
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the good recovery of the radiation damaged ZnO lattice
through the thermal annealing.

The overall EXAFS results obtained in these NWs are in
agreement with what we have observed in 4 atom % Co
implanted ZnO NW by transmission electron microscope
(TEM).6 There, secondary phases in the NWs after annealing
were not observed, although the structural damage created by the
ion implantation process was not completely removed by
annealing. However, to further corroborate our findings, new
TEM images were acquired in several 1 atom % Co implanted
NWs. In Supplementary Figures S1 and S2 in Supporting
Information we show midmagnification and high-resolution
TEM images of single NWs, along with their electron diffraction
patterns and the fast Fourier transform (FFT) of selected areas.
The high-resolution TEM images show a perfect recovered ZnO
lattice without any evidence of extended defects or secondary
phases. Furthermore, the FFT images exhibit sharp spots, which
are signatures of a nearly perfect wurtzite single crystal after the
annealing. The spacing between the (0002)-planes determined
from the TEM images is around 0.52 nm, which is in good
agreement with the values obtained from the fittings of our
EXAFS results. In someNWs, a very low density of stacking faults
and dislocations remaining after the annealing were observed.
This fact could explain the higher static disorder observed by
EXAFS in some points of the NW. Therefore, the overall TEM
results fully support the recovery of the radiation damaged ZnO
lattice through the thermal annealing evidenced in our EXAFS
results.

In summary, we have studied the local structure of single Co
implanted ZnO NWs using a hard X-ray nanoprobe. Elemental
maps showed Zn and Co ions homogeneously distributed along
the NW. From the XRF spectra an estimation of the Co content
in the wire was reported, with an average [Co] = (0.3 ( 0.1)
atom %. Polarization dependent XANES showed that there
was no structural disorder induced neither in the radial nor
axial directions of the implanted NWs. XANES around the Co
K edge displayed the substitutional incorporation of Co2+ ions
into the Zn sites of the wurtzite host lattice. EXAFS data
analysis supported the tetrahedral configuration of Zn in the
hexagonal host lattice without pronounced distortion in the
interatomic distances of the two nearest neighbor shells. Our
EXAFS results gave no evidence of large structural defects
induced in the ZnO host lattice by the Co incorporation and
confirm the annealing mediated recovery of the ZnO struc-
ture. Although the presence of defects cannot be completely
ruled out, within the sensitivity of our experimental techni-
ques neither secondary phases or oxygen vacancies were
observed. Our findings are fully supported by the TEM
analysis of implanted single NWs.
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In order to corroborate our nano-EXAFS findings, transmission electron microscope 
(TEM) images were acquired in several Co implanted NWs. Figure S1(a) shows a mid-
magnification image of one of the implanted ZnO NWs analysed. The roughened surface 
observed in the NWs, which gives origin to the irregular contrast of the image towards 
the core of the NW, is most likely due to ion beam induced surface modification. Figure 
S1(b) shows the high-resolution TEM image of the same NW, where a perfect recovered 
ZnO lattice without any evidence of extended defects or secondary phases is observed. 
The fast Fourier transformed image of Figure S1(b) is shown in Figure S1(c). The sharp 
spots obtained are a signature of a nearly perfect wurtzite single crystal after the 
annealing. The spacing between the (0002)-planes determined from the TEM images is 
around 0.52 nm, in good agreement with the values obtained from the fittings of our 
nano-EXAFS results.  

 
Figure S1. (a) Mid-magnification TEM image of a 75 nm-thick Co implanted ZnO NW. 
(b) High-resolution TEM image of the same NW shown in (a) and fast Fourier transform 
of a selected area (c). 

 

In some NWs, a very low density of stacking faults and dislocations remaining after the 
annealing are observed. For instance, in the inverse fast Fourier transform image of a 
second NW shown in Figure S2(d), two arrows indicates this kind of defects. 

 



 
Figure S2. Low (a) and mid-magnification (b) TEM images of a 190 nm-thick Co 
implanted ZnO NW, and its corresponding electron diffraction pattern (c). (d) High-
resolution TEM image along with the inverse fast Fourier transform of a selected area. 
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This work reports on the local structure of as-implanted and thermally-treated single Co:ZnO

nanowires studied using a hard X-ray nanoprobe. Although the Co ions are incorporated into the

wurtzite ZnO lattice, X-ray absorption near edge structure data show high structural disorder in the

as-implanted nanowires compared with the annealed ones. In particular, extended X-ray absorption

fine structure from single wires reveals a lattice distortion around Zn sites of the as-implanted

nanowires, which involves an expansion of the stable wurtzite lattice. The observed local lattice

response confirms good recovery of the implantation-induced damage within the ZnO lattice

through a thermal treatment. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824117]

Cobalt (Co) implanted ZnO nanowires (NWs) are one of

the most promising wide band gap semiconductors for

spintronics and optoelectronics nanodevices.1,2 Beside the

interesting magnetic properties, such as predicted room-

temperature ferromagnetism, Co-implanted ZnO NWs also

offer promising optical properties by sharp-intra 3d emission

in ZnO.2,3 The combination of the magnetic with optical

properties would enhance the functionality of nanodevices.4

So far, ion implantation process has proven to be an effective

and easy way to incorporate Co into the ZnO host lattice; but

it generally produces unwanted structural defects in the

NWs.5 Although nonlocal and averaged data collected over

large ensembles of implanted NWs using conventional dif-

fraction methods have revealed a crystal lattice distortion

induced by the ion implantation process,6–9 its direct obser-

vation from individual NWs has only been addressed

recently by grazing incidence X-ray diffraction using an

X-ray beam of 300� 500 nm2.10 Owing to the use of a

smaller hard X-ray nanobeam (110� 110 nm2), we show the

resulting local crystallographic order spatially resolved in

single Co implanted ZnO NWs. In order to achieve more

detailed insight into the unavoidable local lattice distortions

generated purely by the ion implantation process, our

approach exploited different X-ray absorption based analyti-

cal techniques. Owing to the high brilliance of a synchrotron

radiation nanoprobe, our measurements present exceptional

attributes: element-specificity, polarization selectivity, and

chemical traces sensitivity at the nanometer length scale.

In the present work, we have studied a set of ZnO NWs

grown on p-Si (100) substrates via vapor-liquid-solid

growth.11 The as-grown NW samples, which possessed a

spaghetti-type morphology, were implanted with Co ions at

room temperature. A total ion fluence of 1.57� 1016 cm�2

and ion energies ranging from 60 to 300 keV were used in

order to obtain nominal concentration in the range of

0.35–0.85 at. %, as calculated using the iradina code.12 The

concentration variations are due to the sample morphology,

as the angle between the ion beam and nanowires was not

defined. For comparison, after Co implantation some NWs

undergo a thermal annealing at 750 �C in air for 4 h. More

details about the growth and ion implantation can be found

elsewhere.5,11

Since NW ensembles with a fully randomly “spaghetti”

fashion were produced by vapor-liquid-solid growth, to

allow the analysis of single nanostructures, the NWs were

transferred on a clean Si substrate via imprint5 that simplified

the localization of single NWs by scanning electron micros-

copy (SEM) prior to the synchrotron measurements. Then,

dispersed NWs (selected formerly by SEM) were examined

using the hard X-ray nanoprobe. The X-ray fluorescence

(XRF) and X-ray absorption spectroscopy measurements

were carried out at the beamline ID22 of the European

Synchrotron Radiation Facility (ESRF).13 The end-station

ID22NI was equipped with a pair of Kirkpatrick-Baez Si

multilayer mirrors, providing a spot size of 110 � 110 nm2

with a photon flux of 1010 ph/s at 12 keV, allowing the effi-

cient investigation of single nanowires. The XRF signal was

detected using a Si drift detector placed at 15� with respect

to substrate surface. The XRF spectra were fitted to quantify

the elemental composition using PyMca code.14 X-ray

absorption near edge structure (XANES) and extended X-ray

absorption fine structure (EXAFS) data were acquired in

XRF mode with a step size of 1 eV and integration times

determined by the counting statistics. The data analysis was

performed using the IFEFFIT package.15

Figures 1(a) and 1(b) show the SEM images of represen-

tative annealed and as-implanted Co:ZnO NWs. The wire

lengths and average diameters were about 7 lm and 200 nm,

respectively. It is well known that the NWs can morphologi-

cally be curved under ion beam irradiation16 if an unbalance

of induced defects between different regions in the nano-

wires is formed. After thermal annealing, this unbalance of

defects is reduced, resulting in a more straight shape. Figure

1(c) displays the average XRF spectra collected on both

NWs. Apart from the Zn and Co signals, and Ar from the air,

the peaks associated with Ca and Fe are only observed on

the spectrum from the annealed NW. But, XRF elemental

maps [not shown here] show that these two residual elements

are not originating from the NW, as they are detected all

over the substrate.17 The escape peak produced by the Si

drift detector at 1.74 keV below Zn parent lines is also

a)Authors to whom correspondence should be addressed. Electronic

addresses: mchu@esrf.fr and gmartine@esrf.fr
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indicated. Although XRF shows no difference between both

NWs, the resulting fit performed on the different X-ray

characteristic lines (which included the escape peaks) is also

displayed. The XRF quantification yields average concentra-

tions of Co for the annealed and as-implanted NWs of about

(0.33 6 0.04) and (0.37 6 0.03) at. %, respectively. The Co

contents are in good agreement with those values obtained

from the simulations using the iradina program, which is a

Monte Carlo and TRIM-based code taking the 3D structure

of the nanowire into account.12 The similarity of both Co

estimations implies that Co is not diffused out from the NW

during the thermal annealing process.

Figure 2(a) displays the XANES spectra around the Zn

K-edge (solid circles) and Co K-edge (open circles) for both

annealed and as-implanted NWs. For comparison, the energy

has been rescaled to the respective absorption K-edges.

Despite the low Co content, the XANES spectra around the

Co K-edges show the same features and oscillations as the

Zn K-edge for both cases, strongly indicating the incorpora-

tion of Co on Zn sites in the wurtzite host lattice.18 Although

addressed later, it is worth to highlight already here the supe-

rior intensity of the Co K-edge white line (WL) peak for the

annealed NW. Further insight into the Co chemical configu-

ration can be also provided by comparison with the XANES

spectrum of a high quality Zn0.9Co0.1O epitaxial film taken

from Ref. 19 [the graph is not shown here] as well as with a

Co foil and Co3O4 standard [not shown here either]. The

good match between XANES data of both NWs and

Zn0.9Co0.1O film corroborates an oxidation state of 2þ for

Co ions in the NWs.

In order to obtain a detailed picture of the as-implanted

situation and annealing, the Co K-edge spectra were fitted by

a step function, which represents the electronic transition from

the Co 1s states to the continuum, and four Gaussians desig-

nated by Roman numerals I to IV as shown in Fig. 2(b), which

simulate electronic transition to final bound states with a p
component. The fitting results are listed in Table I. While the

peak energy positions and full width at half maximums

(FWHMs) are identical within the experimental errors for

both NWs, the peak amplitudes for the annealed NW are

higher than the ones for the as-implanted NW. The tiny but

measurable pre-edge peaks (I) are due to the electronic transi-

tions from 1s states to unfilled 3d-like states, which can occur

without inversion symmetry.20,21 Thus, their amplitudes are

proportional to the hybridization between 3d-Co and 2p-O

orbitals. Therefore, our observations can be linked to the ther-

mal annealing in air. During the treatment, either interstitial

oxygen atoms or oxygen vacancies can be diffused within the

crystal structure, and in any case result into annihilation of the

defects. As a consequence, more 2p-O orbitals are available in

the annealed NW for the hybridization with 3d-Co orbitals

than in the as-implanted NW, resulting in a more pronounced

pre-edge peak. The peaks labeled II, III, and IV are due to the

electronic transitions from 1s states to unoccupied final 4p
states. All three peaks also exhibit higher intensities in the

annealed case than in the as-implanted one. These findings

can be attributed to the lattice damage around Co atoms in the

as-implanted NW, which prevents electronic transitions to the

unfilled 4p states. Typically, a number of implantation-

induced defects, such as vacancies and interstitials, are

reduced through the thermal annealing process, leading to a

higher degree of structural order.

However, according to Table I, the WL intensity (peak

II) increases much more than peaks III and IV for the annealed

NW than for the as-implanted one. This observation can be

FIG. 1. SEM images of (a) annealed and (b) as-implanted Co:ZnO nano-

wires and (c) XRF spectra corresponding to both NWs. The XRF intensity

of the as-implanted NW has been divided by one hundred for clarity.

FIG. 2. Superposition of XANES spectra around the Zn K-edge (solid black

circles) and Co K-edge (open red circles) for annealed and as-implanted

NWs. The energy has been rescaled to the respective absorption K-edges.

(b) XANES fitting of Co K edge spectra for both NWs. The spectra were fit-

ted by a step function and four Gaussians I to IV to simulate transitions to

final p-states. The spectra of the annealed NW were vertically shifted for

clarity in both figures.
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attributed to multiple factors. Apart from the reduction of the

static crystal disorder that improves the line height, this effect

could be also associated with a more intense hybridization

between 2p-O and 3d-Co in the annealed NW compared with

the as-implanted one.22 But, the increase of the pre-edge peak

(indicator of p-d hybridization) is quite small compared with

the observed increase in the WL intensity. Another possible

explanation would be a larger surface-to-bulk ratio effect,

namely, the presence of surface sites (e.g., oxygen terminated

surfaces). However, a recent calculation found that the

observed increase of the WL peak intensity for ZnO NWs can-

not be associated with the surface, because the main XANES

peak intensities corresponding to atoms at the surfaces are

smaller than those of bulk ZnO.23 Finally, it should be men-

tioned that a polarization related effect, where the XANES

signals present a strong orientation dependence, might be also

the origin.18,24 Summarizing, crystal disorder strongly influ-

ence the amplitude of the main peak.

In order to gain a better understanding of the local struc-

ture of both situations, as-implanted and after annealing,

EXAFS spectra were collected at the Zn K-edge for the sin-

gle nanowires. Figure 3(a) shows the EXAFS k3v (k) spectra

around Zn K-edge of the annealed and as-implanted Co:ZnO

NWs and their best fits in the interval [0–8.1 Å�1]. The

k3-weighted EXAFS spectra were Fourier transformed with a

Hanning window to real (R) space. The EXAFS spectra were

modeled theoretically using FEFF8 code using the program

ARTEMIS.25 The model assumed a wurtzite ZnO cluster

with lattice parameters a¼ 3.2498 Å and c¼ 5.2066 Å.26 The

EXAFS fitting was restricted to the first two coordination

shells in the R-range from 1.0 Å to 3.7 Å. The amplitude

S0
2¼ 0.7307 was used as determined from measurement of a

metallic Zn foil as well as the coordination number around

the Zn absorbing atom of 4 O nearest neighbor and 12 Zn

second nearest neighbor atoms were fixed. The fitting results

are summarized in Table II.

Figure 3(b) displays the corresponding magnitude of the

Fourier transforms (FTs) of Zn K-edge EXAFS functions for

both annealed and as-implanted NWs. The first and second

peaks correspond to the 4 oxygen and 12 zinc atoms, respec-

tively. The spectra show similar contributions but with slight

differences. While the first shell amplitude is similar for both

NWs. There is a decrease in the second shell amplitude for

the as-implanted NW compared with the annealed one. The

lower amplitude of the second neighbor peaks for the as-

implanted NW is accounted for by the higher static disorder;

namely, increase of the respective DW factor as shown in

Table II. The fitting results reveal a detectable change in the

first and second neighbor distances between the as-implanted

and annealed NWs. As expected for the annealed NW, the

interatomic lengths of the first and second shells are equal to

those of pure ZnO within the error bars (1.95 6 0.02 and

3.23 6 0.02 Å),27 suggesting no local atomic distortion

FIG. 3. (a) Zn K-edge EXAFS oscillation functions k3v(k) of the annealed

NW (circle symbols) and the as-implanted NW (square symbols) accompa-

nied with their best fits (solid lines). (b) Magnitude of the Fourier-

transformed Zn K-edge EXAFS functions for both NWs (open symbols) and

their best fits (solid lines). The spectrum of annealed NW was shifted verti-

cally for clarity.

TABLE II. Summary of the interatomic distances (Ri), Debye-Waller (DW)

factors (ri
2), and R-factors obtained from the fittings of FT Zn K-edge

EXAFS.

Co:ZnO NWs As-implanted Annealed

RZn-O (Å) 1.99 6 0.01 1.96 6 0.01

r2
Zn-O� 10�3 (Å) 1.3 6 1.0 1.4 6 1.0

RZn-Zn (Å) 3.26 6 0.02 3.22 6 0.01

r2
Zn-Zn� 10�3 (Å) 8.9 6 1.7 5.0 6 1.3

R 0.008 0.004

TABLE I. Summary of the peak positions, FWHMs and intensities of the four transition peaks obtained from the multi-Gaussian fits applied to Co K-edge

XANES spectra of both NWs.

As-implanted NW Annealed NW

Peaks Position (eV) FWHM (eV) Height (a.u.) Position (eV) FWHM (eV) Height (a.u.)

I 7711 1 0.1 7711 1 0.2

II 7727 2 0.9 7727 2 1.9

III 7740 9 0.5 7740 9 0.7

IV 7773 10 0.4 7773 9 0.6
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around the Zn sites. Once more, our data analysis supports

the good recovery of the implantation-induced damage of

the ZnO host lattice through the post-implantation thermal

annealing process.18 For the as-implanted NW, our results

directly reveal a lattice expansion through the increase of

Zn-O and Zn-Zn lengths compared with the corresponding

interatomic distances for the pure ZnO. This local lattice dis-

tortion around Zn sites also affects the WL peak intensity of

the XANES spectrum around Zn K-edge (see above). An

EXAFS study of ion implanted GaN layers, which is a simi-

lar material system to ZnO, reported also elongations around

the Ga atoms for the first and second shells (about 0.01 Å).28

Complementary methods, like X-ray diffraction, applied to

either implanted ZnO or GaN films have also exhibited a lat-

tice expansion by implantation induced defects.29–32

Interatomic lengths deduced from a representative diffracto-

gram of Ca-implanted GaN film pointed out an increase of

around 0.01 and 0.02 Å for the first and second shells,

respectively.30 In those cases, the lattice expansion was

caused by the incorporation of larger ionic radius atoms into

the host lattice and/or by the formation of defects during the

implantation process.28–32 In our case, however, we can

exclude the former effect because the ionic radius of Coþ2

(�0.56 Å) is smaller than that of Znþ2 (�0.60 Å).33

Therefore, the resulting lattice expansion must be attributed

to structural defects, such as vacancies and interstitials, gen-

erated during the ion implantation. Our results highlight the

crucial role played by the severe stoichiometric imbalance in

the detailed local structure of single NWs.

In conclusion, we have studied the local structural disor-

der induced by the ion implantation process in single cobalt

doped ZnO NWs using a hard X-ray nanoprobe. An estima-

tion of the average Co content was deduced through XRF

acquisitions. XANES analyses revealed that the incorpora-

tion of Co2þ ions into the wurtzite ZnO lattice is accompa-

nied by a higher structural disorder. This observation is

further supported by EXAFS results around the Zn K-edge,

which once more showed a fully crystal structure recovery

by the thermal annealing. Most important, the EXAFS data

analysis showed not only a significant increase in the Debye-

Waller factor, but also a local lattice expansion induced by

the ion implantation process. Our findings provided direct

evidence of the structural atomic distortions present in single

NWs at the nanoscale, which could affect the performance of

advanced optoelectronics and spintronics nanodevices.
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In this work, we report on the short and long range order of
single room temperature-implanted and high temperature-
implanted Co:ZnO nanowires using hard X-ray nanoprobe-
based techniques. X-ray fluorescence maps reveal a homoge-
neous distribution of the Co ions implanted along the
nanowires. X-ray absorption near edge structure data indicate
a substitutional incorporation of Co2þ into the wurtzite ZnO
host lattice. The room temperature-implanted nanowires

present a higher structural disorder around Co atoms compared
to the high temperature-implanted ones. X-ray diffraction
results show a crystal lattice expansion induced by the ion
implantation process in the room temperature-implanted
nanowires. Micro-photoluminescence data corroborate these
findings and exhibit an excellent optical activation of the
incorporated Co ions in the high temperature-implanted
nanowires.

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Much effort has been devoted to the
investigation of dilute magnetic semiconductors in recent
years due to their potential applications in spintronics
nanodevices [1, 2]. In particular, Co-doped ZnO nanowires
(NWs) offer unique advantages owing to the large aspect
ratio and theoretically predicted room temperature ferro-
magnetism [3]. Cobalt is known to be optically active in
semiconductors through the Co 3d intra-shell transition [4],
thus Co-doped ZnO NWs could also provide promising
optical properties for future optoelectronic nanodevices [5].
However, doping of NWs with transition metals during
growth remains a challenge [6]. Due to the self-organized
growth mechanisms, the NWs are sensitive to changes in the
growth conditions. Up to date, ion implantation process has
proven to be an effective way for doping with Co in a
controlled manner ZnO NWs [7, 8]. However, the implanted
sample has to be thermally treated to recover from the ion
implantation-induced defects and to make the implanted ions
optically active [9]. Despite previous studies [10], a
structural picture of the symmetry of single Co-implanted
ZnO at nanometer levels remains incomplete. Some open
questions concern the existence of secondary phases in the
thermally annealed NWs implanted with Co at high
temperature; whether the ion implantation-induced damage

causes a short and/or long-range orientational disorder;
and whether the implantation temperature produces relevant
atomic distortions. In this work, these questions are
addressed using four different techniques: nano-X-ray
fluorescence (XRF), X-ray absorption near edge structure
(XANES), X-ray diffraction (XRD), and micro-photo-
luminescence (mPL).

2 Experimental details In this work, we have
studied single ZnO NWs grown on p-Si(100) substrates
using vapor–liquid–solid process. The as-grown ZnO NWs
which are randomly orientated with respect to the Si
substrate surface, were implanted with Co ions at room and
high (700 8C) temperature with a dose of 1.57� 1016 cm�2

and an angle of the incidence of 458 off the substrate surface
normal. The ion energies ranged from 60 to 300 keV in order
to obtain a homogeneous nominal concentration in the range
of 0.30–0.85 at.%, as calculated by the iradina Monte Carlo
code [11]. The concentration variations are due to the
different angle between incident ion beam and nanowires.
After Co implantation, the nanowire sample with high
temperature (HT) implantation was thermally annealed at
750 8C in air for 4 h. More details about sample growth and
implantation processes can be found elsewhere [8, 12]. For
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the X-ray analysis, the room temperature (RT)-implanted
and HT-implanted NWs were dispersed on either clean
p-Si(100) substrates or 200 nm thick SiN membranes. The
morphology of the single NWs was examined ex situ using
a Zeiss Leo 1530 scanning electron microscopy (SEM)
operated at 20 kV. The hard X-ray nanoprobe based
measurements were carried out at the nanoimaging station
ID22NI of the European Synchrotron Radiation Facility
(ESRF) [13]. XRF measurements were performed using
a 17 keV pink beam (DE/E� 10�2) with a total flux
�1012 photons per second focused down using a pair of
Kirkpatrick–Baez multilayer coated Si mirrors. The vertical
and horizontal beam profiles are shown in Fig. 1a. From the
Gaussian fitting, a beam size of 83� 86 nm2 (V�H) was
obtained. The detection limits of the system were also
estimated as shown in Fig. 1b by measuring the XRF of a
NIST reference material 1577b (Bovine Liver) at 17 keV.
The XRF signal was detected using a Si drift detector
placed at 158 with respect to substrate surface. The XRF
maps were taken with a pixel size of 25� 25 nm2 and
an accumulation time of 0.5 s per pixel. To quantify
the elemental composition, the XRF spectra were fitted
using the PyMca software [14]. XANES and XRD measure-
ments were performed using a monochromatic beam (DE/
E� 10�4), with a spot size of around 110� 110 nm2 and a
total flux of�1010 photons per second. XANES spectra were
recorded in XRFmode with a step size of 1 eV and integration
times determined by the counting statistics. The XRD signal
was measured using a fast readout low noise (FReLoN) CCD
detector [15]. The XANES and XRD data were analyzed
using the IFEFFIT and the Fit2D packages, respectively [16–
18]. Micro-photoluminescence (mPL) measurements of single
NWs were carried out at low temperature (4K) using a self-
built epifluorescence microscope with excitation by a
continuous wave 325 nm HeCd laser [19].

3 Results Figure 2a shows the average XRF spectra of
the RT-implanted and HT-implanted Co:ZnO NWs. The
data exhibit the Ka and Kb fluorescence lines of Zn and Co
generated from both NWs and Ar from the air. The escape
peaks produced by the Si drift detector at 1.74 (Si Ka
energy) below Zn parent lines are indicated in the graph.

The measurements also show the presence of residual Cr,
Mn, Fe, Ga, and Ba elements in both spectra. Upper parts of
Fig. 2b and c display the SEM images of the representative
RT-implanted and HT-implanted Co:ZnO NWs, respectively.
The wire length and diameter are 3.1mm and 160 nm for
the RT-implanted NW, and 1.4mm and 210 nm for the
HT-implanted NW, respectively. The RT-implanted NW is
morphologically bent under ion beam irradiation due to
the formation of an unbalance of defects between different
regions in the NWs [20]. The unbalance of defects is reduced
through thermal treatment, resulting in more straight shape
for the HT-implanted NW.

To examine the compositional homogeneity in the NWs,
the XRF spectrum of each pixel was fitted to build the
elemental distribution maps shown in Fig. 2b and c. Both Zn
and Co maps with the respective concentrations show a
homogeneous distribution along the RT-implanted and HT-
implanted NWs. From the Co map of the RT-implanted NW,
the appearance of a small dark region on the left of the NW is
neither a segregation nor inhomogeneous incorporation
of Co, but nanowire overlapping-induced shading effects
during the Co implantation process. Fluorescence maps of
the residual Cr, Mn, Fe, Ga, and Ba (not shown here) reveal
a uniform distribution in all the scanned area, without any

Figure 1 (a) Vertical and horizontal beam size evaluation using
Au knife edge pattern. The vertical spectrum was shifted vertically
for clarity. (b) Detection limits of the XRFmeasurements calculated
using the signal from the NIST reference material 1577b (Bovine
Liver) at 17 keV.

Figure 2 (a) XRF spectra of the RT-implanted and HT-implanted
Co:ZnO NWs. The XRF intensity of HT-implanted NW has been
multiplied by a factor of 50 for clarity. (b) and (c) SEM images of
both RT-implanted and HT-implanted NWs, respectively, as well
as the associated maps of Zn and Co for each NW. The atomic
fraction of Zn and Co elements are shown respectively in each
elemental map. The red circles indicate the positions where nano-
XRD patterns were acquired.
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preferential variation along the NWs. Within our detection
limits, our findings confirm that these elements are not
incorporated into the NWs. They most likely come from
contamination of the substrates where the NWs are
dispersed. The XRF quantification yields average concen-
trations of Co for the RT-implanted and HT-implanted NWs
of about (0.8� 0.3) and (0.3� 0.1) at%. The Co contents
are in good agreement with those values obtained from
simulation using the iradina Monte Carlo code [11]. The
different concentrations of both NWs are due to the different
angle of the ion beam with respect to the NW’s main axis,
rather than the out-diffusion of Co during the annealing
process.

Figure 3a displays the XANES spectra around Zn and
Co K-edges for the RT-implanted and HT-implanted Co:

ZnO NWs. For comparison, the energy has been rescaled to
respective absorption K-edges calculated from the first
derivative of the XANES spectra. The XANES spectra
correspond to electronic transitions from 1s states to
unoccupied final 4p states, except for the weak pre-edge
peak [labeled by P in the graph] of the Co K-edge spectra,
which corresponds to electronic transitions from 1s states to
unfilled 3d-like states [21]. The XANES spectra around Co
K-edge shows similar features and oscillation compared
to Zn K-edge for both NWs. This result points toward the
incorporation of Co in the wurtzite ZnO host lattice on Zn
sites [10]. Co K-edge XANES spectrum of the HT-implanted
NW shows higher peak intensities than the RT-implanted
one. This can be due to the implantation-induced lattice
damage around Co atoms in the RT-implanted NW, which
prevents the electronic transitions to the unoccupied 4p
states. In the case of the HT-implanted one, the number of
implantation-induced defects is reduced either by post-
thermal treatment or during the HT-implantation. As a result,
there is a higher crystal order degree for the HT-implanted
NW than for the RT-implanted one. This observation is in
good agreement with the one obtained in thermally annealed
NWs implanted with Co ions at room temperature reported
in a previous work [10].

Further insight into the Co chemical configuration is
obtained from the comparison of the Co K-edge XANES
spectra of both NWs with some reference samples having
different oxidation states. Figure 3b shows the comparison
between the Co K-edge XANES spectra of the RT-implanted
(solid squares) and HT-implanted (open circles) NWs, with
those from a high quality wurtzite Zn0.9Co0.1O epitaxial film
(solid circles) [22], a mixed valence Co3O4 (open triangles),
and a metallic Co foil (open squares). The best match for
both NWs is found with the spectrum of the Zn0.9Co0.1O
film, indicating a Co oxidation state of 2þ.

Figure 4a illustrates a representative XRD peak from the
left part of the RT-implanted Co:ZnO NW (marked on SEM
image of Fig. 2b). The signal is dominated by a peak labeled
A and a shoulder (peak B), whose positions were fitted by
two Gaussian contributions. In comparison with the reported
lattice parameters for wurtzite ZnO (a¼ 3.2498Å and
c¼ 5.2066Å) [23], the peak A at 9.848 is assigned to the
ZnO (0002) reflection. The peak B at 9.678 is due to
structural modifications induced by the ion implantation. In
principle, it would also indicate a ZnO lattice expansion
along the c-axis. An expansion of the c-lattice parameter of
around 0.09Å could be estimated from the difference in 2u
between both peaks A and B, however, further measure-
ments are necessary to confirm our observation. So far,
similar lattice expansions have been reported for implanted
ZnO and GaN films [24, 25]. The expansion of host lattice
is attributed to the structural defects, such as vacancies
and interstitials generated by the ion implantation process
[24, 25]. On the other hand, Fig. 4b shows a representative
XRD reflection obtained from the left part of the HT-
implanted Co:ZnO NW (marked on SEM image of Fig. 2c).
This reflection can be fitted using a single Gaussian

Figure 3 (a) XANES spectra around Zn and Co K-edges for the
RT-implanted (square symbols) and HT-implanted (circle symbols)
Co:ZnO NWs. The energy has been rescaled to respective
absorption K-edges. XANES spectra of the HT-implanted NW
were shifted vertically for clarity. (b) XANES spectra around Co K-
edge for both RT-implanted (solid squares) and HT-implanted
(open circles) NWs, a high quality wurtzite Zn0.9Co0.1O film (solid
circles), a mixed valence Co3O4 (open triangles), and a metallic Co
foil (open squares). The spectra of the RT and HT-implanted NWs
were vertically shifted for clarity.
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contribution and its maximum corresponds to the wurtzite
ZnO (10–14) reflection. Likewise, its position would suggest
that the ion implantation-induced lattice expansion is well
recovered through either post-implantation thermal anneal-
ing or dynamic annealing during the implantation process. In
addition to the peak position, the full width at half maximum
(FWHM) of the XRD peak for the HT-implanted NW is
smaller than that of the main peak of the RT-implanted NW.
It confirms a better crystal structure for the HT-implanted
NW compares with the RT-implanted one. XRD data on
single ZnO NW implanted with Co at RT and followed by
the thermal annealing (annealed NW), were also acquired to
support these findings. A representative XRD peak of the
annealed NW [not shown here] reveals only ZnO (0002)
reflection at 9.798 with FWHM of 0.188 without any
expanded peak from the main ZnO (0002). This is another
signature of the good recovery of the ion implantation-
induced lattice expansion through the thermal annealing.

In order to complement the results obtained from X-ray
based characterization, mPL measurements of representative
RT-implanted and HT-implanted Co:ZnO NWs were
performed at 4K with an excitation wavelength of

325 nm. Figure 5 shows mPL spectra of both RT-implanted
and HT-implanted NWs. The spectra show two dominant
peaks corresponding to ZnO near band edge (NBE) emission
(�3.37 eV) and Co intra-3d-emission (Co2þ �1.88 eV).
The PL signal shows lower overall emission intensity of the
RT-implanted NW than the HT-implanted one, indicating a
high concentration of defects in the RT-implanted NW. The
PL spectrum of the RT-implanted NW shows broader Co2þ

emission and lower intensity compared to the HT-implanted
one. Thus, a higher disorder is present around Co ions in the
RT-implanted NW, in good agreement with the XANES
results around Co K-edge. The PL spectrum of the HT-
implanted NW shows low NBE emission and high Co2þ

emission, confirming an excellent activation and also a good
energy transfer to Co ions.

4 Conclusions We have characterized the RT-
implanted and HT-implanted Co:ZnO NWs by the
combination of four different and complementary techniques
XRF, XANES, XRD and mPL. The concentration and
homogeneity of Zn and Co elements inside the NWs were
studied through XRF nanoanalysis. The short range order
was examined by nano-XANES, which revealed the
substitutional incorporation of Co2þ ions into the Zn sites
of the wurtzite host lattice, but with a high structural disorder
for the RT-implanted NW. Preliminary XRD measurements
suggested a lattice expansion for RT-implanted NW and
a good recovery of implantation-induced damage for the
HT-implanted NW. mPL data analysis confirmed the highly
distorted surrounding of Co ions in the RT-implanted NWs
and the best optical activation of the HT-implanted Co.
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This work reports on the long-range order of single as-implanted
and annealed ZnO:Co nanowires studied using a hard X-ray
nanoprobe. For all nanowires, nano-X-ray fluorescence maps
reveal a homogeneous distribution of Co ions implanted along
the nanowires. For the as-implanted nanowires, however, nano-
X-ray diffraction data shows a larger deviation from the bulk
ZnO lattice along the c-axis induced by the ion implantation

process. For the thermally annealed nanowires, on the other
hand, the c lattice parameter is similar to the one of bulk wurtzite
ZnO. The structural analysis of individual nanowires highlights
the importance of the subsequent thermal annealing and
emphasizes the critical role of the unavoidable damage created
by the ion-implantation process. Such defects ultimately limit
the use of semiconductor nanowires.

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Doping of semiconductor nanowires
(NWs) is a critical step to produce materials with novel
properties and functionalities for new devices [1]. In the
context of spintronic nano-devices, transition metals (TMs)
doped ZnO NWs have attracted much attention due to
their predicted ferromagnetic behavior at a room tempera-
ture [2]. In addition, Co doped ZnO NWs have promising
optical properties through the Co 3d intra-shell transitions
for future optoelectronic applications [3]. One of the
major challenges towards the successful use of NWs in
emerging nanotechnologies is the controlled doping of
the wires. Much effort has been endeavored for in-situ
doping of NWs during the growth, for instance, via a wet
chemical method [4], metal-organic chemical vapor deposi-
tion [5], and vapor–liquid–solid (VLS) [6]. However, an
inhomogeneous dopant distribution and formation of
secondary phases have been observed in the NWs. An
alternative solution is ex-situ doping by ion implantation,
which gives precise control of dopant homogeneity and
concentration [7]. However, this method generally produces
structural defects into the host structure, which can be
reduced through a subsequent thermal annealing process.
Therefore, a long lasting field of research is the understand-
ing of the ion implantation induced lattice damage and
further structural recovery during the post-implantation

thermal treatment, especially at the nanoscale [8]. For
example, an extended X-ray absorption fine structure
(EXAFS) study of ensemble of hydrogen and nitrogen
ion-implanted ZnO nanorods has revealed an ion implanta-
tion-induced lattice distortion within the rods [9, 10].
Additionally, recent short-range order studies of single
Co-implanted ZnO NWs have reported the local structural
disorder induced by the ion implantation, as well as the
structural recovery of the NWs by a thermal treatment [11, 12].
In this work, a detailed study on the long-range order
of Co-implanted ZnO NWs is carried out using X-ray
diffraction (XRD) technique at the nanoscale. The results
provide a deeper insight into the ion-implantation-induced
defects and the role of thermal treatments to recover
structurally the single NWs.

2 Experimental details We have studied single
Co-implanted ZnO NWs using a hard X-ray nanoprobe.
The ZnO NWs were grown on p-Si (100) substrates using
the VLS mechanism [13]. The synthesized NWs with fully
random orientation on the substrates were implanted with
Co ions at room temperature. For comparison, some
implanted ZnO NWs were annealed at 750 8C in air for
4 h (labeled annealed ZnO:Co NWs) and some others do
not undergo the thermal treatment (labeled as-implanted
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ZnO:Co NWs). More details about the growth and Co
implantation processes can be found elsewhere [13, 14].

For the X-ray characterization of single NWs, the as-
implanted and annealed ZnO:Co NWs were dispersed on
200 nm thick SiN membranes in order to obtain isolated
NWs. Prior to synchrotron measurements, the single NWs
were located using an Olympus BX60F microscope and their
morphology was studied using a Zeiss Leo 1530 scanning
electron microscope (SEM) operated at 20 kV. The hard
X-ray nanoprobe characterization was performed at the
beamline ID22 of the European Synchrotron Radiation
Facility [15]. The end-station ID22NI was equipped with a
pair of Kirkpatrick–Baez multilayer coated Si mirrors,
providing a spot size of �60� 60 nm2 with a photon flux of
1012 ph s�1 in pink beam mode, and �110� 110 nm2, and
1010 ph s�1 in monochromatic beam mode. The XRF data
were analyzed with PyMca code [16]. The XRD signal was
recorded by a fast readout low noise (FReLoN) CCD
detector [17] at 28 keV in monochromatic beam mode.
The XRD data reduction was performed with the Fit2D
package [18].

3 Results Figure 1a displays the average XRF spectra
of representative as-implanted and annealed ZnO:Co NWs.
Both spectra show the Ka,b fluorescence signals of Co and
Zn from the NWs, and Ar from the air. The escape peaks
coming from the Si drift detector at 1.74 keV below the Zn
parent lines are also observed. Several residual impurities
such as Cr, Mn, Ba, Ga, and Fe are also present but,
according to their homogeneous spatial distribution (not
shown here), there is no incorporation into the NWs but
contamination in the supporting SiN substrates [19].

To study the spatial distribution of the dopant in the
NWs, the XRF spectra were fitted in a pixel-by-pixel
approach. Figure 1c and e display the Co fluorescence maps
with the corresponding concentrations for the as-implanted

and annealed ZnO:Co NWs, respectively. The Co maps
show homogeneous distribution of the implanted ions
along the NWs, except at some regions characterized by a
lower Co concentration and indicated by white rectangles.
These regions result from shadowing effects induced by
NWs overlapping during the ion implantation process [12].
Through XRF quantification [16], the estimated Co
concentration on the regions under the shadowing effects
were (0.23� 0.03) and (0.10� 0.01) at.% for the as-
implanted and annealed NWs, while outside these regions
were (0.93� 0.14) and (0.24� 0.02) at.%, respectively.
These concentrations on the regions without the shadowing
effects are in good agreement with the simulated values
obtained using the iradina code [20]. The different Co
contents of both NWs are due to the different angle of the
ion beam with respect to the NWs’ axis as the NWs had a
spaghetti-type geometry during the ion implantation [12].

In order to study the long-range order in the single as-
implanted and annealed ZnO:Co NWs, nano-XRD data were
acquired over the entire NWs in transmission mode with a
step size of 100�100 nm2. The raw images from the CCD
camera were corrected and integrated using the Fit2D
program [18]. Figure 2 shows the XRD maps corresponding
to the ZnO (002) reflection intensity acquired on the
regions indicated by the green rectangles in Fig. 1 for the (a)
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as-implanted and (b) annealed ZnO:Co NWs. The white
rectangle of Fig. 2a represents the region affected by
shadowing effects during ion implantation, characterized by
a lower Co content. Figure 2c shows representative XRD
data of ZnO (002) reflection acquired at the positions 2, 7,
and 12 for the as-implanted ZnO:Co NW, according to the
marks in the XRD map. Similarly, Fig. 2d displays the XRD
at the positions 1, 7, and 11 for the annealed NW. Gaussian
fitting values of these spectra are summarized in Table 1.

Figure 2c shows that at the regions with the lower
[position 7] and higher [positions 2 and 12] Co concen-
trations of the as-implanted ZnO:Co NW the (002) reflection
is dominated by a single Gaussian-like peak located at an
average 2u value of (9.8� 0.04)8. The XRD data of the as-
implanted NW has been fitted with a single Gaussian curve.
Similarly to Fig. 2c, Fig. 2d illustrates three representative 2u
spectra of the ZnO (002) reflection acquired at the positions
1, 7, and 11 [indicated in Fig. 2b] on the annealed ZnO:Co
NW. For the latter case, all XRD also exhibit a single
Gaussian contribution with narrower linewidths centered
at an average 2u position of (9.79� 0.03)8. Within the
error bars, the average 2u values of both as-implanted and
annealed NWs are in agreement with the 2u value of 9.778
obtained for the ZnO (002) reflection using the c lattice
constant of bulk wurtzite ZnO (5.1948Å) [21]. However, the
existence of a larger number of ion implantation-induced
defects such as vacancies and interstitials in the as-implanted
NW [26, 27] is clearly reflected in the FWHM values listed
in Table 1. Such defects are reduced through the post-
implantation thermal annealing, resulting in a better long-
range order for the annealed NW.

To gain further insight into the defect distribution in the
NWs, Fig. 3a reveals the FWHM values of the ZnO (002)
reflections along the as-implanted (open squares) and
annealed (open circles) NWs. As expected, the FWHM
values along the as-implanted NW are larger than those of
the annealed NWs. These confirm the higher density of
defects along the as-implanted NW than along the annealed
one. The FWHM values vary significantly along the as-
implanted NWs, especially on the right region. This is due to
the existence of an unbalance of the ion implantation induced
defects between the different regions of the NW. Such
unbalance of the induced defects is also the cause for the
bending of the NW [shown in Fig. 1b] [12]. In contrast,
the FWHM values along the annealed NW show a small
change between one to the other. This indicates that the
unbalance of defects is also reduced through the thermal

treatment [the NW’s shape is more straight as shown in
Fig. 1d].

In order to obtain information on the lattice parameter of
ZnO:Co along the NW, the relationship between the inter-
planar spacing (dhkl) and the unit cell constants a and c in the
hexagonal structure was used to estimate the c lattice
constant from the symmetric (002) reflection: 1=d2hkl ¼
4ðh2 þ hk þ k2Þ=3a2 þ l2=c2. Figure 3b shows the c lattice
constants obtained from the ZnO (002) reflections of the
as-implanted (open squares) and annealed (open circles)
NWs. The c value is around (5.19� 0.02) Å along the
annealed NW while it ranges from (5.16� 0.02) to
(5.21� 0.02) Å along the as-implanted NW. By comparing
the c lattice constants of both NWs with the one of 5.1948Å
reported for bulk wurtzite ZnO (dotted line) [21], as shown
in Fig. 3b, the deviation of the c lattice parameter values
around the one of bulk ZnO is larger for the as-implanted
NW than for the annealed one. However, the change of the
lattice parameter reported in the present work is in excellent
agreement with the values observed from ensembles of NWs
and ZnO powder in previous reports [22, 23] and matches
very well with EXAFS results [10, 24, 25]. Within the
experimental accuracy, the c values of the annealed NW are

Table 1 Summary of 2u peak positions and FWHMs obtained from single Gaussian fits of the ZnO (002) XRD of the as-implanted and
annealed ZnO:Co NWs. Numbers in the round brackets are uncertainty values.

ZnO (002) as-implanted NW annealed NW

2u (degrees) 9.76 (0.04) 9.81 (0.04) 9.82 (0.04) 9.78 (0.03) 9.79 (0.03) 9.78 (0.03)
FWHM (degrees) 0.200 (0.002) 0.209 (0.002) 0.235 (0.005) 0.149 (0.005) 0.139 (0.003) 0.153 (0.004)
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Figure 3 (a) FWHM and (b) estimated c lattice constant values
from ZnO (002) reflections, respectively, along the as-implanted
(open squares) and annealed (open circles) ZnO:Co NWs. The c
lattice parameter of bulk wurtzite ZnO (dotted line) [21] is also
shown in Fig. 3b.
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equal to the value of 5.1948Å for the bulk ZnO, indicating
that the damaged crystal structure was restored through the
thermal annealing [11, 12].

Based on EXAFS fitting results of both as-implanted
and annealed NWs reported in a previous work [12], c
lattice constants can be also deduced by using a simple
calculation: RZn-O¼ uc, where the internal parameter
u ¼ ffiffiffiffiffiffiffiffi

3=8
p ða=cÞ ¼ 0:38 [28]. As a result, the calculated c

lattice constants of the as-implanted and annealed NWs are
(5.24� 0.03) and (5.16� 0.05)Å, respectively. Within the
error bars, both c values are equal to the average values
obtained from the XRD analyses. In addition, the Debye
Waller factor of the second nearest neighbor shell is larger
for the as-implanted NW [(8.9� 1.7)� 10�3] than for the
annealed NW [(8.9� 1.7)� 10�3]. It indicates a higher static
disorder along the as-implanted NWcompared to the annealed
one, as corroborated by the larger FWHM values of the ZnO
(002) reflections. A rough comparison of the findings obtained
by XRD and EXAFS techniques results in a full agreement
between the short- and long-range orders. On the other hand,
for the annealed NW, the same c lattice constants obtained
from the XRD and EXAFS data analyses, which are equal to
the value of bulk ZnO, confirm the good recovery of the
damaged structure through the thermal treatment.

4 Conclusion We have studied single Co-implanted
ZnO NWs by synchrotron nanoprobe-based techniques. The
nano-XRF data analysis has allowed to study the homoge-
neity and concentration of the implanted Co along the NWs.
The nano-XRD findings revealed the structural modifica-
tions of the as-implanted NWs. In particular, a distortion of
the c lattice constant along the c-axis was exhibited because
of the ion implantation-induced defects, which were reduced
through a thermal annealing process. Our results have
highlighted the importance of the post-implantation thermal
treatment and provided new insights into the implication of
structural defect formation generated by the ion implantation
process in single NWs. The overall results also open new
avenues for the application of synchrotron based multi-
techniques for detailed study of single semiconductor NWs
at the nanometer length scale.
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1 Introduction Doping of semiconductors is very at-
tractive in order to create material systems with novel pro-
perties and functionalities. The doping of ZnO with transi-
tion metals has attracted an enormous interest in the past 
decade, as this material combination has the potential to 
act as a diluted magnetic semiconductor (DMS) [1]. How-
ever, transition metals like cobalt (Co) are also well-known 
optically active luminescence centers in semiconductors 
[2]; thus, this system is likewise very interesting also from 
an optical point of view. Especially in the form of nano-
wires, this material system would take advantage of 
photonic waveguiding and provide complete new possibili-
ties for future optoelectronic nano-devices such as light-
emitting diodes (LED) or nano-lasers [3].  

 Doping of semiconductor nanowires during growth is 
a challenging task, as the self-organized growth mecha-
nisms are sensitive to changes in the growth conditions. 
Doping of ZnO nanowires with Co via wet chemical meth-
ods is possible [4], but the control of the dopant concentra-

tion is not precise and the crystal quality is worse com-
pared to vapour–liquid–solid (VLS) grown nanowires [5]. 
In general it was observed that doping during VLS growth 
tends to provide only an inhomogeneous dopant distribu-
tion [6] and the dopant concentration is typically limited to 
the low solubility in the solid phase [7]. A successful alter-
native is the doping by ion implantation, which can over-
come all the drawbacks and provides doping with nearly 
every element in the desired concentration [8]. However, 
the damage created by the high-energetic ions has to be re-
covered by optimized annealing procedures in order to ob-
tain activation of the implanted impurities. 

In this Letter, we will present a route for the successful 
ion beam doping and optical activation of the implanted Co 
ions in ZnO nanowires. The experiments focus on the  
novel optical properties of single Co-doped ZnO nanowires. 

 
2 Experimental details ZnO nanowires (NW) with 

diameters of typically 100 to 500 nm and lengths of more 

Successful doping of ZnO nanowires with the transition metal
cobalt was achieved by ion implantation. Excellent optical ac-
tivation of the incorporated Co ions was observed from nano-
wire ensembles after annealing. Efficient excitation of the Co
ions occurs either by near resonant absorption or by energy
transfer from the ZnO host. The excited Co ions decay

 radiatively with a lifetime of 8 ns. Intense and homogeneous
Co2+ intra-3d luminescence was observed from single nano-
wires with different Co concentrations in the range of 0.02–
4 at% and at various excitation powers. Spatially resolved
measurements allowed the characterization of the waveguide
properties of single doped nanowires. 
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than 10 µm were synthesized by the VLS mechanism in a 
horizontal tube furnace [5]. The ion implantation was si-
mulated using the Monte-Carlo package iradina [9], which 
takes into account the three-dimensional nanowire mor-
phology. Several ion energies from 30 keV to 380 keV  
were simulated and their superposition yielded a homo-
geneous doping profile. Ion implantation was performed  
at room temperatures using 59Co ion fluences of 7.8 × 
1014 cm–2 to 1.2 × 1017 cm–2, resulting in concentrations of 
0.02 at% to 4 at%, respectively. The irradiation damage 
was recovered by annealing in air at 750 °C for 120 min.  

The morphology and luminescence properties were  
investigated using a JEOL JSM-6490 scanning electron 
microscope (SEM) equipped with Gatan MonoCL3+ catho-
doluminescence (CL) unit. The electron energy of 10 keV 
used for all CL investigations was derived from simula-
tions of the electron–solid interactions using the Monte-
Carlo package Casino [10] to ensure the excitation of the 
entire nanowire volume by the electron beam. Monochro-
matic CL images were acquired using a high-sensitivity 
photomultiplier (PMT) coupled to a grating monochroma-
tor at a bandwidth of 5 nm. CL spectra were detected using 
a back-illuminated charged-coupled device (CCD) camera. 
The photoluminescence excitation (PLE) spectra were re-
corded using a halogen/Xe lamp combination attached to 
an excitation monochromator for wavelength-selective ex-
citation. The PLE signal of the sample was detected by a 
high-sensitivity PMT mounted behind a prism monochro-
mator. The PLE spectra were corrected for the emission 
characteristics of the lamps. Time-resolved photolumines-
cence (TRPL) measurements were performed using excita-
tion by a frequency-tripled Nd:YAG laser (pulse FWHM 
3 ns) and detection by a grating monochromator with an 
intensified CCD (iCCD) camera using a gate width of 5 ns 
[11]. The photoluminescence and waveguide properties of 
single nanowires were investigated using a self-built epif-
luorescence microscope [12] with excitation by a continu-
ous-wave 325 nm HeCd laser. All luminescence measure-
ments were performed at a sample temperature of 10 K or 
below. 

 
3 Results and discussion The morphology and 

structural properties of the Co-implanted ZnO nanowires 
were extensively investigated in previous studies using a 
nano-sized X-ray beam and TEM [13]. Briefly summari-
zing the important facts for this study, the implanted Co 
atoms are homogeneously distributed along the wires and 
the measured cobalt content fits well to the iradina simula-
tions. The Co atoms occupy Zn lattice sites in a 2+ charge 
state, and high structural order of the host lattice was  
observed and confirmed the recovery of the radiation-
damaged ZnO structure through the subsequent annealing 
step.  

The emission properties of such ZnO nanowires with a 
Co concentration of about 0.5 at% within an ensemble we-
re investigated by cathodoluminescence. The respective 
spectrum in Fig. 1(a) is composed of the intense recombi- 

 
Figure 1 (a) Cathodoluminescence survey spectrum of a Co-
implanted ZnO nanowire ensemble shows the Co2+ emission, 
which consists of sharp intra-3d transitions accompanied by a si-
deband of local phonon modes at the low-energy side (inset). (b) 
Several intra-3d transitions could be identified from the excited 
2E(G) to the lower Co 4T(F) levels and the 4A2(F) ground term. 
(c) The monochromatic CL images show the strong and homoge-
neous Co2+ emission from single dispersed NWs, while the ZnO 
excitonic and defect emission originates only from thick nano-
wire areas. 

 
nation of free and bound excitons in the ZnO near-band-
edge (NBE) emission above 3 eV [14] and a broad emis-
sion band around 2.5 eV associated with the recombination 
of carriers at intrinsic ZnO defects (deep-level emission, 
DLE) [15]. The sharp and structured emission feature at 
1.88 eV is attributed to the Co2+ intra-3d luminescence [16], 
which could be identified in the high-resolution spectrum 
as a set of sharp transitions from the excited 2E(G) level to 
the 4A2(F) ground term [16, 17] (marked by arrows in the 
inset of Fig. 1(a)) accompanied by a phonon side band on 
the low-energy side [18]. Thus, successful doping and op-
tical activation of the Co ions was achieved for the implan-
ted ZnO nanowires. Further emission peaks were observed 
in the near-infrared range shown in Fig. 1(b) and could be 
attributed to less intense Co2+ intra-3d transitions from the 
excited 2E(G) to the 4T1(F) level at 1.4 eV and to the 4T2(F) 
level from 0.85 eV to 1.13 eV [2, 16, 17]. 

Single implanted ZnO NWs with 0.5 at% Co were  
dispersed onto clean Si substrates in order to investigate 
the emission homogeneity. The respective SEM image was 
combined with monochromatic CL images of the Co2+ 

emission at 1.88 eV, the DLE emission at 2.5 eV and NBE 
emission at 3.3 eV in Fig. 1(c). The Co-implanted nano-
wires show an intense and uniform intra-3d luminescence, 
while the DLE and NBE emission are only locally emitted 
from thicker parts of the wires. In order to gain further in-
formation, the emission properties of single doped nano-
wires were investigated for different diameters between 
100 nm and 500 nm. The CL spectra for nanowires be-
tween 100 nm and 300 nm (not shown) were similar and 
comparable to the µPL spectra of single wires in Fig. 3(a) 
at equivalent excitation power. For thicker nanowires, the  
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Figure 2 (a) The PLE spectrum of Co-doped ZnO nanowire en-
semble shows the resonant excitation of higher Co2+ states and 
the effective energy transfer from the ZnO host matrix to the lu-
minescent Co ion. (b) The time-resolved PL spectra exhibit no 
spectral change at different times after excitation for a NW en-
semble with a Co concentration of 0.5 at%. The transient (inset) 
can be fitted using a mono-exponential function with a natural 
Co2+ lifetime of τ = 7.9 ns. 
 
 
ZnO-related emission increased and finally dominated the 
spectrum for diameters >500 nm. This can be understood 
as the maximum range for the implanted Co atoms is about 
300 nm. Thus, thicker wires are not completely implanted; 
therefore, the ZnO emission originates mainly from the 
non-irradiated and unaffected areas of the nanowires. 

The PLE spectrum of a Co-implanted ZnO NW en-
semble (0.5 at%) shown in Fig. 2(a) was monitored at the 
2E(G) → 4A2(F) intra-3d transition (1.88 eV). Several exci-
tation pathways of the Co ions can occur: The strong PLE 
signal above 3.0 eV reveals the efficient energy transfer 
from the ZnO host to the Co ions. The modulations at lo-
wer energies can be assigned to direct excitations of higher 
Co2+ levels, where the excitation probability decreases with 
increasing level. This may be due to the multiple non-
radiative decay down to the luminescent 2E(G) level [2, 19]. 

The temporal decay of the excited Co ions embedded 
in ZnO nanowires (0.5 at%) is presented in Fig. 2(b). No 
change in the emission line shape was detected within the 
examined time range, as it is expected for an intra-3d tran-
sition [20]. The integrated TRPL signal can be fitted using 
a mono-exponential function with a radiative lifetime of  
τ = 7.9 ns, indicating that the Co intra-3d transition is 
strongly allowed [21]. The additionally monitored decay of 
the ZnO excitonic emission (NBE) is much faster (typical-
ly < 1 ns) [22], also shown in the inset of Fig. 2(b), and 
thus limited by the temporal resolution of our measuring 
system. The evaluated radiative lifetime of Co2+ ions in 
ZnO nanowires is slightly faster than the lifetime reported 
for diluted Co ions in a ZnO single crystal (τ ~ 15 ns, [23]). 
For the used high doping level in this study, resonant ener-
gy transfers between the Co ions become important and 
significantly shorten the lifetime.  

The emission properties of single NWs with typically 
300 nm diameter and about 10 µm length were investi-

gated for different Co concentrations between 0.02 at% 
and 4 at%. The µPL spectra are displayed in Fig. 3(a). Na-
nowires with a low Co concentration show a strong ZnO 
excitonic emission and only a weak Co intra-3d lumines-
cence. The optimum concentration for an intense Co2+ 
emission was found around 0.5 at%. At higher Co con-
centrations, the implantation damage could not be comple-
tely recovered, yielding a significant increase of the defect 
emission compared to the NBE and Co2+ emission. 

The waveguide properties of one Co-doped ZnO na-
nowire (0.5 at%) was investigated using spatially resolved 
µPL spectroscopy. The emission from the location of the 
focused laser spot and the waveguided emission from the 
nanowire end (see inset) are plotted in Fig. 3(b). The re-
spective red and black spectra are similar in shape, but the 
intensity of the NW-end emission is typically reduced by a 
factor of 3–5. Especially, the emission ratio, which is plot-
ted also in Fig. 3(b) as a blue line, shows a reduced trans-
mission for higher photon energies, which can be explai-
ned by absorption of the ZnO along the nanowire [24]. The 
dip at the energy of the Co emission is interpreted as reso-
nant absorption and isotropic re-emission of the Co ions. 
Thus, the transmission is lower at the energy of the Co2+ 
emission than at energies below or above.  

The emission of one single Co-doped ZnO nanowire 
with a diameter of 180 nm and length of 9 µm (see SEM 
inset of Fig. 4(b)) was investigated as a function of excita-
tion power. The µPL spectra are dominated by the Co2+ 
emission at low excitation densities, as shown in Fig. 4(a). 
At elevated excitation powers, the ZnO excitonic and de-
fect emission as well as the Co2+ emission increase in in-
tensity with linear-power behavior. Differences appear 
above 1000 W/cm2, as the Co intra-3d emission shows a 
significant broadening and a deviation from the linear in-
crease, which can be attributed to local heating by the fo-
cused cw laser beam and a saturation of the excited Co  
 
 

 
Figure 3 (a) The µPL spectra of representative single Co-doped 
ZnO nanowires with concentrations between 0.02 at% and 4 at% 
reveal the most intense Co2+ intra-3d emission for 0.5 at%.  
(b) Waveguiding of a single Co-implanted ZnO NW (0.5 at%). 
The ratio between the emission intensity at the laser spot and the 
emission at the nanowire end shows a strong absorption around 
1.8 eV due to the incorporated Co ions.   
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Figure 4 (a) The µPL body emission spectra of one single 
ZnO:Co nanowire are plotted as a function of the excitation po-
wer. (b) The integrated emission intensity of the Co2+ emission 
emerges about linearly with pumping power. The inset shows the 
SEM image of the investigated nanowire. 
 
 
ions, respectively. Thus, no light amplification was observ-
ed, but could be expected for higher power levels; however, 
the diameter of the investigated nanowire was too small to 
establish sufficient waveguiding and gain [12]. 

 
4 Conclusions ZnO nanowires can be successfully 

doped with Co by ion implantation. After annealing, the 
Co ions are on Zn lattice sites, in 2+ charge state, in a reco-
vered surrounding, optically activated and emit an intense 
intra-3d luminescence in the VIS and NIR range. Single 
doped nanowires show a homogeneous Co2+ emission, 
while the ZnO emission mainly originates from unimplan-
ted parts within the nanowires. The Co ions can be effi-
ciently excited by energy transfer from the ZnO host or re-
sonant into higher levels and decay with a lifetime of ~8 ns. 
The most intense Co emission is found for doping con-
centrations of 0.5 at%. The Co-doped nanowires emit wa-
veguided emission from their ends with an enhanced ab-
sorption in the range of the Co emission. The spectra of 
one single doped nanowire at different excitation powers 
follow a linear emission increase with power up to 
1000 W/cm2.  
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This work reports on the elemental distribution and local structure of single InxGa1–xN nanowires

(NWs) grown by molecular beam epitaxy on Si (111) substrates using X-ray fluorescence

nanoprobe. Ga and In maps reveal an inhomogeneous elemental distribution along the NWs, with a

higher Ga concentration at the bottom of the NW. Scanning electron microscopy images show that

the inhomogeneous axial distribution is not correlated with a X-ray beam induced damage, and

therefore, should be an intrinsic characteristic of the NWs arising from the growth process.

Spatially resolved X-ray absorption near edge structure spectroscopy data acquired around the In

K-edge show that the tetrahedral structure is preserved around the absorbing In-atoms all along the

NW, and suggests that the compositional modulation could be affecting its long-range order. VC

2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795544]

I. INTRODUCTION

In recent years, special attention has been paid to

InxGa1–xN alloy mainly due to their good optical and electrical

properties for potential optoelectronic applications. In 2002,

after the characterization of high quality InN layers grown by

molecular beam epitaxy (MBE),1,2 its bandgap was reassigned

to (0:67 6 0:05) eV.3,4 This new value extended the range of

tunability of the InxGa1–xN bandgap over nearly the entire so-

lar spectrum.5,6 Therefore, multijunction solar cells could take

advantage of InxGa1–xN, promising very high conversion effi-

ciencies. Despite the interest in this material, the growth of

high crystalline quality InxGa1–xN in the entire compositional

range without segregation effects remains a challenge. Indeed,

there are several reports on the elemental segregation in

InxGa1–xN layers and quantum wells.7,8 The nanowire (NW)

morphology is a novel approach that can reduce the elemental

segregation and improves the crystalline quality of this alloy.

It is known that the NW morphology favours lateral elastic

relaxation,9 allowing a larger lattice mismatch than in layers.

For instance, vertically self-aligned GaN NWs grown sponta-

neously by MBE—no seeds or catalyst are required—are

nearly dislocation free and present intense and narrow exci-

tonic emission peaks in the UV range.10,11 Indeed, InxGa1–xN

NWs have also been grown by low-temperature halide chemi-

cal vapour deposition technique, covering almost the full alloy

compositional range.12 However, these NWs are not well ori-

ented, and the compositional modulation remains for high In-

content. Furthermore, In-rich NWs grown by this technique

exhibit blue shifted emission due to a high level of uninten-

tional doping. On the other hand, InxGa1–xN NWs grown by

MBE technique are well oriented and the oxygen-free and

low-hydrogen environment could reduce the persistent unin-

tentional doping. However, there are reports on the elemental

segregation in ternary III-V NWs grown also by MBE and

metal-organic vapor phase epitaxy13,14 that would indicate

this is a general problem that cannot be completely eliminated

by the NW morphology. Despite the great interest attracted by

the InxGa1–xN nanostructures, there are only few reports on

the quantitative analysis of the elemental modulation of single

InxGa1–xN NWs15–17 and many open questions, for instance

the effect of the elemental modulation on the local atomic

structure of the single NWs. We have recently demonstrated

the usefulness of synchrotron X-ray nanoprobe-based techni-

ques X-ray fluorescence (XRF) imaging and X-ray absorption

near edge structure (XANES) spectroscopy in the characteri-

zation of the elemental distribution and local atomic structure

of single Co-implanted ZnO NWs.18,19 However, these techni-

ques have not been applied so far to single NWs of ternary

alloys. In this work, we have investigated MBE-grown

InxGa1–xN NWs using the high spatial resolution provided by

the X-ray nanoprobe. The axial and radial elemental distribu-

tion, and the short-range order of several single NWs have

been analysed by means of nano-XRF imaging and nano-

XANES spectroscopy.

II. EXPERIMENTAL DETAILS

InxGa1–xN NWs were grown on bare n-Si (111) sub-

strates using a Veeco GEN II MBE-system. The ex-situ prep-

aration of the substrate is described elsewhere.20 The NWs

were grown under nitrogen rich conditions required to obtain

a NW morphology, with a growth time of 200 min. The sub-

strate temperature (determined by pyrometry) and the

Ga/(Ga þ In) flux ratio used during the growth were 462 �C
and 0.07, respectively. Single NWs were transferred to an

Al-covered sapphire substrate having a gold grid prepared by

lithography. The morphology of the NWs was investigated

using a Zeiss Leo 1550 scanning electron microscope (SEM)

operated at 20 kV. More details about the growth process

and the identification of single NWs for their characteriza-

tion can be found in Ref. 22. The XRF measurements were

collected at the nanoimaging station ID22NI of the European

Synchrotron Radiation Facility.23 The X-ray beam wasa)Electronic mail: seguraru@esrf.fr
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focused by a pair of Kirkpatrick-Baez multilayer mirrors24

providing a spot size of 55� 55 nm2 with a flux of 1012 ph/s

at 17 keV in pink beam mode (DE/E �10�2), and 110� 105

nm2 spot size with a flux of 1010 ph/s in monochromatic

beam mode (DE/E �10�4), as shown in Fig. 1. The XRF sig-

nal was detected at 15
�

with respect to the sample surface,

using an energy dispersive silicon drift detector. The XRF

spectra were fitted to quantify the elemental composition

using the PYMCA program.25 XANES data were recorded in

XRF mode with an energy step size of 1 eV and integration

times determined by the counting statistics. The data proc-

essing was performed using ATHENA.26

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Figure 2(a) shows lateral and top view scanning electron

microscopy images of the InxGa1–xN NWs on the Si (111)

substrate. Typical heights and diameters of the NWs range

between (400 to 950) nm, and (100 to 180) nm, respectively.

X-ray diffraction measurements (not shown here) show that

the NWs are well oriented along the [0001] direction of the

wurtzite crystal structure. Several NWs exhibit the baseball

bat shape, a typical morphology observed in InN NWs.20

This characteristic helps to identify the upper and lower parts

of single NWs after their transfer to the Al-covered substrate.

There is a thin parasitic rough layer covering the substrate

surface which does not appear for pure InN NWs grown at

the same temperature.20 This parasitic layer is Ga-rich and

appears as a consequence of the low growth temperature,

which is around 170 �C lower than the minimum temperature

for the diffusion induced growth of GaN nanocolumns.21

Figure 2(b) shows the SEM image of one of the single

InxGa1–xN NWs studied in this work. The NW length is

�940 nm and the diameter at the bottom (top) part is �110

(180) nm. To examine the compositional homogeneity, we

have scanned several single NWs, taking advantage of the

high X-ray flux and high spatial resolution of ID22NI. The

XRF maps were taken with a pixel size of 25� 25 nm2 and

an accumulation time of 1.5 s per pixel. Using the PYMCA pro-

gram,25 the average XRF spectrum was fitted to identify the

different elements in the scanned area. The average spectrum

obtained after a pixel by pixel sum and the corresponding fit-

ting are shown in Fig. 2(c). Within the scanned area, apart

from the In and Ga in the NW, the XRF signal from the Ar

in the air, and the peaks associated with Au, Fe, Cu, Ni, and

Ti are also observed.

To elucidate whether the elements observed in the

scanned area are incorporated into the NW or not, the XRF

spectrum of each pixel was fitted to build elemental distribu-

tion maps. Figure 3 shows the Au (a), Fe (b), Cu (c), Ni (d),

In (e), and Ga (f) maps. The Au map exhibits a smooth spa-

tial distribution without any correlation with the NW shape.

The Au signal should come most likely from residual frac-

tions of this element remaining on the substrate after the li-

thography process. On the other hand, Fe, Cu, Ni, and Ti

(not shown) exhibit random distributions without any corre-

lation with the NWs morphology. Therefore, the impurities

are mostly in the Al layer deposited on top of the substrate,

rather than incorporated into the NW. In the energy range

explored and within our detection limit (down to 1 ppm for

elements heavier than Ca), there is no evidence of

FIG. 1. Vertical (open circles) and horizontal (open squares) beam profiles

of the focused (a) pink (DE/E� 10�2) and (b) monochromatic (DE/E

� 10�4) X-ray beam.

FIG. 2. (a) Lateral (left) and top (right) view SEM images of as-grown

InxGa1–xN NWs on the Si (111) substrate. Heights and diameters of the

NWs range between 400–950 nm and 100–180 nm, respectively. (b) SEM

image of a representative InxGa1–xN NW studied here. (c) Average XRF

spectrum of the full scanned area (open symbols) and fits obtained via

PYMCA, indicating each elemental contribution.
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unintentional doping in the NWs. Finally, while the In distri-

bution reproduces the NW morphology very well, the Ga

map suggests a non-uniform incorporation inside the single

NWs. Based on the characteristic baseball bat shape of this

NW, the Ga (In) concentration seems to be higher at the bot-

tom (top) of the NW, as reported for other InxGa1–xN

NWs.15 In general, when a monochromatic parallel beam is

used to excite the characteristic X-rays of an element i within

a matrix (neglecting enhancement effects due to an extra ex-

citation of the element of interest by the characteristic radia-

tion of other elements in the sample), the intensity of the X-

ray fluorescent radiation is given by27

Ii ¼
I0 � G � Ci � 1� e

�qd
lðh�Þ

sinðh1Þ þ
lðEiÞ

sinðh2Þ
h i !

q
lðh�Þ
sinðh1Þ þ

lðEiÞ
sinðh2Þ

� � ; (1)

where I0 is the number of incoming photons, the factor G
accounts for the XRF yield, solid angle, and detection effi-

ciency, and Ci is the concentration of the element i in the ma-

terial. d and q are the sample thickness and density, l is the

total mass attenuation coefficient, and Ei and h� are the ener-

gies of the XRF and incoming radiation, respectively, while

h1 and h2 are their respective angles relative to the sample

surface. From this general expression, the Ga concentration

calculated from the XRF spectra was 1.5 at. % at the bottom

and 0.5 at. % at the top of the NW. These values are lower

than the expected ones considering the Ga/(Gaþ In) flux

ratio used during the growth was 0.07. Although In segrega-

tion is often reported in InxGa1–xN alloy,28 our results show

the same tendency for the Ga species in these NWs grown by

MBE. This behaviour is due to a larger diffusion length for

In than for Ga adatoms due to the low growth temperature,

causing the observed decrease of the Ga content towards the

top of the NWs. The almost negligible diffusion of Ga ada-

toms is also the origin of the Ga-rich thin parasitic rough

layer covering the substrate surface, which was not observed

for pure InN NWs.29

To gain further insight into the elemental spatial distri-

bution of the individual NW, Fig. 4 shows the radial In and

Ga profiles across the single NW in the regions indicated by

lines P1 (a) and P2 (b) in Fig. 3(f). For both regions, the pro-

files have Gaussian contours, originating from the convolu-

tion of the beam and the NW shapes. From Gaussian fits,

along P1, we obtained full width at the half maximum

(FWHM) values of (120 6 2) for In and (130 6 2) nm for Ga.

Similarly, along P2, we obtain (110 6 3) nm and (130 6 4)

nm for In and Ga profiles, respectively. Within the fitting

error, the FWHM is smaller for In profiles than for Ga ones.

The same feature has been observed in all the studied NWs,

with only small differences between the FWHM values. This

result would suggest the existence of a Ga-richer shell in the

NWs, i.e., a tendency of Ga-species to accumulate in the near

surface region of the NWs forming a self-assembled core-

shell structure. Similar characteristics have been observed in

MBE-grown Ga-rich InxGa1–xN by energy-dispersive X-ray

spectroscopy.16 However, within the length scale of the beam

size, we cannot confirm absolutely about the existence of

such self-assembled heterostructure in our NWs.

The NWs morphology was examined by SEM after the

XRF characterization to investigate any radiation induced

damage. Figures 5(a) and 5(b) show the SEM images of two

NWs after the nano-XRF analysis with a photon flux of

about 1012 and 1011 ph/s, respectively. Figures 5(c) and 5(d)

show the corresponding Ga fluorescence intensity maps of

these two NWs. The NW studied using the higher X-ray flux

exhibits partial amorphization reflected in the change of its

FIG. 3. Spatial distribution maps for (a) Au, (b) Fe, (c) Cu, (d) Ni, (e) In,

and (f) Ga. The intensity ranges are indicated by their colour scale, where

dark represents low and bright high photon counts. The XRF maps were

taken with a pixel size of 25� 25 nm2 and an accumulation time of 1.5 s per

pixel.

FIG. 4. Radial profiles across the single NW in the regions indicated by lines

P1 (a) and P2 (b) in Fig. 3(f). Position zero corresponds to the arrow starting

point.
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morphology and corroborated by Raman spectroscopy (not

shown here). On the other hand, the NW characterized with

a lower dose does not show any sign of radiation damage

neither in its morphology nor in its Raman spectrum. The

detection of the XRF signal in Fig. 5(d) was improved by

moving the silicon drift detector as close as possible to the

sample, keeping always the deadtime below the limits of

non-linear response. The former allows to have approxi-

mately the same signal-to-noise ratio with the same accumu-

lation time as for those in the map shown in Fig. 5(c). In

both cases, the inhomogeneous axial distribution of Ga is

observed. Moreover, the radial profiles of both NWs (not

shown) also showed FWHM values higher for Ga than for In

profiles. This indicates that the inhomogeneous elemental

distribution inside the single NWs is an intrinsic characteris-

tic arising from the NWs growth process, and not from the

X-ray beam.

In order to study the influence of the inhomogeneous

axial elemental distribution on the local structure, XANES

measurements around the In K-edge were performed at the

bottom and top of the single NW shown in Fig. 3(b). In gen-

eral, the K-edge XANES spectra probe the partial density of

the empty states of the absorbing atoms. Thanks to the scalar

product between the photon polarization and position of the

electron vectors in the matrix element of the absorption cross

section, a linearly polarized X-ray beam makes possible the

investigation of the conduction band states distribution of a

hexagonal structure separately in the ab and c plane of the

crystal. In our experimental configuration, the c-axis of the

NW was nearly perpendicular to the electric field vector of

the linearly polarized synchrotron radiation. Therefore, our

In K-edge XANES data are more sensitive to the symmetry

of the ab-plane. Figure 6 displays the spectra acquired at the

bottom (triangles) and top (circles) of the single NW.

Furthermore, the XANES spectrum of a MBE-grown wurt-

zite InN layer (squares) acquired with the same experimental

conditions as those used for the NW is included for compari-

son. In general, the features in the three spectra reflect the

typical wurtzite structure of the InN lattice.30 The NW spec-

tra are quite similar between them, not reflecting the compo-

sitional variation found by nano-XRF imaging. They show

all the XANES resonances in the layer spectrum (marked by

arrows) at the same energy positions. This indicates that the

tetrahedral structure is preserved around the absorbing In-

atoms all along the NW. The detailed inspection reveals that

the second, third, and fourth peaks are broader than those for

the InN film. These spectral differences result from the lower

order of symmetry of the structural unit in the NW. This sug-

gests that the compositional modulation evidenced from the

XRF analysis could be affecting the large-range order along

the NW. However, the precise identification and quantifica-

tion of such effects in the long-range order require further in-

formation. Finally, the first resonance in the NWs XANES

spectra is stronger than in the InN film. The same behaviour

has been observed in wurtzite GaN and AlN NWs, and was

explained as due to a slight increase of the degree of local-

ization of the cation p orbitals due to the confinement of the

NW surfaces.31

IV. CONCLUSIONS

Single InxGa1–xN NWs grown by molecular beam epi-

taxy on Si (111) substrates were characterized by X-ray fluo-

rescence nanoprobe. Ga and In elemental maps revealed an

inhomogeneous elemental distribution along the single NWs,

with a higher Ga concentration at the bottom of the NW.

Radiation damage was ruled out as the origin of the inhomo-

geneous Ga maps, and therefore, it was suggested to be an

intrinsic characteristic of the NWs arising from the growth

process. Spatially resolved XANES data acquired around the

In K-edge showed that the tetrahedral structure is preserved

around the absorbing In-atoms all along the NW, and sug-

gested that the compositional modulation in the NW affected

its large-range order. Further experiments are required to

precisely identify and quantify these effects in the long-

range order of the NWs.
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1 Introduction Core–shell nanowires (NWs) based 
on InxGa1–xN are ideal candidates for light-harvesting de-
vices thanks to the disentanglement of light absorption 
from radial collection of photogenerated carriers and to the 
perfect match between the solar spectrum and the ternary  
alloy direct band-gap [1, 2]. In the last few years, free-
standing InxGa1–xN NWs have been grown successfully by 
molecular beam epitaxy (MBE) [3–9]. Despite of their 
improved crystalline quality, controlling the alloy compo-
sition has proven to be very difficult. Alloy fluctuations 
limit the energy tunability and give rise to large inhomo-
geneous broadenings, which are common features of 
InxGa1–xN NW emission [5, 6, 9]. Recent reports on the  
alloy distribution of individual InxGa1–xN NWs have evi-
denced variations in the composition not only along the 
NW axis but also across its radius [4–7]. These studies 
rely on two scanning nanoprobes, energy dispersive X-ray 
spectroscopy (EDX) and synchrotron-based X-ray fluores-

cence, which provide the average chemical composition  
of the excited volume with nanometric spatial resolution. 
Obtaining quantitative estimates of the radial alloy distri-
bution is, nevertheless, particularly delicate, since the 
chemical composition and the sample thickness may vary 
simultaneously [10]. Other techniques, such as photolumi-
nescence (PL), Raman scattering, and X-ray diffraction 
(XRD), are able to separate the contributions of regions 
with different alloy compositions within the probed  
volume to the detriment of the spatial resolution.    

In this Letter, we show how the variation of the alloy 
composition along the radius of single InxGa1–xN NWs  
can be fully determined by combining three different  
techniques: EDX, resonant Raman scattering (RRS),  
and synchrotron-based XRD. All three have spatial reso-
lution on the nanoscale and are able to resolve the  
non-intentional formation of a core–shell structure within 
single NWs. 

The radial alloy distribution of InxGa1–xN nanowires grown
by plasma-assisted molecular beam epitaxy has been investi-
gated by three different techniques with nanometric spatial
resolution and capability to study single nanowires. Energy-
dispersive X-ray spectroscopy radial line-scans revealed a
gradient in the alloy composition of individual nanowires.
Resonant Raman scattering and spatially resolved X-ray dif-
fraction showed the existence of three distinctive regions with 

 different alloy composition. The combination of the three
techniques provides robust evidence of the spontaneous for-
mation of a core–shell structure with a thin Ga-richer shell
wrapping an In-rich core at the bottom part of the nanowires.
This composition-modulated nanostructure offers an attrac-
tive way to explore new device concepts in fully epitaxial
nanowire-based solar cells. 
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2 Sample description and experimental details 
InxGa1–xN NWs were grown on a rotating n-type Si(111) 
substrate by catalyst-free plasma-assisted MBE. A fixed 
Ga supply (defined as the Ga/(In + Ga) flux ratio) of 0.5, a 
substrate temperature of 550 °C, and nitrogen-rich conditi-
ons were kept during the NW growth time (200 min). A 
statistically meaningful number of single NWs were isola-
ted and investigated by the three different techniques 
employed in this work. The average length and diameter of 
the NWs investigated were 1200 and 200 nm, respectively. 

The EDX measurements were carried out in a trans-
mission electron microscope (TEM) with a Schottky field 
emission electron gun operated at 200 kV. The sample 
holder was tilted by 30° with respect to the electron beam 
in order to optimize the X-ray fluorescence detection. The 
spatial resolution is given by the 3 nm diameter of the  
electron beam. The µ-RRS measurements were performed 
in backscattering geometry with the light from an Ar/Kr  
laser focused onto a 1 μm diameter spot. The nanoimaging 
station ID22NI of the European Synchrotron Radiation  
Facility (ESRF) hosted the nano-XRD measurements. The 
monochromatic X-ray beam was focused by a pair of 
Kirkpatrick–Baez multilayer coated Si mirrors providing a 
spot size of 150 × 150 nm2 with a photon flux of about 
1010 ph/s at 28 keV (ΔE/E = 10–4).  

 
3 Results The elemental composition of individual 

InxGa1–xN NWs has been examined by EDX. The intensity 
profiles of the Ga K and the In L fluorescence lines ob-
tained along the radial scan of a single NW are shown in 
Fig. 1(a). The trajectory of the EDX line-scan across the 
cross-section at the bottom of the NW is shown in the inset 
TEM micrograph and labeled as B. While the intensity of 
the In fluorescence appears to follow the cross-section 
thickness of the NW, the profile of the Ga line is lower  
in the central part and increases continuously towards the 
lateral surfaces of the NW. Such a profile has been consist-
ently reproduced at different cross-sections along the NW 
axis and in all the NWs investigated, independently of their 
orientation with respect to the detector. Quantitative values 
for the alloy composition in the NW were obtained using 
the Cliff–Lorimer method [11] with the k-factors provided 
by the commercial software of the instrument. The relative 
uncertainty of the elemental concentrations is limited by 
the counting statistics and can be as high as 35% in the 
points closer to the lateral surfaces of the NWs, where the 
probed volume is reduced considerably [12].  

The profile of the Ga concentration shown in Fig. 1(b) 
suggests the existence of a core–shell structure. Therefore, 
such a distribution should be taken into account in order to 
estimate the Ga content of the core and the shell regions. 
As a first approximation, a cylindrical NW with a sharp 
transition in the alloy composition between a core, of 
thickness t1 and Ga concentration CGa1

, and two consecu-
tive shells, of thicknesses t2 and t3 and concentrations CGa2

 
and CGa3

, has been assumed. This choice is motivated by 
the observation of three different contributions to the RRS  

 
Figure 1 (a) Integrated fluorescence intensity of the Ga K and 
In L lines along the bottom cross-section, B, depicted in the TEM 
micrograph. (b) Ga content profile along B together with the best 
fit of the experimental profile (solid line) assuming a sharp core–
double-shell NW.  

 
and XRD spectra, as will be discussed later in this paper. 
The average Ga concentration of the EDX cross-section as 
a function of the radial coordinate, r, can be calculated as  

Ga

Ga In

( )(1 ) ( ) ,
( ) ( )
I rx r

I r I r
- =

+  (1) 

where, according to the core–double-shell model proposed 
in this work, the intensity of each element i at a given posi-
tion, Ii(r), is proportional to 

2 2
3 1 2 3( ) ( )i iI r C t t t rμ + + -  for r > t1 + t2 , 

2 2 2 2
3 1 2 3 1 2( ) ( ( ) ( ) )i iI r C t t t r t t rμ + + - - + -  

   2 2
2 1 2( )iC t t r+ + -  for t1 + t2 > r > t1 , 

2 2 2 2
3 1 2 3 1 2

2 2 2 2 2 2
2 1 2 1 1 1

( ) ( ( ) ( ) )

( ( ) )

i i

i i

I r C t t t r t t r

C t t r t r C t r

μ + + - - + -

+ + - - - + -
 

                for t1 > r . (2) 

The experimental EDX profile has been fitted with Eq. (1) 
and the elemental intensities of Eq. (2). Due to the slight 
asymmetry, the right and left side have been fitted inde-
pendently. This simple model succeeds in reproducing the 
experimental profiles for both sides as shown in Fig. 1(b). 
The average Ga concentrations and core and shell thick-
nesses obtained from the best fits are contained in Table 1 
with their corresponding fitting errors. These results point  
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Figure 2 RRS spectra of a single InxGa1–xN NW for three differ-
ent excitation wavelengths. The spectra are normalized with re-
spect to the intensity of peak centred at 500 cm–1 and attributed to 
the non-polar E2h mode. All measurements were carried out at 
room temperature in backscattering geometry, with the excitation 
entering the NW through its lateral surface. 
 
out that a spontaneous phase separation occurs during the 
growth process. 

In order to obtain direct prove of the core–shell struc-
ture, the RRS spectra of single NWs have been measured 
as a function of the excitation wavelength. In these experi-
ments, the whole NW volume was illuminated and the  
regions with different alloy compositions appeared as sepa-
rated peaks in the RRS spectra. Three representative spec-
tra are shown in Fig. 2. Several weak peaks are resolved 
below 586 cm–1 that correspond to the E2h and the trans-
versal optical modes of the alloy. At higher frequencies, 
the longitudinal optical (LO) modes appear as a broader 
band that can be decomposed into two or three Gaussian 
peaks, depending on the excitation wavelength. The central 
frequency and the linewidths of these peaks reflect the  
alloy composition and the strain fields present in these  
heterogeneous NWs [13]. On the other hand, the intensity 
of the RRS peaks does not correlate with the alloy volume 
but with the proximity to an electronic resonance. The two 
peaks at higher frequencies, labelled 2 and 3 in Fig. 2,  
become more intense and blue-shift slightly with increas-
ing excitation energy indicating the selective resonant exci-
tation of regions with different Ga content within the axial 
and/or radial direction of each single NW. 

Three regions with distinctive Ga concentration are de-
rived from the RRS spectra, as gathered in Table 1. These 
results have been obtained assuming that the peaks corre-
spond to A1(LO) modes and after correcting for the strain-
induced Raman shifts due to the core–shell structure of 
these NWs. The strain fields have been estimated by ex-
tending the analytical model developed by Hestroffer et al.  

Table 1 Ga content, CGai
, of the three different regions identified 

in the InxGa1–xN NWs derived from the different techniques. The 
RRS and XRD results have been corrected for the strain fields in 
the different regions of the NW. The Ga contents and thicknesses 
resulting from the analysis of the EDX radial profile are accom-
panied by the errors of the fitting function. 

region ti (nm) CGai

EDX (%) CGai

RRS (%)* CGai

XRD (%) 

1 (core) 86 ± 4   3 ± 3   0   2 
2 (inner shell) 17 ± 4 30 ± 7 40 11 
3 (outer shell) 16 ± 4 55 ± 5 75 72 
* Obtained from the spectra for 647 nm (peaks 1 and 2) and 514 nm 

(peak 3) excitations. 
 

[14] to the case of a core–double-shell NW with the Ga 
contents and thicknesses deduced from the EDX analysis.  
This model assumes that the NW undergoes elastic relaxa-
tion and that the strain is given by the lattice mismatch bet-
ween the different regions, weighted by their relative thick-
ness and elastic constants. The lattice parameters, elastic 
constants, and phonon deformation potential of the alloys 
have been obtained applying the Vegard’s law to those of 
the binary compounds [15, 16]. The calculated values of 
the dominant strain component, εzz (z being parallel to the 
NW axis and thus to the wurtzite c-axis), are –2.5%, 0.5%, 
and 2.2% which induce Raman shifts of 15 cm–1, –3 cm–1, 
and –17 cm–1 for the core and the two consecutive shells of 
the NW, respectively.  

Finally, XRD measurements were carried out at the 
ESRF, combining the structural selectivity of this technique 
and sub-micron spatial resolution. Thus single InxGa1–xN 
NWs could be scanned along their axis. Figure 3(a) and (b) 
show the CCD image and the integrated 2θ spectrum of the 
(200) reflection obtained from the bottom part of a single 
NW, respectively. Three peaks can be identified in the pat-
tern corresponding to regions with different Ga composi-
tion. If the InxGa1–xN NWs have a strained wurtzite struc-
ture, an average composition could be determined from 
each peak by means of the Vegard’s law once the strain 
has been corrected theoretically, as described previously. 

 

 
Figure 3 (a) CCD image of the (002) XRD reflection collected 
from the bottom part of a single NW. (b) 2θ spectrum obtained 
after integration of the CCD image. 
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The spectrum is dominated by the peak, labeled as 1, of a 
highly In-rich alloy. The lower intensities and larger 
linewidths of the secondary peaks, 2 and 3, reflect a more 
inhomogeneous composition and/or poorer crystal quality 
of the Ga-rich zone. The Ga contents derived from XRD 
are also gathered in Table 1. 

The techniques employed in this study lead to different 
estimations for the Ga content of three distinctive regions 
within individual NWs, as summarized in Table 1. All 
three techniques agree on the existence of a first region 
close to pure InN which, according to its intensity in the 
XRD spectrum and to the EDX profile, should take most of 
the NW volume and correspond to the NW core. There is 
also good quantitative agreement on the Ga content of  
region 3 deduced from RRS and XRD, identified as the 
outer shell of the NW in the EDX profile. The main differ-
ences appear with the EDX value, which is the least reli-
able of the three measurements due to the reduction of the 
signal-to-noise ratio in the outer shell. Even though the 
thickness of the outer shell is rather small, its Raman signal 
gets resonantly enhanced by the 514 nm laser excitation. 
This wavelength matches the band-gap of an InxGa1–xN  
alloy with 1 – x = 0.7 [2], in good agreement with the con-
centrations estimated by the three techniques. Finally, the Ga 
concentration in the transition region between the core and 
the outer shell, referred to as inner shell, presents more varia-
tions. The inner shell was introduced in the model of the 
EDX profiles and its contribution was also necessary in order 
to fit the RRS and XRD spectra. However, this appears as a 
broader peak mingled with the rest of the contributions and 
not as a distinctive peak in neither of the latter spectra. There-
fore, this intermediate region is likely to present a smooth 
gradient of concentrations, which could also explain the dif-
ficulty in quantifying it by the current techniques. 

In conclusion, the combination of three powerful tech-
niques has provided sufficient chemical and spatial resolu-
tion as to resolve a core–shell structure spontaneously 
forming in the bottom part of InxGa1–xN NWs. 
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