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ABSTRACT 

Detecting electric potential differences from the human physiology is an established technique 

in medical diagnosis, e.g., as electrocardiogram. It arises from a changing electrical polarization 

of living cells. Simultaneously, biomagnetism is induced and can be utilized for medical 

examinations, as well. Benefits in using magnetic signals are, no need for direct skin contact 

and an increased spatial resolution, e.g., for mapping brain activity, especially in combination 

with electrical examinations. But biomagnetic signals are very weak and, thus, highly sensitive 

devices are necessary. The development of small and easy to use biomagnetic sensors, with a 

sufficient sensitivity, is the goal of the Collaborative Research Centre 1261 - Magnetoelectric 

Sensors: From Composite Materials to Biomagnetic Diagnostics. This thesis was written as part 

of this collaboration, with the main focus on the investigation of crystalline structures and 

structure related properties of piezotronic and magnetostrictive materials by utilizing a selection 

of X-ray techniques, i.e., X-ray diffraction (XRD), X-ray reflectivity (XRR) and coherent X-

ray diffraction imaging (CXDI). Piezotronics, realized by combining piezoelectricity and 

Schottky contacts in one structure, provides a promising path to enhance sensor sensitivity. A 

first study investigated the crystalline structure of three piezotronic ZnO rods, spatially resolved 

by scanning nano XRD and combined with electrical examinations of their Schottky contact 

properties. It is found that the crystalline quality has a clear impact on the electrical properties 

of the related Schottky contact, probably due to crystalline defects. A complementary 

transmission electron microscopy (TEM) and XRD study performed on hybride vapor phase 

epitaxy (HVPE) grown GaN showed a slight, photoelectrochemical etching related relaxion of 

strain originating from crystal growth. In a separate study, CXDI was utilized for three-

dimensional visualization of strain in a gold coated ZnO rod, with spatial resolution below 30 

nm. A distinct strain distribution was found inside the rod, denoted to depletion and screening 

effects occurring in bent piezotronic structures, and a high strain at the interface may be related 

to Schottky contact formation. This interface strain agrees with results obtained from TEM. A 

succeeding CXDI study was conducted on a ZnO rod coated with magnetostrictive FeCoSiB 

and the possibility for the investigation of the Schottky contacts electrical properties. It was 

found that FeCoSiB sputtered on ZnO results in an ohmic contact and that an external magnetic 

field causes a change of the electrical properties, probably due to a strain change, visualized by 

CXDI. In a fifth study, magnetostrictive FeCo/TiN multilayer structures were investigated by 

a combined TEM and XRD/XRR approach, showing a relaxation of the structure due to an 

annealing process and a cube-on-cube structure of the FeCo and TiN layers. 
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KURZFASSUNG 

Das Messen von elektrischen Potentialen des menschlichen Körpers ist eine verbreitete 

medizinische Technik. Diese entstehen durch eine sich verändernde elektrische Polarisation in 

lebendigen Zellen. Gleichzeitig entsteht dabei Biomagnetismus, der ebenfalls für medizinische 

Messungen Verwendung finden kann. Hierbei ist kein direkter Hautkontakt nötig und eine 

verbesserte räumliche Auflösung ist möglich, insbesondere in Verbindung mit elektrischen 

Messungen. Jedoch sind hoch sensible Sensoren nötig, um diese schwachen biomagnetischen 

Signale zu detektieren. Die Entwicklung von kleinen und benutzerfreundlichen 

biomagnetischen Sensoren ist Aufgabe des Sonderforschungsbereichs 1261 - Magnetoelectric 

Sensors: From Composite Materials to Biomagnetic Diagnostics. Im Rahmen dieses Projektes 

wurde diese Arbeit verfasst. Der Fokus lag dabei auf der Untersuchung der kristallinen Struktur 

und der Eigenschaften von piezotronischen und magnetostriktiven Materialien. Dazu wurden 

Röntgenbeugung (XRD), Röntgenreflektivität (XRR) und Bildgebung mittels kohärenter 

Röntgenbeugung (CXDI) verwendet. Der piezotronische Effekt ist eine mögliche Option zur 

Verbesserung der Sensorsensibilität und entsteht indem der piezoelektrische Effekt Schottky 

Kontakte beeinflusst. In einer ersten Studie wurde die kristalline Struktur von drei ZnO Nadeln 

durch nanofokussierte XRD räumlich aufgelöst und mit elektrischen Messungen der Schottky 

Kontakte kombiniert. Dabei zeigte sich, dass die kristalline Struktur einen Einfluss auf die 

elektrischen Eigenschaften hat. In einer weiteren Studie wurde durch sich ergänzende 

Untersuchungen mittels Transmissionselektronenmikroskopie (TEM) und XRD gezeigt, dass 

mittels HVPE gewachsenes GaN durch photoelektrochemisches Ätzen eine Entspannung der 

Kristallverformung erfährt. Des Weiteren wurde CXDI verwendet, um die Kristallstruktur in 

einer mit Gold beschichteten ZnO Nadel in drei Dimensionen und mit einer räumlichen 

Auflösung von unter 30 nm zu vermessen. Innerhalb der Nadel wurden Veränderungen der 

Kristallstruktur gemessen und piezotronisch induzierter Elektronenverarmung bzw. 

Abschirmungseffekten zugeschrieben. Weiter wurde eine Oberflächenverformung mittels TEM 

und CXDI gefunden und dem Schottky Kontakt zugeschrieben. In einer anschließenden Studie 

wurden CXDI und elektrische Messungen kombiniert, um eine mit magnetostriktivem FeCoSiB 

beschichtete ZnO Nadel zu untersuchen. Es zeigte sich, dass auf ZnO abgeschiedenes FeCoSiB 

zu einem ohmschen Kontakt führt und ein externes Magnetfeld eine Änderung der elektrischen 

Eigenschaften hervorruft, wahrscheinlich aufgrund einer Dehnungsänderung. In einer fünften 

Studie wurden magnetostriktive FeCo/TiN Mehrschichtstrukturen mittels TEM und XRD/XRR 

untersucht und eine Relaxation der Struktur aufgrund eines Glühprozesses gefunden. 
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1. INTRODUCTION 

This dissertation “Study of magnetoelectric and piezotronic microstructures and materials for 

biomagnetic sensing utilizing X-ray techniques” was imbedded in the Collaborative Research 

Centre (CRC) 1261 “Magnetoelectric Sensors: From Composite Materials to Biomagnetic 

Diagnostics” funded by the Deutsche Forschungsgemeinschaft (DFG). The goal of this CRC is 

to develop of small, cost effective and easy to use sensors, capable of detecting extremely weak 

bio magnetic fields arising from the human physiology.[1] These sensors could enable or 

enhance diagnosis for medical applications, ranging from movement diagnosis, to 

magnetocardiography (MCG) and magnetoencephalography (MEG) measurements of the 

hearth and brain and, further, to the positioning of electrodes for deep brain stimulation[2]. To 

accomplish this goal, the CRC has two project areas.  

A) Investigation of materials and effects, suitable for usage in sensors and sensor development 

B) Testing of sensors and implementation of developed sensors for medical applications  

This thesis was conducted in project area A and as part of project A6 “Microstructure and 

Structual Change of Magnetoelectric and Piezotronic Sensors”. Project A6 combines high 

resolution synchrotron-based X-ray scattering techniques and advanced transmission electron 

microscopy methods to provide a unique view of the structural behavior of materials and model 

structures, in situ as well as operando. Here, the focus is on investigations with X-ray 

techniques.  

Biomagnetic fields have very low amplitudes. For example the hearth produces a typical signal 

strength of 1-100 pT[3], while the brain exhibits even lower signals of 0.1-10 pT[3]. These effects 

are more than five magnitudes weaker than the strength of the earth’s surface magnetic field 

(~30 µT)[4]. This leads to the need for a highly sensitive sensor with a high dynamic range, so 

it can be used outside of a shielded chamber, e.g., in a doctor’s office or emergency care 

location.  

This level of magnetic field sensitivity was first meet by superconducting quantum interference 

devices (SQUID) sensors,[3,5,6] enabling the first biomagnetism measurements in the early 

1970’s.[7,8] SQUID technology relies on two effects of superconductors, quantization of the 

magnetic flux causing a compensation current in the device and the Josephson effect enabling 

the measurement of this current.[6] Modern SQUIDs have a typical sensitivity of 1-10 fT Hz-1/2 

and are currently the best choice available when measuring weak biomagnetic signals.[3] 

SQUIDs are often arranged in arrays of typically 300 sensors to measure MEG signals from the 

brain and map the source location in 3D.  
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A relatively newly developed sensor type is the optical pumped atomic magnetometer 

(OPM).[9,10] The most sensitive OPMs are used in a spin-exchange relaxation-free (SERF) mode 

and reach sensitivities of <1 fT Hz-1/2,[9] which is comparable to the SQUIDs performance. In 

SERF OPMs, a vapor cell containing a gas as resonant medium (e.g., potassium) is pumped 

with a laser, while a second laser is probing the medium. The basic principle is that the pump 

laser polarizes the vapor atoms, these undergo a change in magnetic fields due to the Larmor 

precession and this is monitored by measuring the intensity or polarization change with the 

probe laser.[9] 

Both, SQUID and OPM sensors have limitations that restricts their applications. First, for the 

SQUID, it is necessary to cool these sensors with liquid helium to keep them at an operational 

temperature and, additionally, it is necessary to operate the devices in a magnetic field shielded 

room.[3] In contrast, for the OPM it is necessary to heat the sensor vapor cell up to 180° C as in 

the case of potassium.[9] This can be dangerous in the vicinity of human tissue. They also require 

a shielded environment, providing a near-zero magnetic field, as they are easily saturated. For 

both sensors types these restrictions make their operation quite expensive and inflexible. 

To achieve the CRC’s goal of developing a small, cost effective and easy to use sensor (usable 

outside of shielded chambers and without the need for additional cooling) while providing a 

sufficient sensitivity, a broad range of effects, materials and designs is under investigation to 

realize a magnetoelectric (ME) sensor. In the CRC, ME sensors are typically realized by 

combining magnetostrictive and piezoelectric materials in one device[11] to achieve a 

conversion from a magnetic field to an electrical output, e.g. potential change from piezoelectric 

effect[12].  

Multiple sensor concepts, driven by mechanically soft composites, micro- or multilayer 

structures for example, based on different effects, e.g., electrically modulation, surface acoustic 

waves or piezotronic effects, are under investigation within the CRC to enhance the sensor 

performance and lower the limit of detection. 

Our approach to increase the sensitivity is to measure the sensor’s current response due to the 

piezotronic effect[13]. The piezotronic effect, described first in 2006 by Wang and Song,[14] 

denotes an effect occurring in piezoelectric semiconductors with additional Schottky 

contacts[15], while exposed to a mechanical stress. The stress induces a piezoelectric potential 

in the material, that in turn modifies the Schottky contact barrier height and, hence, the electrical 

properties of the device. This can be utilized, e.g., to generate current[16] or as readout for 

sensing[17] and may enable an increased limit of detection for senor applications. Over the last 

one and a half decades, the number of publications has grown for piezotronic applications 
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ranging from, artificial skin[18], energy harvesting[19], synthetic synapsis[20], to magnetic field 

sensors[21] as in CRC 1261. Many of these studies focus on finding innovative and new concepts 

to bring the piezotronic effect into use. Most of the fundamental knowledge on the effect is 

deduced from mechanical bending and stressing experiments on piezotronic material, while 

recording current/voltage curves and, thus, investigate the Schottky barrier change as a function 

of the external stress.[16,22,23] Little is known about the structural changes occurring in 

piezotronic driven devices and the main goal of this dissertation is to study the crystalline 

structure and related changes in piezotronic and other materials by the means of X-ray 

techniques.  

More than a century ago, in 1912 Max von Laue and his assistants showed that X-ray radiation 

can determine crystalline structures on the atomic scale.[24] Two years later he was awarded the 

Nobel prize for this development. Since then, X-ray diffraction (XRD) has shown its potential 

as a powerful tool to investigate the crystalline structure of many different kinds of materials.  

In this thesis, the focus is on atomic resolution XRD investigations to visualize structural 

changes in potential sensor materials such as ZnO microstructures coated with magnetostrictive 

or metallic coatings, in etched GaN and in multilayer stacks, consisting of very thin, alternating 

TiN and magnetostrictive FeCo layers. The goal of these studies was to obtain a better 

understanding of the underlying effects and the properties of the chosen materials and thus 

exploit the piezotronic effect to improve the performance of the CRC’s sensors. To investigate 

the structure and strain response of the samples to electrical and magnetic stimulation in situ a 

number of X-ray techniques were used. 

X-ray reflectometry (XRR)[25] enables the investigation of the electron density, the roughness 

at a surface or interface and the thickness of layers, regardless of whether they are crystalline 

or amorphous. XRD and the related scanning nanofocus XRD (nXRD),[26,27] enable the 

investigation of crystalline structure and, thus, strain if present. Depending on the experimental 

setup, the strain resolution may reach ~10-5. In the case of scanning nXRD, this can be combined 

with a spatial resolution of 100 nm or lower, limited by the minimum size of the nanofocused 

X-ray beam. nXRD requires the intensity and low beam divergence provided at modern 

synchrotron sources of the third generation. 

In the case of coherent X-ray diffraction imaging (CXDI)[27,28] the structure and thus the strain 

distribution is reconstructed from the measured coherent X-ray scattering data by an algorithm 

based approach to solve the inverse problem. CXDI has the mayor advantage over nXRD, that 

it is possible to reconstruct the complex electron density with a spatial resolution below 10 nm 

and in three dimensions. Here, the coherent fraction of the beam is the limiting factor.  



 

4 

 

Five manuscripts, four of which have been published, are presented in Chapter 5. The first study 

investigated the impact of crystal quality in ZnO rods on the Schottky barrier and hence on the 

piezotronic performance, by a combined approach of nXRD and current/voltage curves. In the 

second publication, XRD and transmission electron microscopy (TEM) were combined to 

investigate the structural changes in HVPE grown GaN samples due to etching. The third 

publication highlights the impact of gold coating on the crystal structure of ZnO in a combined 

CXDI/TEM approach. For the fourth experiment, a thin ZnO rod was coated partly with 

magnetostrictive FeCoSiB and current/voltage investigations were performed. CXDI visualized 

the strain distribution inside the rod while exposed to an external magnetic field. In the fifth 

paper, an as deposited and an annealed multilayer stack, of thin TiN and FeCo layers, were 

investigated by XRD, XRR and TEM to visualize the structural change due to annealing. 

In the conclusion, a summary of the findings, an outlook and a perspective for future 

experiments are given.  

 



 

5 

 

2. FUNDAMENTALS 

2.1 PIEZOELECTRICITY 

Piezoelectricity may be separated into the (direct) piezoelectric effect[29], in which a 

piezoelectric material reacts to an mechanical stress by electric polarization, and the related, 

inverse/converse piezoelectric effect[30], which induces a strain in the material as a reaction to 

an external electric field. The piezoelectric effect was discovered by Jacques and Piere Currie 

while experimenting with Tourmaline in 1880.[31] Since then, it was utilized in many 

applications, including force sensors,[32] actuators,[33] and ultrasound.[31] In the broader public, 

the piezoelectric effect may not be as well known, but its applications in electric lighters or 

diagnostic sonography are present in everyday life .  

 

Figure 2.1: Schematic of the piezoelectric effect. a) View on a generic hexagonal crystal 

structure consisting of two species of atoms with positive or negative charges. Both species 

have a respective charge center in the middle, overlapping in the unstressed case. b) Application 

of mechanical stress causes a deformation of the crystal structure and a separation of the charge 

centers. This separation causes a piezo(electric) dipole moment and, thus, a polarization of the 

macroscopic crystal, measurable as the piezoelectric potential. 

Figure 2.1 shows a two dimensional schematic of the direct piezoelectric effect occurring in a 

simplified, generic crystal lattice, consisting of two different atom species, grey and green 

circles. Each of the species has a specific charge, here, positive for grey and negative for green 

atoms, and to each of the species a charge center can be attributed, red and green circles in 

Figure 2.1, respectively. In case of an unstressed crystal these two charge centers are 

overlapping, as seen in Figure 2.1 a). The presence of an additional, external stress causes a 
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separation of these two charge centers and thus an electric dipole moment is induced, as shown 

in Figure 2.1 b). The multiple electric dipole moments inside a crystal cause an electric 

polarization and related piezo charges to accumulate at the surface. This is measurable as a 

piezo potential between two edges of the crystal. For example in ZnO and other tetrahedrally 

bonded semiconductors like GaN or AlN,[34] the effect arises from the missing inversion 

symmetry, causing a polarity.[35] In the related inverse piezoelectric effect, an externally applied 

electric field causes a polarization of the crystal, inducing a separation of the charge centers and 

results in a strained crystal.  

Polarization Pi in a piezoelectric material is linked to a strain ϵij by the piezoelectric strain 

coefficients eijk.[36] 

𝑃𝑖 = 𝑒𝑖𝑗𝑘𝜖𝑖𝑗 (2. 1) 

For the inverse piezoelectric effect a strain ϵij is occurring for a present electric field Ek and 

they are connected by the piezoelectric stress coefficients dijk.[36] 

𝜖𝑖𝑗 = 𝑑𝑖𝑗𝑘𝐸𝑘 (2. 2) 

Furthermore, if free carriers are present in a stressed piezoelectric material, e.g., electrons from 

donor atoms, these experience a force due to the electric field and move towards the edge of 

inverse polarity compared to their own. Causing a partial or complete screening of the piezo 

charges, depending on the carrier concentration.[37] 

2.2 METAL-SEMICONDUCTOR CONTACT 

Two contrary behaviors are observable from electrical measurements on metal-semiconductor 

contacts.[38–40] First, the contact exhibits a rectifying, diode like behavior, with a distinct 

forward (current flows across the contact) and reverse direction (current is blocked at the 

contact), the so called Schottky contact, named after Walter Schottky. And second, a non-

rectifying, ohmic resistance like behavior, called ohmic contact.  

The rectifying Schottky contact is explained by the formation of a potential barrier (Schottky 

barrier), ideally resulting from difference in work function of the metal and the semiconductors 

electron affinity. The qualitative mechanism for the formation of the Schottky barrier is shown 

in Figure 2.2. There in, the idealized formation in absence of surface states or other 

modifications is described.[39] It is exemplary given for a n-type semiconductor to metal contact, 

as this is the typical intrinsic doping for ZnO,[41–43] the mainly utilized semiconductor in this 

thesis. 
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Figure 2.2: Energy band diagrams of a) spatially separated metal and n-type semiconductor 

materials b) brought into contact, leading to an alignment of the two Fermi levels by electron 

transfer and causing an electric field. c) Band bending occurring at the Schottky contact with 

barrier height eφb. d) Band bending in the opposite direction at an ohmic contact. Please note 

the abbreviations, vacuum energy EVac, Fermi level EF, conduction band EC and valence band 

EV of the semiconductor, work function WA, electron affinity eχ, semiconductor band gap EG, 

depletion width wd. Further, the subscripts M and SC refer to metal and semiconductor, 

respectively.  

In Figure 2.2 a) spatially separated metal and semiconductor materials are shown. Both 

materials exhibit a work function WA, which is the minimum energy necessary to move an 

electron from the Fermi level EF to the vacuum level EVac. The semiconductor exhibits further 

notable properties, the energy gap EG which is the difference between conduction band EC and 

the valence band EV, and the electron affinity eχ with elementary charge e, which in similarity 

to the work function, is the energy necessary to move an electron from the conduction band to 

the vacuum. Bringing the materials into contact, as seen in Figure 2.2 b), causes a potential 

difference between the two Fermi levels and a charge transfer occurs, until the two Fermi levels 

are balanced in thermal equilibrium.[39] For this, electrons move from the semiconductor into 

the metal, leaving ionized donor atoms near the interface in a depletion region of width wd.[39] 

In the first approximation, a constant space charge density of 𝜌(𝑥) = 𝑒𝑛𝑑  with elementary 

charge 𝑒 and carrier concentration 𝑛𝑑 is present in the semiconductor’s depletion region and is 
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zero outside of it.[39] This causes an electric field �⃗� (𝑥) at spatial position 𝑥 in the depletion 

region with increasing strength towards the interface.[39] The first Maxwell equation can be 

used to calculate this field.  

𝜕�⃗� (𝑥)

𝜕𝑥
=
𝜌(𝑥)

𝜖𝑟𝜖0
  →  �⃗� (𝑥) =

𝑒𝑛𝑑
𝜖𝑟𝜖0

∫𝑑𝑥 =

𝑥

𝑤𝑑

𝑒𝑛𝑑
𝜖𝑟𝜖0

(𝑥 − 𝑤𝑑) (2. 3) 

With the relative 𝜖𝑟 and vacuum permittivity 𝜖0. This electric field causes an additional 

potential 𝑉(𝑥) in the depletion region and thus modifies the band structure.[39]  

𝜕𝑉(𝑥)

𝜕𝑥
= −�⃗� (𝑥)  →  𝑉(𝑥) = −

𝑒𝑛𝑑
2𝜖𝑟𝜖0

(𝑥 − 𝑤𝑑)
2 (2. 4) 

The resulting energy band diagram of a Schottky contact with potential induced bending of the 

energy levels in the depletion region is shown in Figure 2.2 c), together with the Schottky barrier 

height eφb and depletion width wd. In the ideal case, the Schottky barrier height may be 

described in an electrostatic approach by the Schottky Mott rule as eφb = WA,M – eχ.[39]  

Furthermore, the current across a Schottky contact as a function of an applied voltage is 

typically approximated by the thermionic emission model,[44] assuming that only 

electrons with an energy greater than the barrier height are able to surpass the barrier. 

The total current density can be described as a superposition of current flowing from the 

semiconductor into the metal 𝐽𝑆𝑀 and from the metal into the semiconductor 𝐽𝑀𝑆.[39] While 

𝐽𝑆𝑀 changes with the applied voltage, 𝐽𝑀𝑆 is independent of the same, due to the fact that 

the quasi fermi level (imref) is changing inside the semiconductor and thus leads to a 

barrier height change solely for the electrons approaching from the semiconductor side.  

𝐽(𝑉) = 𝐴∗𝑇2 exp (−
𝑒𝜑𝑏
𝑘𝑇
) exp (

𝑒𝑉

𝑘𝑇
)

⏞                  
 𝐽𝑆𝑀

− 𝐴∗𝑇2 exp (−
𝑒𝜑𝑏
𝑘𝑇
)

⏞            
𝐽𝑀𝑆

= 𝐽0 (exp (
𝑒𝑉

𝑘𝑇
) − 1) (2. 5)

 

with saturation current density 

𝐽0 = 𝐴
∗𝑇2 exp (−

𝑒𝜑𝑏
𝑘𝑇
) (2. 6) 

Including the temperature 𝑇, Boltzmann constant 𝑘 and effective Richardson constant 𝐴∗. 

For the formation of an ohmic contact the work function of the metal has to be comparable 

or smaller than the electron affinity of the semiconductor.[45] This causes a band bending 

towards the Fermi level and an overlap of the conduction band with the fermi level, as 

shown in Figure 2.2 d). Furthermore, a heavily doped semiconductor, e.g., for ZnO 

nd > 1018 cm-3,[45,46] or interdiffusion at the contact region, e.g., of Al and oxygen atoms at 
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Al/ZnO contacts,[47] lead to an ohmic behavior, due to a thin enough Schottky barrier, enabling 

electron tunneling through the barrier (field emission).[39,44,45]  

The above drawn idealized picture of the Schottky contact formation is not complete and does 

not necessarily fit experimentally observed results.[40,45,48] Multiple, additional effects may 

occur, manipulating the metal-semiconductor contact. Some of which are image force lowering 

due to image charges accumulating in the metal, fermi level pinning, serial resistance and high 

voltage injection of holes.[39] Furthermore, it is reported that local inhomogeneities of the 

Schottky barrier have an immense impact on the overall properties of those, especially in 

combination with high doping concentrations.[40] This multitude of effects leads to vast 

deviations from the ideal Schottky-Mott rule. Thus, their implications are crucial for the 

understanding and application of such metal-semiconductor contacts. 

2.3 PIEZOTRONIC EFFECT 

The piezotronic effect changes the Schottky contacts electric properties of a mechanically 

stressed, piezoelectric semiconductor.[22,49] It is explained by a modification of the Schottky 

barrier height and depletion width, due to the strain induced piezoelectric potential and 

accumulation of piezo charges near the Schottky contact.[50,51] ZnO is a prominent material 

chosen for investigations of the piezotronic effect.[16,23,52,53]  

Figure 2.3 a) depicts a qualitative sketch of the piezotronic effect. A piezoelectric 

semiconductor with a Schottky contact is exposed to an external mechanical stress, causing a 

strain in the semiconductor. Due to piezoelectricity a polarization across the semiconductor 

occurs, causing piezo charges to accumulate at the surfaces and a piezo potential to arise.[22] 

The Schottky contacts current/voltage (I-V) characteristic is changed by the piezo 

charges/potential, thus the external mechanical stress may be used to tailor the electrical 

properties of the device and, vice versa, the induced change of the electrical properties may be 

utilized to measure strain. While a positive piezo potential causes an increase of the measured 

current, an opposing negative potential causes a decrease in current. This is due to the piezo 

charges and potential modifying the Schottky barrier height and the width of the depletion 

region, as shown in Figure 2.3 b). Furthermore, the piezoelectric effect depends on the crystal 

orientation and can be inverted by changing the sign of the strain, i.e., by applying compressive 

instead of tensile stress.[22]  
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Figure 2.3: a) The piezotronic effect occurs in piezoelectric semiconductors under mechanical 

stress with additional Schottky contacts. The stress causes a piezo potential and piezo charges 

(plus and minus signs) in the crystal and a strain dependent change of the I-V curve is 

observable. b) The change of the I-V curve is caused by a modification of the Schottky barrier 

induced bending of the conduction and valence energy bands EC and EV, respectively, due to 

induced piezo potential and piezo charges near the surface. Negative piezo charges 

accumulating near a Schottky contact result in an increase of the Schottky barrier height and 

depletion width and a decrease for positive piezo charges. The Fermi level EF does not change. 

 

Figure 2.4 depicts qualitatively the Schottky barrier modification of a piezoelectric n-type 

semiconductor, caused by the piezotronic effect.[50] Exemplarily, the case of positive piezo 

charges, i.e., electron holes, accumulating near a Schottky interface is discussed.[22] Figure 

2.4 a) shows the carrier density near the Schottky contact with additional piezo charges, induced 

by the piezoelectric effect. This may be interpreted as a thin layer of implanted n-dopants at the 

interface.[39,54] Similar to an increased doping concentration of the whole n-type semiconductor, 

this causes a decrease of the depletion width wd. The increased carrier concentration causes an 

increase of the maximum electric field present in the Schottky contact depletion region, 

compared to a case without additional piezo charges, see Figure 2.4 b).[54] The Energy band 

diagram deduced from the electric field, refer to section 2.2, is shown in Figure 2.4 c). The 

energy bands in the presence of piezo charges exhibit a stronger band bending towards the 

interface and a thinner overall Schottky barrier thickness. Note that the height of the Schottky 

barrier should be similar in the ideal and the piezotronic modified case.[39] But an increased 
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image force lowering, due to the thinner barrier, leads to a height decrease and field emission 

(tunneling) causes a further reduction of the effective barrier height.[39]  

Related arguments may be used to explain an increase of the Schottky barrier height and 

depletion width in the case of additional negative piezo charges accumulating near the Schottky 

contact.  

 

Figure 2.4: Qualitative mechanism of Schottky barrier modification, due to induced positive 

piezo charges in a piezoelectric semiconductor. a) Charge carrier density n for a Schottky 

contact region with a depletion width wd and additional piezo charges. x-axis is the spatial 

position across the contact. b) Electric field distribution E in presence of piezo charges (solid 

line) and in absence (dotted line). c) Simplified energy band diagram of a Schottky contact with 

(solid line) and without (dotted line) piezo charges. Including conduction band EC, valence band 

EV and Fermi level EF. Accumulation of positive piezo charges at the interface causes a 

shrinking of the depletion width.  

In the discussion above it was assumed that the Fermi level is flat, and, hence, no potential 

gradient is present inside the crystal. This is an first order approximation, since most of the 

potential drop is occurring in the Schottky barrier depletion region.[39] But it may be that the 

piezo potential or a fraction of it are present inside the crystal and causes an additional change 

of the Schottky barrier, due to the modified Fermi level. And if furthermore free carriers are 

present, e.g., dopant electrons in n-type semiconductors, this would lead to a charge transport 

and result in a fully or partly screening of the positive piezo potential, depending on the dopant 

concentration.[37,55]  

2.4 MAGNETOSTRICTION 

Magnetostriction is a material property, describing the deformation of a material while exposed 

to an external magnetic field 𝐻.[56,57] The relative length change Δ𝑙 is quantified by the 

magnetostrictive parameter 𝜆(𝐻) = Δ𝑙/𝑙. This value saturates for increasing field strengths 

and, typically, the magnetostriction is described by its saturation magnetostriction 𝜆𝑠. The 

magnetostrictive effect is explained by the spin orbit coupling and the related magnetic 
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anisotropy.[57] Magnetostrictive materials that are volume conserving while exposed to an 

external magnetic field are exhibiting Joule magnetostriction. But there is volume changing 

non-Joulian magnetostriction, as well.[58] Some well-known magnetostrictive materials are 

Fe[56], Ni[56], CoFe2O4
[59] and metallics alloys[60], e.g., (Fe90Co10)78Si12B10. 

2.5 X-RAY SCATTERING 

X-ray scattering is nowadays utilized in a variety of techniques to investigate the structure of 

matter, including X-ray diffraction to resolve crystal structures[61] and measure crystalline 

lattice changes, i.e., strain,[62], small angle X-ray scattering to resolve structures on huger length 

scales[63] and powder diffraction[64] from, e.g., powder, glassy or amorphous samples. Further, 

scattering is used for imaging techniques as in the case of holography[65] and coherent 

diffraction imaging[66]. Modern synchrotron sources elevate these techniques to a new level by 

enabling in situ and operando experiments. Due to a high photon flux, small beam diameter and 

small divergence provided by synchrotron sources of the third generation, a huge beam 

brilliance of ~1020 is available.[67] Currently, these sources are being replaced by synchrotrons 

of the fourth generation, providing a brilliance of ~1022 and a (transverse) coherence fraction 

of 15 % to 40 % at a photon energy of 12keV, particular important for coherent scattering 

experiments, e.g., CXDI.[68,69] Further, the synchrotrons are being complemented by X-ray free 

electron lasers (XFEL)[70,71], providing a peak brilliance of ~1033 and a (transverse) coherence 

fraction up to 95% at 12keV photon energy.[70]  

2.5.1 KINEMATICAL X-RAY SCATTERING 

One of the first descriptions of X-ray scattering from crystalline structures was proposed by 

father and son, W.H. and L. Bragg in 1913.[72] They found that a constructive interference of 

scattered photons and, thus, a measurable signal of Bragg reflections is observable, if the beam 

path length difference of photons scattered from two neighboring crystal lattice planes is a 

multiple of the photons wavelength 𝜆.[67]  

𝑚𝜆 = 2𝑑𝑠𝑖𝑛(𝜃𝑏) (2. 7) 

Integer m is the diffraction order and 𝜃𝑏 the scattering angle of the observed Bragg reflection, 

related to the crystal lattice distance 𝑑. 

The short description below is based on the introduction to X-ray scattering from the textbook 

Elements of Modern X-ray Physics by J. Als-Nielsen and D. McMorrow.[67] 
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In the following it is assumed that the interaction between matter and photons is weak and 

hence, the involved photons are only scattered once, this is called the kinematical 

approximation. Furthermore, elastic scattering is assumed, meaning that the photon energy is 

conserved during the scattering process. 

An easy and common way to describe an electromagnetic wave with a wavelength 𝜆 is the 

wavevector �⃗� . It points in direction of wave propagation and has an absolute value of: 

|�⃗� | =
2𝜋

𝜆
(2. 8) 

In the classical consideration when an X-ray photon crosses paths with a free electron, a dipole 

interaction occurs. The alternating electric field of the photon is driving the electron into an 

oscillating motion, thus radiating an electromagnetic wave, with a phase shift of 180° due to 

Thompson scattering.  

For a free electron the Thomson scattering length 𝑟0 = 2.82 ∙ 10
−5 Å is found. Referred to as 

the classical radius of an electron and a basic measure for the ability of an electron to scatter 

photons.  

 

Figure 2.5: Simplified model of the electron charge distribution 𝜌(𝑟 ) of an atom. The incident 

�⃗�  and scattered �⃗� ′ wavevectors define the scattering vector �⃗�  and the scattering angle 𝜃. From 

an origin, surrounded by volume fraction 𝑑𝑟 0, a vector 𝑟  is pointing towards a volume fraction 

𝑑𝑟 . The scattering signal from each volume fraction of the charge distribution must be 

combined to calculate the total scattering signal of the atom. Due to different beam path lengths 

for the individual volume fractions a phase shift Δϕ(𝑟 ) = �⃗� ∙ 𝑟  is included to the calculation of 

the scattering signal. 
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To distinguish photon scattering from an atom one must consider the charge distribution 𝜌(𝑟 ) 

of the atom’s electrons, see Figure 2.5. Vector 𝑟  is pointing from an origin to a volume fraction 

𝑑𝑟  of the charge distribution. Each volume fraction contributes to the scattering signal and a 

superposition of the whole volume must be calculated. Due to the spatial separation of the 

different volume fractions, the scattered waves from each volume fraction exhibits a different 

beam path length, resulting in a phase shift Δϕ(𝑟 ).  

Δϕ(𝑟 ) = (�⃗� − �⃗� ′) ∙ 𝑟 = �⃗� ∙ 𝑟 (2. 9) 

Defining the scattering vector as �⃗� = �⃗� − �⃗� ′, with the incident and scattered wavevectors �⃗�  and 

�⃗� ′, respectively. In the elastic scattering case, no energy is lost (|�⃗� | = |�⃗� ′|) and therefore the 

absolute value of the scattering vector is given by. 

|�⃗� | =
4𝜋

𝜆
sin(𝜃) (2. 10) 

Including the scattering angle 𝜃, defined as half the angle between �⃗�  and �⃗� ′.  

Scattering from a single atom may be described by the atomic structure factor 𝐹𝑎𝑡𝑜𝑚(�⃗� ) or the 

proportional atomic form factor 𝑓(�⃗� ). A small volume fraction 𝑑𝑟  of the charge distribution is 

contributing −𝑟0𝜌(𝑟 )𝑑𝑟  to the scattering signal with an additional phase factor 𝑒𝑖�⃗� ∙𝑟 , 

accounting for scattering from spatially separated volumes. This integral can as well be 

identified as the Fourier transform of the charge distribution in real space into the reciprocal �⃗�  

space.  

𝐹𝑎𝑡𝑜𝑚(�⃗� ) = −𝑟𝑜𝑓(�⃗� ) = −𝑟0∫𝜌(𝑟 )𝑒
𝑖�⃗� ∙𝑟  𝑑𝑟 (2. 11) 

Moving from a single atom to scattering from a molecule is achieved by summation over the 

atomic form factors 𝑓𝑖 of the individual atoms at positions 𝑟 𝑖 in the molecule and by adding a 

phase factor 𝑒𝑖�⃗� ∙𝑟 𝑖, to account for a phase shift between the different atoms of the molecule. 

The result is the molecular structure factor 𝐹𝑚𝑜𝑙(�⃗� ).  

𝐹𝑚𝑜𝑙(�⃗� ) = −𝑟0∑𝑓𝑖(�⃗� )𝑒
𝑖�⃗� ∙𝑟 𝑖

𝑖

(2. 12) 

Instead of the atom’s position 𝑟 𝑖 in a single molecule, the atom’s position 𝑟  in a crystalline 

lattice may be described by its position 𝑟 𝑗 inside a unit cell, combined with a lattice position 

�⃗� 𝑛 of this cell in the crystal lattice, 𝑟 = 𝑟 𝑗 + �⃗� 𝑛. A unit cell describes a repeating atom 

distribution inside a crystal. Position 𝑟 𝑖 in equation 2.12 is substituted by 𝑟  and the structure 

factor 𝐹𝑐𝑟𝑦𝑠𝑡(�⃗� ) of the crystal can be written as a combination of two sums, where the first is 
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the unit cell structure factor also known as basis, describing the electron density inside the 

unit cell and the second is a sum over all lattice sites.  

𝐹𝑐𝑟𝑦𝑠𝑡(�⃗� ) = −𝑟0∑𝑓𝑗(�⃗� )𝑒
𝑖�⃗� ∙𝑟 𝑗

𝑗

∑𝑒𝑖�⃗� ∙�⃗� 𝑛

𝑛

(2. 13) 

In general, the scattered intensity is given by the modulus square of the scattering amplitude: 

𝐼 = |𝐴(�⃗� )|
2
 and the scattering amplitude is proportional to the structure factor. Due to the 

modulus square the phase of the scattering amplitude is lost for the measurable intensity and, 

hence, the electron density cannot easily be determined by inversely Fourier transform the 

scattered signal, the well-known phase problem of X-ray scattering. 

Studying the exponential of the second sum shows that scattering for large 𝑛, hence, huge 

crystals, is solely observable if the exponent is equal to 0 or a multiple of i2π.  

�⃗� ∙ �⃗� 𝑛 = 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑒 𝑜𝑓 2𝜋 (2. 14) 

The lattice vector �⃗� 𝑛, defining the unit cell position inside a crystal, can be written as the sum 

of three independent basis vectors of the lattice, 𝑎 𝑚;𝑚 ∈ (1,2,3), multiplied with integers n. 

�⃗� 𝑛 = 𝑛1𝑎 1 + 𝑛2𝑎 2 + 𝑛3𝑎 3 (2. 15) 

A respective definition may be introduced for the reciprocal space. The reciprocal lattice 

describes the positions of Bragg reflections in the space of the scattering vector. Reciprocal 

lattice vector 𝐺  is the sum of the reciprocal lattice basis vectors �⃗� 𝑚;𝑚 ∈ (1,2,3) multiplied 

with integers, called miller indices h, k, l. 

�⃗� 1 = 2𝜋
𝑎2 × 𝑎3

𝑎1 ∙ (𝑎2 × 𝑎3)
, �⃗� 2 = 2𝜋

𝑎3 × 𝑎1
𝑎1 ∙ (𝑎2 × 𝑎3)

, �⃗� 3 = 2𝜋
𝑎1 × 𝑎2

𝑎1 ∙ (𝑎2 × 𝑎3)
(2. 16) 

𝐺 = ℎ�⃗� 1 + 𝑘�⃗� 2 + 𝑙�⃗� 3 (2. 17) 

Multiplying the lattice vector �⃗� 𝑛 and reciprocal lattice vector 𝐺  results in a multiple of 2π and 

hence the scattering vector �⃗�  must be equal to the reciprocal lattice vector 𝐺  to satisfy 

equation 2.14.  

�⃗� = 𝐺 (2. 18) 

This is the Laue condition, stating that a scattered signal from a crystal is measurable if the 

scattering vector is equal to a reciprocal lattice vector of the crystal structure, due to a 

constructive interference of the scattering signals from multiple unit cells. 

From the experimentally distinguished reciprocal lattice vector, the lattice spacing dhkl of the 

investigated crystal lattice can be derived by: 
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𝑑ℎ𝑘𝑙 =
2𝜋

|𝐺 |
(2. 19) 

Combining equations 2.10 and 2.19 shows that the Laue condition (equation 2.18) and Bragg’s 

law (equation 2.7) are equivalent descriptions of coherent scattering processes from crystals. 

2.6 X-RAY REFLECTIVITY 

X-ray reflectometry/reflectivity (XRR) is a well-known X-ray technique, allowing for surface 

and near surface investigations in high resolution.[67] Almost a century ago, in the early 1930’s 

Heinz Kiessig described total external reflection and interference observed in X-ray 

reflectometry experiments.[73,74] Further on, in 1954 Lyman G. Parratt extended the technique 

and introduced a theoretical framework for modeling reflectivity measurements.[75] Over the 

past decades the technique was utilized to investigate solid[76], as well as, liquid samples[77,78].  

Reflection and refraction at interfaces separating different media are expected for X-rays, due 

to their electromagnetic wave nature.[67] Refraction and scattering are two equal representations 

of the same phenomena.[67] For the description of refraction it is common to introduce the 

refraction index 𝑛, it is typically increasing with the photon energy and depicts the resonant 

behavior of electromagnetic waves at electronic transitions, which depend on the electron 

configuration of the atoms and molecules.[67] But at each resonance the refraction index drops 

and in the X-ray regime the refraction index is slightly below one, due to the high photon energy 

above most, if not all, resonance frequencies of the electron transitions.[67]  

𝑛 = 1 − 𝛿 + 𝑖𝛽 (2. 20) 

The refraction index is modified by the two coefficients 𝛿 = 𝑟0𝜆
2𝜌/2𝜋 and 𝛽 = 𝜆𝜇/4𝜋,[79] 

accounting for scattering and absorption, respectively. With the electron density 𝜌 and the 

absorption coefficient 𝜇. 𝛿 is typically around 10-5 and 𝛽 is even magnitudes smaller.[67] Thus, 

the index of refraction is just slightly smaller than unity, causing total external reflection to 

occur at very small angles. From Snell’s law and a Taylor series of the cosine function the 

critical angle 𝜃𝑐 for total external reflection may be calculated as follows.[79] 

𝜃𝑐 ≈ √2𝛿 (2. 21) 

Hence, the critical angle of a material is directly related to its electron density. Below this 

critical angle, an evanescent wave is still penetrating the probed material to a depth of a few nm 

and, thus, holds surface sensitive information’s.[67] 

For recording a reflectivity of a specimen, the wave vector transfer is changed in very fine steps 

by rotating the sample and, simultaneously, moving the detector. Starting below the critical 
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angle and up to 2.5 Å-1 [78], but this range is depending on the experimental setup, sample and 

source. The measured, specular reflectivity is defined as the reflected intensity at a given angle 

divided by the incident intensity; 𝑅(𝑞) = 𝐼(𝑞)/𝐼0.[79] In case of an ideal, flat sample the 

idealized Fresnel reflectivity 𝑅𝐹 may be calculated by the following equation.[67,79]  

𝑅𝐹(𝑞𝑧) = ||
𝑞𝑧 −√𝑞𝑧2 − 𝑞𝑐2 −

32𝑖𝜋2𝛽
𝜆

𝑞𝑧 +√𝑞𝑧2 − 𝑞𝑐2 −
32𝑖𝜋2𝛽
𝜆

||

2

(2. 22) 

With the wave vector transfer of the critical angle 𝑞𝑐 and a function of the wave vector transfer 

parallel to the surface normal 𝑞𝑧, thus, related to the specular reflected intensity. In case of non-

ideal surface properties the Fresnel reflectivity can be modified by a Debye-Waller like factor; 

𝑒−𝑞𝑧
2𝜎2.[67,79] Where 𝜎2 is a measure for the root mean square of surface roughness, or in case 

of a graded interface 𝜎 may be seen as half width of an error function, describing a non-abrupt 

electron density decrease towards the surface.  

Until now the described sample consisted of a single medium, but if a layer of another medium 

with a different index of refraction is present on top of the first, the observed reflectivity exhibits 

oscillations.[67] These oscillations arise from interference of multiple reflections, due to 

transmission and reflection occurring at the two interfaces and the length of the oscillations Δ𝑞 

is linked to the layer thickness 𝑑 by Δ𝑞 = 2𝜋/𝑑.   

Further, the electron density profile 𝜌(𝑧) is directly encoded in the reflectivity, but, due to the 

phase problem, there is no unique solution to 𝜌(𝑧) by inversion of the measured reflectivity.[80] 

A solution to the inversion problem is the creation of a model electron density profile (and 

absorption profile) from prior knowledge on the sample parameters and refinement of this 

model, by calculation of an model reflectivity and comparison to the measured dataset.[80] This 

may be done by an algorithm introduced by Parratt.[67,75] There in, the electron density model 

is divided into fine layers and the model reflectivity is calculated by taking into account all 

reflections from the multiple layer interfaces. The algorithm begins with the interface between 

the lowest layer and the as infinite supposed substrate, further, the reflectivity is found by 

successively adding the reflected contributions from all layers until the upper most interface, 

i.e. the sample surface, is reached. 
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2.7 COHERENCE 

The coherence properties of a beam may be described by the concept of coherence 

lengths.[67,81,82] These define a length scale over which a propagating wavefield preserves a 

certain degree of coherence.  

 

Figure 2.6: a) A double slit is hit by an income wave and from each slit a spherical wave is 

emitted, separated by distance 𝑤. Both waves propagate towards a detector plane at distance 𝑑 

and approach the plane from slightly different directions. The spatial coherence length 𝑙𝑠 may 

be defined as the length difference between the two nearest points of constructive and 

destructive interference. b) The coherence property in direction of the wave propagation is 

described by the temporal coherence length 𝑙𝑡. It derives from the different wavelengths of two 

waves, with wavelength 𝜆 and slightly off wavelength 𝜆 + Δ𝜆. 

Spatial or transverse coherence length 𝑙𝑠 describes the coherence property of a beam 

transversely to its propagation direction, given by the spatial size of the source and the 

experimental geometry.[81] It may be derived from the idea of Young’s double slit experiment, 

see Figure 2.6 a). Simultaneously emitted waves from two slits are detected at a plane, parallel 

to the two slits and at distance 𝑑. Both waves arrive from slightly different directions at a 

specific point on the plane. Assuming the maximums of the two waves are well aligned in this 

point and interfere constructively, the spatial coherence length is defined as the distance to a 

nearest position along the plane, in which the maximum of one wave is overlapped by the 

minimum of the other and hence destructive interference occurs.[67] The spatial coherence 

length 𝑙𝑠 is defined by the size of the source 𝑤 and the source to sample distance 𝑑.[67,81] 

𝑙𝑠 =
𝜆𝑑

2𝑤
(2. 23) 

A vertical and a horizontal length may be introduced to describe the coherence properties of a 

non-point like source. At synchrotrons of the third generation with a source to sample distance 
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of 30 m and at an energy of 9 keV, vertical and horizontal spatial coherence lengths of around 

20-120 µm and 3-12 µm are achieved, respectively.[82] 

Further, the coherence properties of a beam in its propagation direction, i.e., the 

monochromaticity of the beam, is described by the temporal or longitudinal coherence length 

𝑙𝑡.
[67,81] 

𝑙𝑡 =
1

2

𝜆2

Δ𝜆
(2. 24) 

This equation defines a length over which two waves, with wavelengths 𝜆 and slightly off 

wavelength 𝜆 + Δ𝜆 are almost in phase, see Figure 2.6 b). For a (111) reflex of a Si 

monochromator at 9 keV and a bandwidth of 
Δλ

λ
= 1.3 × 10−4, the temporal coherence length 

derives to ~0.5 µm and sets an upper, spatial limit to interference effects accessible at modern 

synchrotrons.[82] It must be noted that these two equations above are true for a chaotic sources 

of spontaneous emission, but for unimodal laser sources with stimulated emissions the fixed 

phase relation of the emitted photons and their monochromaticity causing a complete coherence 

with virtually infinite coherence lengths.[81]  

2.7.1 COHERENT X-RAY SCATTERING 

Coherence is a fundamental property of the photon wavefield and elementary to coherent X-

ray scattering experiments.[67,81,82] The recorded signal, i.e., the measured intensity, from a 

scattering process is directly related to the coherence properties of the probing beam.[67,81] In 

case of a coherent beam, the coherence length is bigger than the size of the specimen and the 

resulting intensity is given by the modulus square of the sum of the scattering amplitudes from 

all individual scattering events; 𝐼(𝑞 ) = |∑𝐴(𝑞 )|2. The individual amplitudes from the multiple 

scattered waves interfere statically and a superposition of the waves is detected. Causing the 

detected intensity to be proportional to the number of scatterers, squared, and a coherent speckle 

with fringes to be detected.[81] The detection of fringes is an indication for coherent scattering. 

In the opposite case of an incoherent beam the measured intensity is given by the sum of the 

modulus squares of the individual scattered waves; 𝐼(𝑞 ) = ∑|𝐴(𝑞 )|2. The amplitudes have no 

fixed phase relation and, thus, no static interference is occurring.[81] In this case, the detected 

intensity is proportional to the number of scatterers. 
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2.8 BRAGG COHERENT X-RAY DIFFRACTION IMAGING 

An advanced X-ray technique is Coherent X-ray Diffraction Imaging (CXDI).[83–86] It enables 

lensless, high resolution imaging (~10 nm) of relatively large crystalline structures (~1 µm). 

This development was made possible by synchrotron sources of the third generation and their 

available coherent flux of around 1-40 %[87]. A variant of this technique is Bragg CXDI 

(BCXDI), a Bragg reflection is utilized to measure the scattered intensity of a crystalline 

structure and, further, the strain distribution may be retrieved for the specimen.[88–91] The basic 

idea is to combine the measured coherent diffraction of a specimen with a reconstruction 

process performed by computer algorithms to overcome the phase problem of usual X-ray 

diffraction.[86,92,93] Problematic is the loss of the phase information of the complex scattering 

amplitude, due to the detector solely measuring the intensity. With a high enough coherent 

beam and over sampling it is possible to retrieve the complex scattering amplitude from the 

diffraction pattern.[94] Over sampling a specimen means, to perform a fine enough measurement 

to resolve the structure of the coherent diffraction pattern (speckle) at least at double the Nyquist 

frequency, proportional to the inverse of the specimens spatial size.[94,95] Miao et al. explained 

the effect of the over sampling on the measurement as follows: it causes the recorded no-density 

region of the complex electron density to become bigger than the electron density region of the 

specimen and, thus, enough information’s are obtained to retrieve the complex scattering 

amplitude.[96] The retrieved amplitude can be Fourier transformed (FT) into the electron density 

distribution of the specimen, by inverse Fourier transform (iFT).  

If a three-dimensional reconstruction of the specimen is desired, the reciprocal space must be 

mapped in three dimensions.[66,88] This is done by performing a fine rocking scan of the Bragg 

reflection, the specimen is stepwise rotated perpendicular to the scattering plane and the 

respective detector images are recorded. A rocking scan causes the scattering vector to rotate 

around the ideal Bragg condition, given by the reciprocal lattice vector of the specimen. This 

enables a measurement of the Bragg reflection around its center and, thus, a mapping of its 

distribution in reciprocal space, as seen from the multiple red lines in Figure 2.7. Figure 2.7 

shows a slice (x/y plane) from simulated reciprocal space around a {101̅0} Bragg reflection 

from a hexagonal structure with a diameter of 1 µm. The red arrow pointing towards the center 

indicates the direction of the scattering vector in the Bragg condition and the red lines 

representing multiple detector cuts obtained by a rocking scan. To achieve a sufficient over 

sampling the rocking scan must be performed with a fine resolution,[94] i.e., in the range of 

micro degrees, but depends on the sample size. Furthermore, the detector must be positioned at 

a reasonable distance to the sample to achieve a high enough resolution, typically between 1 m 
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and 5 m. For the simulation shown in Figure 2.7, the detector to sample distance was set to 

2.5 m and a rocking scan with a resolution of 0.002° and a total of 121 steps was chosen. Every 

10th step is shown for easier visibility in Figure 2.7. 

 

 

Figure 2.7: Slice (x/y plane) through the simulated reciprocal space around a coherently 

scattered Bragg reflection of a hexagonal rod. Red arrow indicates the direction of the scattering 

vector and red lines depicts multiple detector cuts obtained while rocking/rotating the specimen.  

Periodically oscillating fringes are visible in Figure 2.7, most prominently along the six main 

stripes. The oscillation length Δ𝑞 = 2𝜋/𝐷 is depending on the sample size 𝐷 in the respective 

direction.[97] These fringes arise from coherent scattering and a related constructive interference 

of the scattering amplitude, comparable to a laser illuminated lattice, causing an oscillation of 

the observed intensity distribution.[82] 

The observable intensity 𝐼(𝑞 ) is related to the complex scattering amplitude 𝐴(𝑞 ).[67] 

𝐼(𝑞 ) = |𝐴(𝑞 )|2 (2. 25) 

If the sample is scattering totally coherently, the intensity is given by the amplitude of the whole 

sample, but if partly coherent scattering is occurring, e.g., for X-ray beams with smaller 

coherence length than the sample size, the resulting total intensity is given by a sum of the 

intensities of each coherently scattering volume faction of the sample, separately.[67]  
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The complex scattering amplitude consists of its absolute value |𝐴(𝑞 )| and phase 𝜑(𝑞 ).[82] 

𝐴(𝑞 ) = |𝐴(𝑞 )|𝑒𝑖𝜑(�⃗� ) = 𝐹𝑇(𝜌(𝑟 )) (2. 26) 

It is further the FT of the complex electron density 𝜌(𝑟 ).  

𝜌(𝑟 ) = 𝜌𝑎𝑚𝑝(𝑟 )𝑒
𝑖𝜌𝑝ℎ(𝑟 ) = 𝑖𝐹𝑇(𝐴(𝑞 )) (2. 27) 

With an amplitude 𝜌𝑎𝑚𝑝(𝑟 ) and phase 𝜌𝑝ℎ(𝑟 ) of the electron density. The amplitude is related 

to the morphology of the specimen and the recovered phase of the complex electron density is 

related to the displacement field �⃗� (𝑟 ) of the sample, describing the spatial shift of atoms from 

their ideal lattice positions.[28,82]  

𝜌𝑝ℎ(𝑟 ) = 𝑞 ∙ �⃗� (𝑟 ) (2. 28) 

The strain 𝜖𝑖𝑗(𝑟 ) is given by the derivative of the displacement field with spatial coordinates 

𝑥𝑖 ; 𝑖 ∈ (1,2,3) of 𝑟 .[82] 

𝜖𝑖𝑗(𝑟 ) =
1

2
(
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
) (2. 29) 

In the case of normal strain (𝑖 = 𝑗) this equation simplifies to: 

𝜖𝑖𝑖 =
𝜕𝑢𝑖
𝜕𝑥𝑖

(2. 30) 

It should be noted that the strain sensitivity for BCXDI is restricted to the direction of the 

scattering vector, but the whole strain tensor may be obtained by measuring multiple, 

independent Bragg reflections.[89] 

Figure 2.8 shows the impact of the complex electron densities phase on simulated diffraction 

patterns for a hexagonal specimen. Figure 2.8 a) highlights the position shift of a Bragg 

reflection along Δq||, parallel to the scattering vector, due to a linear phase 𝜌𝑝ℎ. A non-linear 

phase of the complex electron density may alter the diffraction pattern in a more complicated 

way, shown in Figure 2.8 b).  
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Figure 2.8: a) Simulated 2D cut of the diffraction pattern from a coherently scattering hexagonal 

specimen with constant (left) and linear (right) phase gradient of the complex electron density, 

see insets. b) Diffraction pattern simulated for a hexagonal specimen with a non-linear phase 

of the electron density, see inset. Δq|| and Δq⊥ are directions parallel and perpendicular to the 

scattering vector. 
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2.8.1 COHERENT DATA RECONSTRUCTION  

Reconstruction of the complex scattering amplitude from a measured intensity obtained by 

CXDI experiments, and thus revealing the electron density of an investigated specimen, became 

possible by algorithms, implemented over the last decades.[98] Some of whom are the error 

reduction (ER)[99], hybrid input output (HIO)[82,99], relaxed averaged alternating reflection 

(RAAR)[100], hybrid projection reflection (HPR)[101] and Difference maps (DM)[102] algorithm.  

The ER algorithm is an iterative process of conducting Fourier transforms between the real 

space of the electron density and the reciprocal space of the scattering amplitude and applying 

constraints to the respective spaces.[82,99] A schematic process flow of the ER algorithm is 

shown in Figure 2.9. The first iteration of the reconstruction process is initiated with the square 

root of the measured intensity |𝐴(𝑞 )| = √𝐼(𝑞 ) and a random phase 𝜑0, 𝐴′(𝑞 ) = |𝐴(𝑞 )|𝑒𝑖𝜑0(�⃗� ). 

The next step is Fourier transform it to the electron density 𝜌′(𝑟 ) = 𝑖𝐹𝑇(𝐴′(𝑞 )). Then, the 

electron density 𝜌(𝑟 ) is generated by applying a real space constraint on 𝜌′(𝑟 ). This is done by 

the support 𝑆(𝑟 ), which is basically existing knowledge on the shape of the investigated 

specimen, together with a function describing the expected electron density behavior inside and 

outside of the specimen. For the i-th iteration the function is as follows:[82,99]  

𝜌𝑖(𝑟 ) = {
𝜌′
𝑖
(𝑟 ), 𝑟 ∈ 𝑆(𝑟 )

0, 𝑟 ∉ 𝑆(𝑟 )
(2. 31) 

For the ER algorithm, the electron density inside the support volume is kept while it is strictly 

forced to zero, outside of it. The support may be known from prior investigations of the 

specimen shape, e.g., optical or SEM images.[83,103] Next, the complex scattering amplitude is 

gained by Fourier transform the electron density, 𝐴(𝑞 ) = 𝐹𝑇(𝜌(𝑟 )). Consecutively, the 

reciprocal constraint is applied by replacing the absolute value of the amplitude with the square 

root of the measured intensity from the experiment and amplitude 𝐴′(𝑞 ) is gained. Thus, one 

cycle of the reconstruction algorithm is completed. This back and forth propagation, between 

real and reciprocal space, is conducted until a convergence of the reconstruction is reached, 

which is typically the case after a few hundreds to thousands of iterations.[98] 
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Figure 2.9: Error reduction (ER) algorithm[99] scheme for reconstruction of the complex 

scattering amplitude A(𝑞 ), electron density ρ(𝑟 ) and support S(𝑟 ) form the measured intensity 

I(𝑞 ). Examples for the real space and reciprocal constraints are given.  

The ER algorithm is excellent in finding a minimum but suffers from stagnation at local 

minima.[82] HIO, a generalized approach of ER, is a possible solution to this problem. Instead 

of forcing the electron density strictly to zero outside of the support, as done by ER, for HIO 

the new electron density is attenuated by a factor β, typically in the range of 0.6 to 0.9.[82,99]  

𝜌𝑖(𝑟 ) = {
𝜌′
𝑖
(𝑟 ), 𝑟 ∈ 𝑆(𝑟 )

𝜌𝑖−1(𝑟 ) − 𝛽𝜌
′
𝑖
(𝑟 ), 𝑟 ∉ 𝑆(𝑟 )

(2. 32) 

An alternating combination of both, ER and HIO algorithms, has proven to be an effective path 

to achieve fast convergence of the reconstruction and avoid stagnation.[82,98] It was shown that 

the reconstructed phase of the complex electron density is most likely a unique solution,[96] but 

multiple reconstructions are usually performed, in the order of tens to hundreds,[97,104,105] to gain 

a confident solution.  

Prior, it was assumed that the support is already known from supplementary techniques. But 

this is not possible for every measurement, neither is it necessary to have prior knowledge of 

the specimen shape, as it was shown that the support can be found simultaneously to the 

reconstruction process, by the shrink wrap algorithm.[92] For this method the first estimate of 

the support function if obtained as the Fourier transform of the measured intensity. Further into 

the reconstruction process, the support will be updated as the Fourier transform of the 
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reconstructed scattering amplitude convolved with a Gaussian mask.[92] The width of the 

Gaussian mask shrinks with increasing iteration numbers, realizing a low to high resolution 

reconstruction, e.g., an update every 20 iterations.  

 

Figure 2.10: Amplitude ρamp and phase ρph of the reconstructed density, as well as the support 

S, at five iteration steps during the reconstruction process, including the first and last one. These 

were obtained from a simulated dataset of a hexagonal specimen with a linear phase gradient.  

Figure 2.10 shows the reconstructed results from a simulated dataset of a hexagonal specimen 

with a linear phase gradient. Shown are the amplitude ρamp, phase ρph of the electron density 

and the support function S for five different iteration steps (1, 25, 50, 100, 1040) during the 

reconstruction process. A qualitatively reasonable result is reached within 100 iterations, but 

especially the outermost areas are taking many more iterations, as seen best in the further 

development of the support. The support was kept fix for the first 40 iterations, thereafter the 

shrink wrap algorithm updated the shape. 

Furthermore, it may be beneficial or necessary for a reconstruction process to take partial 

coherence of the scattered amplitude into account.[106] To perform a partial coherence 

correction, the reciprocal constraint (Figure 2.9) is not determined from the measured intensity 

alone, as it would be sufficient for a fully coherent beam, instead the measured intensity is seen 

as a convolution of the coherent intensity and a mutual coherence function, describing the 

coherence properties of the wavefield.[106] 
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3. MATERIALS 

3.1 ZINC OXIDE  

Zinc oxide (ZnO)[35] is a heavily investigated semiconductor,[107–110] and a promising candidate, 

among others, e.g., AlN, GaN, to complement or replace the typically silicon-based 

semiconductor technology used in recent applications.[34,35,111] Furthermore, ZnO has the 

potential to enable technologies in the future, such as piezotronic transistors or antimicrobial 

tissue adhesives with nano particles.[112,113]  

ZnO crystallizes either in Rocksalt (high pressure), Zincblende (grown on cubic substrates) or, 

most commonly, in hexagonal wurtzite structure of space group P63mc.[34,35] In the following 

the wurtzite structure form of ZnO is described in detail, as this is the observed structure 

throughout this work. In Figure 3.1 the hexagonal crystal structure is illustrated with a view on 

the a) {10-10} and b) {0001} plane, with one side being Zinc terminated and the other being 

Oxygen terminated.[35] The wurtzite lattice parameters are a = b = 3.25 Å and c = 5.207 Å.[35] 

Furthermore, ZnO is showing a size dependent Young’s modulus in bulk materials, micro- and 

nano wires of 111.2 GPa[114], 73.5 GPa[115] and 29 GPa[116]. 

 

Figure 3.1: a) View on the {10-10} and b) {0001} plane of the ZnO wurtzite structure. Crystal 

axes a, b and c are included. In a), the upper side is Zinc terminated and the lower side Oxygen 

terminated.  

ZnO is a II-VI semiconductor compound with a direct band gap of ~3.3 eV,[34] exhibiting 

increased piezoelectric properties,[35] compared to other semiconductor, e.g., GaN and AlN,[117] 

with piezoelectric strain coefficients e and piezoelectric stress coefficients d (Wurtzite ZnO: 

e31 = –0.57 C/m2, e33 = 1.32 C/m2, d31 = –5.43 pm/V, d33 = 11.7 pm/V)[35]. In previous studies 

it was shown that the electrical properties of ZnO are influenced by defects (e.g., oxygen 
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vacancies)[48,118] and that these defects can be manipulated by ion beam milling or the chosen 

design and size,[119] leading to altered electrical properties.  

The micro- and nanorods utilized in this work were provided by the group of Prof. Adelung 

(Technical faculty, Kiel University) and their novel flame transport synthesis (FTS) approach 

to produce tailor made ZnO structures.[120] Diameter ranging from below 1 µm to few hundred 

µm with typical lengths of tens to hundreds of µm are achievable. A typical batch of ZnO 

structures grown from FTS technique is shown in Figure 3.2 a) and an optical microscope image 

of a single, hexagonal ZnO rod with a diameter of ~148.5 µm produced by FTS is shown in 

Figure 3.2 b). Rods used in the experiments presented in this thesis were similar to the one 

shown in Figure 3.2. These had to be carefully handpicked from the provided batches of ZnO 

structures, to enable an optimal accordance of the rods specifications with the experimental 

objectives.  

 

Figure 3.2: a) Optical image of a batch of ZnO structures grown by the flame transport 

synthesis[120]. b) Optical image of a single, hexagonal grown ZnO rod. 

3.2 GALLIUM NITRIDE 

Gallium nitride (GaN) is a III-V semiconductor compound with a ~3.4 eV wide direct bandgap 

at room temperature.[121] At room temperature and ambient pressure, it crystallizes in the 

hexagonal wurtzite structure of space group P63mc with lattice parameters a = b = 3.19 Å and 
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c = 5.19 Å,[122,123] but forms a rocksalt structure with lattice parameter a = 4.01 Å for pressure 

above 37 GPa.[123] Further, it shows piezoelectric properties with a piezoelectric stress 

coefficients d33 = 3.1 pm/V.[117] GaN is under investigation for a wide range of applications, 

e.g., gas sensing[124], spintronics[125] and piezotronic applications[126].  

3.3 FECOSIB 

(Fe90Co10)78Si12B10, is an amorphous, magnetostrictive metallic alloy[127,128]. These alloys show 

great potential for sensing applications due to a combination of relatively large magnetostriction 

(λS ≈ 10-5) and soft magnetic behavior.[60,129] FeCoSiB was already used as magnetostrictive 

coating in different experiments.[62,129,130]  

3.4 FECO/TIN MULTILAYER STRUCTURES 

Iron cobalt (FeCo) in its α’ phase, at room temperature and around a 50-50 composition, 

crystallizes in the cubic CsCl crystal structure in space group Pm3m with lattice parameter 

a = 2.85 Å.[131,132] Due to its high intrinsic magnetization and magnetostrictive coefficient 

λS ≈ 8 × 10-5,[133] FeCo is used in magnetic alloys and composites.[134] 

Titan nitride (TiN) is well known for its extreme hardness (8-9 on the Mohs scale)[135] and, thus, 

is utilized in many applications, including coatings in the mechanical industry, as buffer layer 

and as diffusion barrier for stabilization of multilayer stacks, i.e., undergoing thermal 

annealing.[134,135] TiN was observed to crystallize in the cubic NaCl structure (space group 

Fm3m) with lattice parameter a = 4.24 Å.[135] 

Multilayers are frequently used to combine properties of different materials in one structure and 

thus enhance or even enable its application.[134,136] Such a multilayer consists of at least two 

materials deposited in an alternating process on top of a substrate, see Figure 3.3 a).  

It was shown that as-deposited FeCo exhibits hard magnetic properties and a annealing process 

is necessary to achieve soft magnetic properties,[133] which are beneficial for sensing 

applications. Furthermore, FeCo loses its soft magnetic properties for high film thickness.[137] 

Thus, combining both FeCo and TiN in a thin FeCo/TiN multilayer structure is beneficial for 

the soft magnetic properties, because the FeCo layers are kept thin and the TiN stabilized the 

structure. Two views of a multilayer with alternating FeCo (0.6 nm) and TiN (1.7 nm) layers 

obtained by TEM, are shown in Figure 3.3 b). The changing contrast from left to right in the 

TiN layers may be explained by diffraction contrast, due to crystal orientation.  
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Figure 3.3: a) Sketch of a generic multilayer stack consisting of two different materials (grey 

and blue, e.g., FeCo and TiN) deposited on top of a substrate. b) TEM image of a FeCo/TiN 

multilayer at two magnifications.[138] 
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4. EXPERIMENTAL 

4.1 ZNO ROD SAMPLE PREPARATION 

Batches of ZnO rods produced by the flame transport synthesis, see section 3.1, had to be 

screened by optical microscopy for the right quality and size. A new optical microscope (Zeiss 

Primostar) with a higher magnification, i.e., up to 100 and a theoretical resolution of 800 nm, 

was acquired, enabling a better characterization of the rods. Rods with the desired 

characteristics were picked by hand using a glass pipette and placed on to a sample holder, see 

Figure 4.1, then fixed by a small amount of epoxy, just enough to hold them in place, but as 

little as possible to not cover the rod all around. Over the years multiple improvements to the 

sample holder, mounting procedure and coating process have been established. Figure 4.1 a) 

shows the first version of a 3D printed push-to-pull sample holder provided by Dr. Jorit Gröttrup 

(AG Adelung, Technical Faculty, Kiel University). First step, the whole sample holder was 

coated with gold (Au) to achieve a conducting surface, besides small parts covered in Kapton 

foil to prevent an electrical shortcut between the two contacts, important for electrical 

examinations. Next, the desired ZnO rod is placed on the sample holder, red circle indicates 

rough position, and one end of the rod is fixed to the sample holder by silver glue, lower end in 

this image. Next step was the implementation of an ohmic contact on the other half of the rod 

by deposition of aluminum (Al) and shading the rest with a piece of Al foil. This end was then 

fixed by silver glue, as well. Finally, two electrical conducting wires were attached by silver 

glue, ass seen in Figure 4.1 a). These enabled an electrical examination of the rod and its 

electrical properties by a sourcemeter. 

Two problems arise from this design:  

(1) Silver glue tends to deform while drying, causing high mechanical stress  

(2) Shading for the Al was very unprecise causing many not usable samples  

Figure 4.1 b) shows an optimized version of sample holder design, to specifically tackle these 

problems. An (almost) volume invariant epoxy (UHU Plus Endfest 300) was chosen to 

simultaneously fix the two rod tips, causing much less mechanical stress. A sputter holder, see 

Figure 4.1 c), was built to implement a precise deposition of Au (Schottky contact) and Al 

(ohmic contact) on the ZnO rod. Comparing the difference in distance between the deposited 

Au and Al at the left and right side in Figure 4.1 d) gives a precision of ~100 µm for the 

sputter mask. The main body of the sputter holder is Polytetrafluoroethylene (PTFE, brand 

name Teflon) of octagonal shape to enable the deposition from multiple directions. The 
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sputtering mask is a construction of two metal plates, above and below the sample holder, 

with a 1 × 20 mm² wide slit on both sides. Furthermore, the loose wires from the first version 

of the sample holder were replaced by a connector to enable an easier and safer connection to 

the sourcemeter. 

 

Figure 4.1: a) Example of 3D printed push-to-pull sample holder for a single ZnO rod (red 

circle) with loose wire connections to the sourcemeter, used in the years 2015-2018. b) 

Improved sample holder design from the years 2018-2020, with a connector for easier 

connection to the sourcemeter, see inset, and a more precise deposition of Au and Al realized 

by a sputter holder. c) Sputter holder designed in 2018, with an included mask (slits at the top 

and bottom) to enable precise sputtering from one of eight directions, see octagonally shaped 

main body (PTFE). d) Al (top) and Au (bottom) deposited on a sample holder in the sputter 

holder. 

Another type of sample holder was specifically designed to enable the investigation of ZnO 

rods with only one end of the rod fixed, thus enabling a further reduction of stress due to the 

mounting process. The single-end fixed rod (SEFiR) sample holder. Its development started 

with a fairly simple first approach by mounting a ZnO rod to the tip of a thinned glass pipette 

and coating it, as seen in Figure 4.2 a). This enabled an investigation of the rod by X-ray 
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scattering, but no electrical examination of the rod was possible. The next design step was the 

implementation of connections for electrical measurements of the rod and its metal contacts. 

The advanced SEFiR sample holder is shown in Figure 4.2 b). It enables a parallel investigation 

of the structural and electrical properties by X-ray and sourcemeter, respectively. This specific 

sample holder was coated with FeCoSiB from the top, purchased from Evochem Advanced 

Materials GmbH.  

 

Figure 4.2: a) Single ZnO rod (red circle) with one end fixed to a glass pipette and coated with 

Au. b) Advanced design of the single-end fixed rod (SEFiR) sample holder with the ability for 

electrical examinations, here, ZnO rod coated with FeCoSiB. c) Building scheme for the SEFiR 

design in five steps, starting by fixing the rod on the sample holder.  
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Figure 4.2 c) depicts a sketch of the construction steps for the advanced SEFiR design.  

(1) Fixing the tip of a ZnO rod on top of a 3D printed sample holder with a small amount 

of adhesive (UHU Sekundenkleber flüssig), parts of the rod tip must be kept free from 

adhesive to enable conduction later. 

(2) An electrically isolated Cu wire is connected to the rod tip by silver glue. Inside the 

silver glue the isolation must be removed. If an ohmic contact is desired at this rod tip, 

it must be coated before the silver glue is applied, e.g., with Al.  

(3) The silver glue, the (possible) Al coating and a part of the ZnO rod are encapsulated in 

epoxy (UHU Plus Endfest 300).  

(4) An Cu wire is fixed to the sample holder by silver glue. 

(5) The whole sample holder is coated with the desired material, e.g., Au, FeCoSiB or Al.  

Afterwards, both wires are fixed by adhesive (UHU Sekundenkleber gel) and silver glue to a 

connector (inset, Figure 4.1 b) to enable electrical investigations. The isolated wire from point 

(2) and the epoxy encapsulation in (3) prevent an electric shortcut and enable an investigation 

of the rod’s electrical properties. 

4.1.1 DEPOSITION TECHNIQUES 

Two different deposition techniques were used in the assembling process of the sample holders; 

thermal evaporation[139] for the deposition of Au and Al films, and magnetron sputtering[140] for 

FeCoSiB deposition. Thermal evaporation is a common physical vapor deposition (PVD) 

process utilized to deposit thin films on substrates.[141,142] Here, the desired material was placed 

in a tungsten evaporation boat, heated by electrical resistance of the boat above the materials 

evaporation temperature and deposited on to a substrate placed above the boat. A quartz micro 

balance was used to monitor the deposition rate and keep it at around 0.5 Å/s. The whole process 

was performed under vacuum of ~ 10-4 mbar, limiting interactions of the evaporated material 

with contaminants, e.g., air molecules, enabling a ballistic trajectory towards the substrate In 

the deposition process, performed for this thesis, two sputter masks, see Figure 4.1 c), were 

used in parallel to deposit two specimen in one run. A Univex 300 vacuum chamber from 

Leybold vacuum was utilized. But thermal evaporation has its restrictions, e.g., it can’t be 

utilized to deposit alloys, e.g. FeCoSiB, because the different evaporation temperatures of the 

included materials would cause an altered composition of the resulting film.[143] To deposit such 

alloys magnetron sputtering[140] may be used. A target of the desired deposition material is 

mounted on a magnetron sputtering head inside a vacuum chamber and an electric field is 

applied between the target and the substrate, together with an additional magnetic field. A 
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plasma, e.g., argon, ignites above the target. The electric field causes an acceleration of the 

argon ions towards the target and a removal of target material due to impacts. The additional 

magnetic field increases the ionization rate due to electron trapping and, thus, increases the 

sputter rate of the process. In this thesis, a radio frequency (RF) magnetron[140] (Mantis 

Deposition Ltd.) was used. The specimen was placed at a distance of ~15 cm from the target 

and sputtering power was set to 60 W, limiting the thermal damage of the process and 

prohibiting thermal deformation of the sample holder. The vacuum chamber was initially 

pumped to a pressure of ~10-8 mbar by a combination of rotary vane and turbomolecular pumps, 

followed by an introduction of argon gas up to ~10-2 mbar, until the plasma ignites. After 

ignition, the pressure was reduced to ~6⸱10-3 mbar. This resulted in a sputtering rate of 

~ 0.25 Å/s for FeCoSiB.  

4.1.2 SAMPLE ENVIRONMENT  

The sample environments, shown in Figure 4.3, are components dedicated to combine the 

above introduced sample holders, with a connection to a sourcemeter and a piezo actuator to 

apply a mechanical stress to the sample holder and, thus, to the ZnO rod. Further, the sample 

environments have an open space below the sample holder to allow X-rays passing through 

and a goniometer adapter, enabling diffraction experiments on the ZnO structures. Over the 

years, the sample environment design was improved several times as shown in Figure 4.3.  

Figure 4.3 a) shows version 1 from year 2015. It is a 3D printed device, housing a piezo 

actuator, the sample holder, two cables as connection to the sourcemeter and a goniometer 

adapter. Version 2 from 2017, shown in Figure 4.3 b), is milled from aluminum, providing an 

easier connection to the sourcemeter via a connector, improving the sample holder clamping 

by three booms and the piezo actuator is movable on a sliding system, enabling a more 

precise alignment and less broken rods. Further, Kapton shielding was attached to the back 

and front of the environment, preventing sample movement due to air flow through the 

window. Version 3 from 2019 is shown in Figure 4.3 c). There, the piezo actuator is replaced 

by neodymium (NdFeB) magnets, enabling usage of the magnetostrictive materials. An 

adjustable magnetic field strength is realized by changing the sample to magnet distance with 

the sliding system.  
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Figure 4.3: Three versions of sample environments. a) 3D printed sample environment 

constructed in the year 2015. b) Next design iteration built from aluminum, enabling an 

enhanced sample alignment. Both include a piezo actuator, for application of mechanical stress, 

a sample holder, compare with Figure 4.1, a cable connection to a sourcemeter and the 

possibility for X-ray diffraction experiments, see goniometer adapter. c) Third design with the 

piezo actuator being replaced by a neodymium magnet. 
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4.2 CURRENT/VOLTAGE MEASUREMENT 

Current/Voltage (I-V) characterization, often referred to as I-V curve, is a common and 

widespread technique to investigate and characterize properties of all sorts of electrical devices 

and components, e.g., solar cells[144], LEDs[145] and transistors[146]. The measurement principle 

is quite easy to adapt, a voltage is applied to a device and stepwise changed, while the respective 

current is recorded. Thus, the current behavior over a given voltage range is examined.  

Here, I-V curves are introduced to characterize properties of Metal-Semiconductor contacts, 

see section 2.2. A common and important value to characterize of a Schottky contact is the 

barrier height 𝑒𝜑𝑏. This value may be extracted from a semilogarithmic plot of the current 

density (𝑙𝑛 𝐽 vs 𝑉), fitting its forward direction with a linear function and determining the 

intersection 𝑙𝑛 𝐽𝑜 of this fit with the 𝑙𝑛 𝐽 axis.[39,147] 

𝜑𝑏 =
𝑘𝑇

𝑒
𝑙𝑛 (

𝐴∗𝑇2

𝐽𝑜
) (4. 1) 

With Boltzmann constant 𝑘, temperature 𝑇, effective Richardson constant 𝐴∗ and elementary 

charge 𝑒. For higher voltages, I-V curves usually deviate from the ideal behavior[147] for a solely 

thermionic emission driven current given by equation 2.5, this may happen due to 

recombination with holes in the depletion region, high injection of minority carrier, Schottky 

barrier inhomogeneities and further effects,[39,40] thus the value is typically extracted for a small 

voltage range and at low voltages (~ 0.1 V - 0.5 V).  

A further useful parameter to describe a Schottky contact, extracted from an I-V curve, is the 

ideally factor 𝑛.[39,147]  

𝑛 =
𝑒

𝑘𝑇

𝑑𝑉

𝑑(𝑙𝑛 𝐽)
(4. 2) 

𝑑𝑉

𝑑(𝑙𝑛 𝐽)
 is the inverse slope of the semilogarithmic current density plot and it is extracted from 

the same fit as the barrier height. The ideality factor describes the deviation between a measured 

and the theoretical current of a Schottky contact obtained from equation 2.5. To quantify how 

‘ideal’ the measured contact behaves. A factor 𝑛 = 1 is the ideal case, while a higher value is 

a sign for effects, modifying the Schottky barrier, e.g., recombination processes, tunneling or 

Schottky barrier inhomogeneities.[39,40,45] 
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4.3 X-RAY INSTRUMENTATION 

Three X-ray sources have been utilized throughout this thesis and a comprehensive overview 

of the specific sources, their specifications and characteristics are given here. 

o Laboratory source FRED: Located at Magnussen group laboratory in the institute of 

experimental and applied physics at Kiel University, is a four-circle diffractometer with 

a rotating copper anode X-ray source operating at 8.04 keV, a beamsize down to 0.1 

mm × 0.1 mm is achievable.[148] Multiple setups are available ranging from a high flux 

(~2 × 108 ct/s) to a high resolution (~2 × 10-4 Å-1) mode.[148] It is used for X-ray 

diffraction and reflectometry experiments.  

o Beamline P03 (MiNaXS): Undulator beamline at the Deutsches Elektronen Synchrotron 

(DESY) in Hamburg with two, separate end stations, optimized for micro and nano 

focused beams.[149,150] The accessible photon energy ranges from 9 keV to 23 keV and 

a Kirkpatrick-Baez (KB) mirror[151] is used to focus the beam down to 250 nm × 350 

nm. For the sample translation a hexapod with an attached piezo stage is available at the 

nano focus end station. The beamline is used for small and wide-angle X-ray scattering 

experiments.[152–154] Enabling Bragg diffraction experiments. 

o Beamline ID-34-c: Located at the Argonne National Laboratory (ANL), this undulator 

beamline with a six-circle diffractometer is part of the Advanced Photon Source 

(APS).[155] Accessible photon energy ranges from 5 keV to 15 keV, with a beam focused 

by a KB mirror down to roughly 0.6 µm × 0.6 µm with a coherent volume of ~ 0.2 µm3, 

but it may be slightly widened by utilizing diffraction from a slit system, enabling the 

investigation of bigger samples (~ 1 µm).[155] It is dedicated to coherent X-ray scattering 

experiments.[156,157] 

4.4 X-RAY REFLECTOMETRY 

For reflectometry measurements, introduced in section 2.6, the laboratory X-ray source FRED 

was used, see section 4.3. The diffractometer and its reflectometry geometry are shown in 

Figure 4.4. X-rays are generated by a rotating Cu anode and collimated by a multilayer X-ray 

mirror. After exiting the anode, the X-ray beam is spatially defined by a motorized slit system 

followed by an absorber wheel to attenuate the beam intensity to the desired level, i.e. mostly 

given by saturation of the detector. The specimen sits in the center of a four-circle Eulerian 

cradle and is fixed on a partly motorized sample stage. After reflecting from the sample, the 

beam is passing through an evacuated flight tube and is measured by a detector. The utilized 
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detector was a Mythen 1D strip detector from Dectris. For reflectivity measurements the sample 

is aligned perpendicular to the beam while shading half of it. Further, the reflected signal is 

detected for angles from below the critical angle ~ 0.33 °, see section 2.6, up to 5 ° with an 

angular resolution down to 0.005 °.  

 

Figure 4.4: Laboratory source FRED used for X-ray reflectometry investigations. The X-rays 

are generated by a rotating X-ray anode, passing through a slit system and absorber wheel, the 

sample is fixed on a motorized sample stage mounted to a four circle Eulerian cradle. The 

intensity is measured by a detector.  

4.5 SCANNING NANO X-RAY DIFFRACTION 

Scanning nanofocus XRD (nXRD) is an X-ray scattering technique, introduced in section 2.5, 

using a small beam to access spatially resolved information’s on the crystalline structure and 

properties. A small beam diameter, down to 100 nm, is combined with a scanning approach, 

moving the specimen step wise through a X-ray beam.[26,27,152,158]  

 

Figure 4.5: a) Scattering geometry for investigation of a {000l} ZnO Bragg reflection, scattering 

vector 𝑞  is pointing along the c-axis of the rod and is defined by the incoming and final wave 

vectors �⃗� 𝑖 and �⃗� 𝑓, respectively. b) For nXRD the beamsize is typically much smaller than the 

specimen size, thus holds informations on a confined crystal volume. The incoming beam is 

passing through the whole specimen and its scattered signal is a superposition from multiple 



 

40 

 

coherently scattering regions along this path, indicated by �⃗� 𝑓′𝑠. c) A linescan across the rod 

holds spatial resolved informations. 

In Figure 4.5 a) a sketch of the utilized scanning nXRD scattering geometry is shown. An 

incoming beam is scattered by the crystal structure of a ZnO rod and a Bragg reflection is 

measurable in the final direction of the beam, with the two respective wave vectors �⃗� 𝑖 and �⃗� 𝑓 

being linked to the scattering vector 𝑞 . For a measurement of one of the {000l} Bragg 

reflections, the scattering vector is pointing along the c-axis of the ZnO, here, parallel to the 

rod axis. Nowadays, the Bragg reflection is typically recorded by a two-dimensional detector 

and gives access to the lattice parameter of the crystalline structure, size of the coherently 

scattering crystal volume and the present strain. The incoming beam, with its small diameter, 

is passing through the whole specimen volume, as seen in Figure 4.5 b). Due to the huge 

specimen size compared to the coherence length of the beam it is sensible to assume that the 

scattering does not occur fully coherent and, hence, the scattered intensity recorded by the 

detector is a superposition of signals from incoherently scattering volumes along the probed 

volume, indicated by multiple wavevectors �⃗� 𝑓′𝑠. Thus, the spatial resolution of this technique 

is limited to the two dimensions perpendicular to the beam direction. Further, to achieve a 

spatially resolved measurement the specimen must be moved step wise through the beam, with 

the scattering signal recorded at each position, as shown in Figure 4.5 c). Typical step size is 

around the size of the beam diameter and, thus, the spatial resolution is of a similar size. Here, 

a one-dimensional linescan across a rod is depicted. But two-dimensional scans are possible, as 

well, by scanning the specimen along the second, perpendicular direction to the beam.  

4.6 COHERENT X-RAY DIFFRACTION IMAGING GEOMETRY 

Figure 4.6 shows a sketch of the scattering geometry for BCXDI, introduced in section 2.8, 

investigating a Bragg reflection in the basal plane of a ZnO rod. The incoming beam �⃗� 𝑖 is 

scattered by the crystal structure in the direction of the final beam �⃗� 𝑓, defining the scattering 

vector 𝑞  and constructing the scattering plane, which is in the plane of the two scattering 

vectors. A two-dimensional area detector collects the scattered intensity from the sample and a 

cut through a simulated reciprocal space around a Bragg reflection of a hexagonal structure is 

shown as the obtained detector image. Further, a rocking scan of the ZnO rod is performed by 

rotation around the c-axis of the rod, as depicted in Figure 4.6. 
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Figure 4.6: X-ray scattering geometry for the investigation of Bragg reflections in the basal 

plane of a ZnO rod. Scattering vector 𝑞  is defined by the incoming and final wave vector �⃗� 𝑖 and 

�⃗� 𝑓, respectively. A simulated diffraction pattern is shown as detector image.  

The CXDI results presented in this thesis were reconstructed with a combined approach of the 

ER and HIO (β = 0.9) algorithms in an alternating usage, and an additional partial coherence 

correction. The shape was defined by a shrink wrap algorithm with a low to high resolution 

approach. For every measurement 200 reconstructions with random starts (phase) were 

performed to achieve a statistically reasonable result. An error metric calculated from the 

deviation of measured and reconstructed amplitude was used to evaluate and pick the best 

reconstructions. These were then correlated, to correct for a center symmetric shift of the 

electron density,[105] and one final reconstruction was calculated. 
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5. RESULTS 

This chapter is consisting of five manuscripts resulting from studies conducted over the course 

of this doctorate, of which four are published in peer-review journals and one is prepared for 

submission. The layout of the respective manuscripts is adapted to the thesis and the references 

are included in the bibliography at the end of the dissertation.  

5.1 LOCAL STRAIN DISTRIBUTION IN ZNO MICROSTRUCTURES VISUALIZED WITH SCANNING 

NANO X-RAY DIFFRACTION AND IMPACT ON ELECTRICAL PROPERTIES 

5.1.1 PUBLICATION 1 OVERVIEW 

The electrical and structural properties of ZnO microstructures were investigated by means of 

current/voltage measurements and X-ray investigations, with the goal of correlating the 

measured electrical characteristics of the microstructures with their crystalline structure and 

quality. ZnO rods, described in section 3.1, were mounted on dedicated, 3D printed sample 

holders, see section 4.1. For this, the rods were screened optically to choose those with a good 

hexagonal appearance, handpick and mount them on sample holders, in total, around 40 to 50 

samples were prepared. Roughly the same number of samples broke during the delicate 

mounting process. For the conduction of, both, electrical and structural investigation on the 

same rod, two sample environments were constructed, see section 4.1.2, and utilized for two 

synchrotron beamtimes at the nano focus end station of beamline P03, Petra III located at the 

DESY in Hamburg. There, the spatially resolved measurements of the ZnO crystal structure 

were conducted by scanning the ZnO rods through the beam and collecting the Bragg 

reflections, introduced in section 4.5.  

This section is a manuscript published in Advanced Engineering Materials, highlighting the 

impact of the crystalline structure of three ZnO micro rods on their electric properties, i.e. of 

the Schottky contact.[159] (https://doi.org/10.1002/adem.202100201)  

 

Local Strain Distribution in ZnO Microstructures Visualized with Scanning Nano X-ray 

Diffraction and Impact on Electrical Properties  

 

Philipp Jordt, Stjepan B. Hrkac, Jorit Gröttrup, Anton Davydok, Christina Krywka, Niklas 

Wolff, Lorenz Kienle, Rainer Adelung, Olaf M. Magnussen, Bridget M. Murphy 
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5.1.2 ABSTRACT 

The fast and contact free detection of biomagnetic vital signs could benefit clinical diagnostics 

in medical care, emergency services and scientific studies, hugely. A highly sensitive 

magnetoelectric sensor for detection of biomagnetic signals combined with the piezotronic 

effect is a promising path to increase the signal detection limit. Here, we present results of three 

ZnO microrods examined by nano X-ray diffraction and current voltage curves to investigate 

the crystalline structure influence on the Schottky contact properties. The measurements reveal 

different strain distributions for the three rods and that these are linked with the electrical 

properties, showing that the crystalline quality has a direct influence on the Schottky contact 

properties. An analytical model was created to determine the influence of the stress. Although 

rotation of the strain orientation changes the strain appearance in the measurement, it does not 

affect the Schottky contact properties.  

5.1.3 INTRODUCTION 

Semiconductor based magnetoelectric sensors could establish a new generation of sensor 

devices by combining magnetostrictive with piezoelectric materials.[160,161] These may be used 

to detect biomagnetic fields from the human physiology if sufficient sensitivity is met.[162–164] 

The magnetostrictive component reacts to an external magnetic field with a strain that is 

transferred into the piezoelectric component where it induces a piezoelectric potential.[160] This 

measurable potential change is directly correlated to the magnetic field strength. While direct 

detection of the piezoelectric potential only shows limited success for biomagnetic fields, a 

combination of this potential with a Schottky contact at a semiconductor metal interface [40,165] 

provides a promising alternative, called the piezotronic effect[13,112]. The Schottky barrier height 

is modified by the piezoelectric potential and is detectable as an altered current flow over the 

contact.[53] A wide range of piezotronic applications are under development, including 
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transistors, energy harvesting and sensors.[19,20,52,166,167] The piezotronic effect was described 

for a first time by Wang and Song.[14] Single ZnO nanowires were deflected by a conductive 

atomic force microscope tip. The rod bending lead to a piezoelectric effect induced potential 

which in turn changed the Schottky barrier height and thus generated a current. An in situ TEM 

study on ZnO nanowires visualized the crystal structure and simultaneously measured the 

current/voltage (IV) curves, showing a striking impact of bending on the conductivity.[16] This 

was attributed to a bending induced carrier trapping effect and reduction of the conduction 

channel size.  

The Schottky contact and its barrier height are of great importance for the piezotronic effect,[45] 

for ZnO it was found that Al containing contacts lead to an ohmic behavior, while Au and Ag 

typically result in a Schottky contact with barrier heights of ~ 0.7 eV and ~ 0.8 eV, 

respectively.[45] Due to vacancies at the surface the contact formation and barrier height are 

hugely influenced by Fermi level pinning[168], which pin the ZnO Fermi level close to the 

oxygen defect level around 0.7 eV below the conduction band.[48] Additionally, the amount of 

vacancies near the interface strongly impact the Au/ZnO Schottky barrier height, ranging from 

an ohmic behavior for a high defect rate to a Schottky contact with a barrier height of 0.48 eV 

at a low defect concentration, with the reverse current being decreased by 2 orders of 

magnitude. [118]  

Cathodoluminescence spectroscopy was used to investigate the density of point defects inside 

ZnO wires. It was shown that the defect density and, hence, the contact properties can be 

manipulated by the rod diameter and specific treatments such as ion milling and electron beam 

heating were used.[119]  

Nano X-ray diffraction (nXRD) is an established technique to investigate the strain distribution 

with a high spatial resolution in microstructures.[169–171] In such a study, a 15 µm nanocrystalline 

CrN film was investigated utilizing a 100 nm sized X-ray beam. Inside the sample, regions of 

small crystallites rich in defects were found and attributed to nucleation zones. Improved 

mechanical properties of thin polycrystalline multilayer films were assigned to structural 

defects in the multiple nucleation zones.[172] A further study utilizing nano focused diffraction 

investigated defect rich GaN structures and showed that by tailoring the growth parameter an 

annihilation of threading dislocation is achieved.[153] 

Previous nXRD studies by the authors investigated the strain behavior of micrometer sized ZnO 

rods coated with magnetostrictive FeCoSiB. A rod, up to 27 µm in diameter, exhibits an 

intrinsic compressive strain of 5.5 × 10-4 and an additional, magnetic field induced strain of 

1 × 10-4 near the ZnO interface.[62] In a further publication, it was shown that the intrinsic strain 
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in ZnO rods can be tuned by modifying the rod dimension. The interface strain increases from 

0.7 × 10-4 to 4 × 10-4 for a decreasing diameter from 50 µm to 5 µm.[152] 

In this study, scanning nXRD and electrical examinations by I-V measurements are combined 

to investigate the crystalline structure and, by doing so, link the strain distribution inside ZnO 

rods with the Schottky barrier’s electrical properties. Utilizing the nXRD technique, the strain 

was measured with a high reciprocal space resolution of 10-5 and a spatial resolution of 200-

250 nm. Compared to other semiconductors with wurtzite-type structure, e.g. AlN and GaN, 

ZnO microstructures provide a large piezoelectric coefficient d33 (5.1 pm/V, 3.1 pm/V and 12.3 

pm/V, respectively)[117,173] and are an ideal choice for the study of structure-property relations 

at the Schottky contact with X-ray sources. Three ZnO rods (R1 to R3) were investigated in 

this study, see the experimental section below for details regarding the samples and techniques. 

The recorded I-V curves for the three rods vary from near ideal, rectifying behavior to non-ideal 

behavior with huge reverse currents. The respective Bragg reflections, measured across the rod 

by scanning nano X-ray diffraction, vary from a single sharp Bragg peak for R1, to a broader 

peak distribution for R2 and a number of individual peaks close together for R3, as shown in 

Figure 5.2 g-i). The multiple peaks are evidence of different crystal domains and their 

boundaries will be associated with higher defect densities in the crystal. These crystal defects 

result in non-ideal Schottky barrier properties. Furthermore, an analytical model was created 

demonstrating that, depending on the measurement orientation, similar strain distributions may 

lead to different appearing measurements. Due to limited time available at modern synchrotron 

sources, required for this demanding experiment, a small selection of samples was measured. 

This study aims to show that the variety in the crystalline structure has considerable impact on 

the electrical properties and especially the Schottky contact. 

5.1.4 RESULTS AND DISCUSSION 

A sketch of the experimental geometry in Figure 5.1 a) shows an Au coated ZnO microrod 

probed by an X-Ray beam. The momentum wave vectors kin and kout represent respectively the 

incoming and scattered X-Ray beam, given by the scattering vector q of the {000l} Bragg 

reflection. The scattering vector is pointing along the c-axis of the ZnO rod and the length is 

inverse proportional to ZnO’s lattice parameter c. As it is difficult to identify an unstrained 

region within all three samples, we chose a reference value for a nominally unstrained sample 

of c ≈ 5.206 Å, which is the average value of a selection of references for ZnO at room 

temperature and ambient pressure.[174–177] The relative (macro)strain defined as 휀 =
𝑞0
𝑞⁄ − 1, 

is determined from the measured Bragg reflections position q and the value q0 calculated from 



 

47 

 

the reference lattice parameter c.[178] Macrostrain denotes an overall movement of the 

diffraction peak due to lattice parameter change.[179] Microstrain describes a local strain and its 

distribution in a coherent scattering region of the crystal leads to a broadening of the diffraction 

peak.[179] A positive strain is defined as tensile, describing increased lattice parameters in 

contrast to a negative, compressive strain referring to a shrinking of the lattice parameter.  

 

 

Figure 5.1: a) Sketch of the scattering geometry in this experiment. The incident kin and 

scattered kout wave vectors define the scattering vector q, which is oriented parallel to the ZnO 

rod’s c axis and probes the {000l} Bragg reflections in the Au coated rod. The strain is sampled 

with a sub-µm step sized linescan along the x direction. b) Example of a Bragg reflection map 

visualizing the Bragg reflections (inset right) intensity and q values as a function of the spatial 

position x of the linescan across the sample (inset left). Compared to Figure 5.2 g-i) the strain 

map is tilted for an easier visualization of the concept.  

To investigate a cross-section of the sample, a linescan was performed and the recorded Bragg 

reflection position holds access to the average, local strain with a spatial resolution of 250 nm, 

defined by the beam size and step size. For a line scan, the rod is moved in steps through the 

nano X-ray beam, as shown in the top left of Figure 5.1 b), and a Bragg reflection (Figure 5.1 b, 

top right) is recorded at each position. The Bragg reflection and its corresponding linescan 

spatial position x are combined in a Bragg reflection map, as exemplary shown for rod R1 in 

Figure 5.1 b) (further views of the map are included in the supplementary information, Figure 

7.1).  
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5.1.4.1 CURRENT-VOLTAGE INVESTIGATIONS 

IV curves were measured to characterize the electrical properties of the three ZnO rods, see 

Figure 5.2 a-c). The Schottky barrier height Φbh and ideality factor n were determined for all 

three samples by fitting the semi logarithmic I-V curves with a linear function.  

An overview of the values is presented in Table 5.1 and are in agreement with previous results 

for ZnO Schottky contacts.[45] R1 and R2 (Figure 5.2 a,b)) show, qualitatively, the expected 

behavior of a rectifying Schottky contact with a distinct forward (positive voltage regime) and 

reverse direction.[39] But the ideality factor for R1, in contrast to R2, is bigger and a higher 

reverse current is measured. It appears that the Schottky contact of R2 is of higher quality. 

Figure 5.2 c) shows the measured I-V curve for R3 and, in contrast to the two previous rods, 

has a non-rectifying behavior with a huge reverse current and exhibits a high ideality factor. 

The overall behavior appears ohmic-like, even though the resistance of ~1 MΩ is too high for 

an ohmic contact. It appears that a Schottky contact is present, but with a huge reverse current. 

The increased ideality factor and huge reverse current in both R1 and R3 are possibly caused 

by a generation-recombination process in the Schottky depletion region of the ZnO.[39] This 

may be due to crystalline defects in the ZnO as previous studies on Schottky contacts shown 

that that the contact properties are immensely inflicted by defects near the interface[118,180] and 

that contact properties can be tailored by these.[119]  

5.1.4.2 SCANNING NANO XRD ON ZNO RODS 

Complementary scanning nano XRD was performed to investigate the crystalline structure in 

the three rods. The {0004} Bragg reflection was investigated for rod R1, R2 and the {0002} for 

R3. The respective rocking scans are shown in Figure 5.2 d-f) and were performed by varying 

the angle θ, see Figure 5.1 a), with the X-ray beam positioned at the center of the rods at x = 0. 

These Rocking scans were fitted with a Gaussian function and a full width at half maximum 

(FWHM) of 0.027 ± 0.003 °, 0.030 ± 0.003 ° and 0.042 ± 0.004 ° were found for R1, R2 and 

R3, respectively. From the Scherrer equation the respective size of coherent scattering crystal 

volume was calculated to be 264.5 ± 45.6 nm, 236.3 ± 27.1 nm and 317.5 ± 42.3 nm.[181] This 

is comparable to the volume probed by the X-ray nano beam (beam size (h × v) 

R1, R2: 250 nm × 350 nm; R3: 300 nm × 350 nm) and thus provides a lower limit for the size 

of coherent scattering regions in the crystal. 



 

49 

 

 

Figure 5.2: a-c) I-V curves for samples R1, R2 and R3, respectively. Including the Schottky 

barrier height Φbh and ideality factor n of the forward current. d-f) Rocking scans collected for 

the three rods and fitted with a Gaussian function. Note that R1 (d) and R2 (e) are collected at 

Bragg reflection {0004} and R3 (f) at {0002}. g-i) Respective Bragg reflection maps for R1, 

R2 and R3 visualizing change across the three rods. The insets show cuts through the Bragg 

reflection maps at x = -16 µm, -1.25 µm and 3 µm, respectively.  

After the rocking scans were measured, Bragg reflection maps were collected to further 

investigate the behavior of the three rods by performing linescans along the x axis. Figure 

5.2 g-i) show Bragg reflection maps with fundamentally different behavior for the rods R1 to 

R3. Insets show cuts through the respective Bragg reflection map. For comparison, all three 

presented linescans were measured in the Ag (R1 and R2) or Au (R3) covered parts of the ZnO 

rod and are representative for the overall behavior of the respective sample, further scans from 

five different positions on the samples are shown in Figure 7.2 to Figure 7.4 in the 

supplementary information. The values for the mean scattering vector qmean and mean strain 

εmean in the rods and the minimum and maximum values qmin and qmax of the Bragg reflection 

maps are listed in Table 5.1.  
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Table 5.1: The Schottky contact metal, the barrier height Φbh and ideality factor n, both 

calculated from the I-V curves, for the Schottky contacts of the samples R1, R2 and R3. For all 

three samples the mean values of the scattering vector qmean extracted from the Bragg reflection 

maps and strain εmean, calculated form qmean, are presented. Furthermore, the minimum qmin and 

maximum qmax value from a 10% threshold to the maximum intensity of the Bragg reflection 

maps are listed. The bending radius for R1 and R2 is calculated from qmin and qmax. 

 

sample contact 
metal 

Φbh 
[eV] 

n qmean 

[Å-1] 
εmean 

[10-3] 
qmin 

[Å-1] 
qmax 

[Å-1] 
bending 
radius 
[mm] 

R1 Ag 0.60 ± 0.02 5.4 ± 

0.7 

4.8246 ± 

0.0008 

0.63 ± 0.16 4.823 ± 

0.0003 

4.8266 ± 

0.0003 

74.5 ± 9.5 

R2 Ag 0.70 ± 0.04 2.2 ± 

0.4 

4.8237± 

0.0028 

0.82 ± 0.55 4.8178 ± 

0.0003 

4.8293 ± 

0.0003 

6.4 ± 0.5 

R3 Au 0.62 ± 0.01 5.9 ± 

0.2 

2.4436 ± 

0.002 

-12.19 ± 0.80 2.4392 ± 

0.0002 

2.4475 ± 

0.0002 

- 

 

The qmin and qmax values are calculated as the minimum and maximum values of the scattering 

vector present in the Bragg reflection maps that show an intensity above a threshold of 10% of 

the maximum Bragg intensity. The Bragg reflection map of R1 in Figure 5.2 g) shows a well-

defined distribution at each x position of the rod. Additionally, a uniform, almost linear change 

from left to right is observed. The positive, tensile strain εmean in Table 5.1 indicates that the 

lattice constant of the rod is extended along the c-axis and the linear change refers to a rod 

bending[182], the left edge of the rod is compressed relative to an extended crystal size at the 

right edge. Therefore, the rod is bent towards the left with a bending radius of 74.5 mm. (For 

further information on the bending radius calculation see the supplementary information). 

Furthermore, towards the right edge, between the positions x = -3 µm and -18 µm, the 

distribution is split with the maximum intensity decreasing by an order of magnitude, the overall 

q distribution width increases and two local maximums emerge as depicted in the inset of Figure 

5.2 g), more detailed in Figure 7.5 in the supplementary information.  

The Bragg reflection map of R2 shown in Figure 5.2 h), displays a hexagonal shape. In contrast 

to the behavior in sample R1 with its linear change, here, it shows a wide range of well 

distributed crystal lattice sizes for all positions x. The huge FWHM of the Bragg reflection of 

7.9 × 10-3 Å-1 in R2 exemplary at x = 5 µm compared to 6.7 × 10-4 Å-1 for R1 at position 

x = 12 µm could be considered an indication for smaller size of coherent scattering crystal 

volumes, microstrain in these volumes or a combination of both. But this is unlikely because 

the Bragg reflection map of R2 shows an almost homogeneous Bragg intensity distribution and 

no distinct maximum in most of the Bragg reflection map, as shown in the inset of Figure 5.2 

h) and for further Bragg reflections see Figure 7.6 in the supplementary information. It is more 
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likely that this broadening is caused by a (macro)strain change along the probed crystal volume 

in the beam path (see supplementary Figure 7.8) and is probably the result of a rod bending in 

z direction with a calculated radius of 6.4 mm. The bending, observed in R1 and R2, is likely 

the result of a mechanical stress induced while fixing the rod tips to two separate contacts of 

the sample holder to enable the electrical measurements.  

The Bragg reflection map of R3 in Figure 5.2 i) displays a non-uniform behavior with a much 

higher absolute strain compared to the previous two rods. Moreover, peak splitting is observed 

multiple times across the rod with vastly varying q values and spatial sizes along the x direction. 

The peak splitting is shown in inset of Figure 5.2 i) and in Figure 7.7 in supplementary 

information. The peak splitting in the maps of R1 and prominently in R3 is strong evidence for 

the presence of different, coexisting coherent scattering regions that exhibit small differences 

in lattice spacing and/or orientation. These could be caused by a plastic deformation and/or 

fracture of the crystal due to high stress along the c axis, even though a study showed that ZnO 

rods can be elastically strained beyond 3%[183]. This is well above the here reported strain. 

Furthermore, the effect is present in both tensile (R1) as well as compressive strained samples 

(R3) and opposing strains causing the same kind of crystal deformation is unlikely. A better 

explanation is the growth of a non-single crystalline ZnO structure in parts of R1 and in the 

majority of rod R3.  

Examinations of the crystalline quality using transmission electron microscopy (TEM) in 

combination with selected-area electron diffraction (ED) were performed on a similar ZnO rod, 

grown by the flame transport synthesis. The micrometer dimensions of the ZnO rod limited the 

examined area to its tapered tip as illustrated in Figure 7.9. ED pattern of a tilting series 

demonstrate that the ZnO rod exhibits a high crystal quality along the c-axis showing strong 

diffraction patterns usually observed for a single component. However, ED patterns slightly 

tilted away from edge-on zone-axis observation conditions revealed multiple weak reflections 

which could indicate the presence of minor crystalline components[184] or could result from 

dynamical diffraction events in a thick specimen. See Figure 7.9 in the supplementary 

information. 

The growth of multiple crystals within the rod, could lead to at least two possible impacts, first, 

a divergence of the lattice orientation and, second, different lattice parameters for the multiple 

(possibly strained) crystalline structures. In R3 it is likely that a combination of both effects is 

present, resulting in multiple crystallites with different lattice parameter and orientation. At 

domain boundaries an increased density of crystal defects is expected, which is well known to 

influence the electrical properties of Schottky contacts.[118,119] This gives rise to the explanation 
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that the above reported I-V curves and the related electrical properties are the result of 

crystalline defects in the ZnO rods that got indirectly visualized by measuring multiple lattice 

parameter for different crystallites with nXRD. Furthermore, it appears that the number of 

different crystallites has an impact on the electrical properties, as well. In contrast to R1, 

microrod R3 with its apparent high amount of vastly differing crystallites exhibit a higher 

reverse current, possibly due to the higher number of domain boundaries and, hence, defects 

that contribute to the generation recombination process in the Schottky depletion region and 

decrease of the barrier height, e.g. due to inhomogeneities.[39,40,180]  

5.1.4.3 STRAIN MODEL FOR HEXAGONAL STRUCTURE 

For a more quantitative description of the measured strain distributions, an analytical model 

was developed to simulate the strain in a hexagonal rod, see Figure 5.3. The model in the x/z 

plane is extended along the y direction. The volume of the simulated rod with diameter d = 1 

µm is divided into 10 nm voxels and to each of the voxels a strain value from an idealized strain 

distribution is attributed. This strain ε includes a constant strain εconst, from a mechanical stress 

along the rod, and a linear component εlin, accounting for a rod bending. The equation for the 

model strain ε is: 

ε(𝑥m, 𝑧m) = εconst + εlin ∙
𝑥m
𝑑

2

         (5.1) 

Here, xm and zm are the model’s spatial coordinates with the rod center at (0,0). These are 

comparable to the axes x and z in the measured data. A constant strain εconst is present within 

the whole volume, with an additional linear change εlin along the xm direction. The rod diameter 

d is included to ensure that the maximum strain εlin is reached at the edges of the rod along the 

x-axis. For the calculation of a model strainmap we recall that the X-ray beam probes at each x 

position a full cross section along y through the sample. Assuming that scattering contributions 

from spatially separated crystallites add up fully incoherent, the X-ray intensity distribution at 

a given strain value  (or, more precisely, in an interval Δ/2 around this value) and position 

x is proportional to the sum of the intensities from all crystallites exhibiting this strain, along 

the beam path in y. The strain map visualizes the intensity for all strain values  and all positions 

x across the sample. Replacing the X-ray intensity from crystallites in the real measurement 

with an amount of model voxels, exhibiting a strain in the specific range Δ/2, and the result 

is an artificial map I(xm,) of the simulated strain in the rod.  
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Figure 5.3: a) Strain distribution of a hexagonal shaped model structure with a linear strain 

increase from left to right. b) The model is rotated clockwise by 90°. c, d) The respective strain 

maps calculated from the model strain distributions in the upper row, the different orientation 

of the shape and strain directly influence the strain maps appearances.  

 

Figure 5.3 a) shows the strain distribution inside a model rod with a constant offset 

εconst = 0.5 × 10-3 and a linear contribution εlin = 0.5 × 10-3. In this way, the strain change from 

the left to the right edge of the rod is 0 to 1 × 10-3. For Figure 5.3 b) the same model strain 

distribution is rotated clockwise around the y axis by 90°. From these simulated strain 

distributions, the respective strain maps were calculated, as described above. In Figure 5.3 c) 

the strain map of the first artificial strain distribution is displayed. It shows a linear strain change 

left to right from 0 to 1 × 10-3 and a mean strain of 0.5 × 10-3, as expected. The second strain 

map in Figure 5.3 d), calculated from the rotated strain distribution, has a mean strain of 

0.5 × 10-3, as well. But it shows no linear increase of the strain in any direction, instead a well-

distributed broadening of the strain ranging from 0 to 1 × 10-3 with a reduced strain intensity. 

These simulations imply that the Bragg reflection maps in Figure 5.2 d-f), displaying a striking 

similarity to the strain maps in Figure 5.3 c,d), are linked to the strain distribution and further, 

that the q range and shape of the maps are a direct result of the present strain distribution in the 
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rods. Furthermore, the Bragg reflection maps in Figure 5.2 d,e) for R1 and R2 are comparable, 

but are mainly different due to a rotated strain-to-probing orientation, likely due to bending in 

two perpendicular directions. This explains the qualitatively comparable I-V curves despite the 

difference in the respective strain maps.  

In this study a Schottky barrier height change of around 14 % is reported, linked to the crystal 

quality. This change is by one order of magnitude stronger than a piezotronic induced height 

change of a Ag/ZnO Schottky barrier due to an applied mechanical stress of 70 MPa.[23] Another 

study reported a temperature dependent Schottky barrier height change of 35 % for a 

temperature drop from 300 K to 77 K and attributed this change to a lowering of the carrier 

density with decreasing temperature.[185] The carrier density can also be altered by doping the 

ZnO, e.g. with boron atoms.[186] For graphene/ZnO contacts, the Schottky barrier height was 

found to first increase with rising boron doping concentration but to decrease below the intrinsic 

height after reaching a doping level of 0.15 mol/l, with a relative Schottky barrier height change 

of 56 %.[186] In summary, the impact of the crystal quality is bigger than the strain induced 

change by the piezotronic effect, but is smaller than that of temperature or doping concentration 

induced changes. Furthermore, the reported impact of the crystalline quality is not solely limited 

to an altering Schottky barrier height but, as well, causes a change of the I-V characteristics 

ranging from rectifying Schottky diode to ohmic behavior, as it is known for different contact 

materials.[45] Therefore, the impact of ZnO crystalline quality is diverse and should be 

considered when designing devices and sensors.  

5.1.5 CONCLUSION 

In conclusion, following the electric characterization of Schottky contacts using I-V curves the 

crystal structure in three ZnO microrods was spatially resolved measured by nXRD. It was 

found that a well-defined strain distribution, with non-abrupt changes in the measured crystal 

lattice parameter, is strongly linked to the rectifying Schottky diode characteristics. In contrast, 

a highly strained crystal, exhibiting several coherent scattering domains rather than a single 

domain, causes non-ideal I-V characteristics, probably due to increased defect rates at the 

domain boundaries. It is shown that the crystallinity in semiconductor material has an immense 

impact on their electrical properties and strain revealing nXRD holds an opportunity to 

characterize the crystalline structure in semiconductor-based devices and enhance their 

performance. Further investigations of the crystallinity and a better understanding of its impact 

on the performance of piezotronic devices are a key for the optimization of such sensors. To 

this end, advanced techniques to investigate the crystalline structure are extremely helpful. A 
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combined approach using highly resolved transmission electron microscopy measurements,[187] 

multi Bragg diffraction,[188] and visualizations of the 3D strain distributions by coherent X-ray 

diffraction imaging[189,190] or ptychography[66,191] could provide deeper insights in future 

studies. For textured or polycrystalline samples, texture investigations,[192] or extending 

investigations to amorphous systems pair distribution function analysis from total scattering 

would be beneficial.[193,194] It is clear that X-ray techniques in particular, when combined with 

TEM, can deliver useful information for enhancing device design and performance.  

5.1.6 EXPERIMENTAL SECTION  

Sample Preparation: Flame transport synthesis was used for the production of the ZnO 

microstructures.[120] With this technique, it is possible to produce tailor made ZnO rods with 

diameters ranging from below 1 µm to a few hundred µm and lengths up to mm. Three ZnO 

rods were used, R1 to R3. The diameters of the samples are 55.5±0.6 µm, 15.2±0.6 µm and 

51.3±0.6 µm, respectively. These were determined from optical images, see Figure 7.10 in the 

supplementary information. After both rod tips were fixed with epoxy to a sample holder, one 

end of the rod was coated with 100 nm Al to create an ohmic contact, the other end was covered 

in Ag glue, for sample R3 this end was first coated with 200 nm of gold by thermal evaporation 

and then partly covered with Ag glue. The Ag and Au on the ZnO establish an Schottky contact. 

Furthermore, the Ag glue was used at all contacts to fix and connect wires for the electrical 

measurements. An uncoated part in the middle of the ZnO rod was left free to prevent a short 

circuit between the Ag or Au contact and the Al.  

Scanning Nano XRD: The experiment was performed at the MiNAXS endstation of the 

beamline P03 at the Petra III synchrotron at DESY .[149,195] The photon energy was 13 keV and 

the beam was focused with a Kirkpatrick-Baez mirror [196] down to 250 × 350 nm2 (h × v) at 

the sample position. The first step was the initial search for the Bragg reflection by using a 

Pilatus 300k (R1 and R2) and Pilatus 1M (R3) with a sample detector distance of 24 cm to 

increase the observed q space. In a time-consuming procedure, it was necessary to search for, 

find and optimize the individual reflections of the {0004} (R1 R2), and {0002} (sample R3) 

Bragg reflections. To illustrate the high crystallinity of the rods rocking scans were collected 

and the summed-up detector images of these scans shown in supplementary information Figure 

7.11) illustrating a narrow, high intense distribution of the selected Bragg peak. Further 

reflections found for R1 and prominently R3 are identified as Bragg reflections of the silver 

and gold coating, respectively. Further data was acquired using a Photonic Science CCD camera 

with 65 µm square sized pixels at a detector sample distance of 1.58 m for samples R1 and R2, 
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and 2.56 m for R3. First, a rocking scan was conducted to optimizing the scattered intensity by 

rotating the rods around the x-axis (Figure 5.1 a) and, second, a line scan in x-direction across 

the whole ZnO rod with 200 nm spatial step width. For the calculation of the coherent scattering 

crystal volume size wDS the Scherrer equation was used, 𝑤𝐷𝑆 =
𝐾𝜆

Δ(2𝜃0)𝜃0
, with K = 0.89, X-ray 

wavelength λ, full width at half maximum (FWHM) of the Bragg reflection Δ(2θ0) in radians 

and the Bragg angle θ0.
[181] FWHM and peak width parameter sigma σ of a Gaussian function 

are related by, 𝐹𝑊𝐻𝑀 = 2√2 𝑙𝑛2𝜎.  

Current/Voltage (IV) Measurements: The combination of a Schottky and an ohmic contact 

allows one to measure the forward and reverse current of the Schottky contact. For the electrical 

measurements, a Keithley 2450 Sourcemeter was used to collect the I-V curves in a range of -2 

to 2 V with a resolution of 0.1 V for the samples R1 and R2, and -1 to 1 V with 0.02 V steps 

for sample R3. The current accuracy is between 1x10-9 and 6x10-11 A and further 7x10-4 V for 

the sourced voltage. To distinguish the barrier height and ideality factor of the Schottky contact 

a linear function was fitted to the logarithm of the current in the range of 0.1 V to 0.3 V.[39] The 

intersection of the fitted line with the y-axis defines the current I0 and further the barrier height 

𝜙𝑏ℎ =
𝑘𝑇

𝑞
ln (

𝐴∗𝑇2

𝐽0
), [39] with the Boltzmann constant k, temperature T= 294 K, elementary 

charge q, effective Richardson constant A*= 32 A cm-2 K-2 [111,197] and the current density J0 

equals the current I0 divided by the contact area size. From the fitted slope 
𝑑(ln 𝐽)

𝑑𝑉
 of the fitted 

linear function, the ideality factor n is distinguished by employing 𝑛 =
𝑞

𝑘𝑇

𝑑𝑉

𝑑(ln 𝐽)
.[39] 

Transmission electron microscopy (TEM): TEM has been performed to study the crystallinity 

of the ZnO microstructures. The ZnO samples were transferred to TEM Cu-lacey grids with 

carbon support film after gentle crushing and dispersing them in butanol. A selected-area 

electron diffraction (SAED) tilting series on a ZnO microneedle was performed on a JEOL 

JEM2100 (LaB6, 200 kV) microscope. 
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5.2 MODULATION OF ELECTRICAL CONDUCTIVITY AND LATTICE DISTORTIONS IN BULK 

HVPE-GROWN GAN 

5.2.1 PUBLICATION 2 OVERVIEW 

As seen in the previous section, the investigation of structural properties is an excellent tool to 

achieve a better understanding of the underlying mechanisms and enhance the further 

development of devices based on the obtained results. In this study the carrier concentrations 

as well as structural differences of as-deposited and etched GaN samples, see section 3.2, were 

investigated by means of photoluminescence, TEM and XRD techniques and the impact of 

etching on the electrical properties was determined. For the X-ray investigations the GaN 

(0004) Bragg reflection was recorded to determine the crystalline structure, complementary 

investigations of the structure were performed by TEM. Furthermore, rocking scans of the 

sample were obtained, to identify the difference between the geometry of the sample and the 

crystal growth direction. 

This section is a manuscript published in ECS Journal of Solid Science and Technology.[198] 

(https://doi.org/10.1149/2.0041908jss)  
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5.2.2 ABSTRACT  

The nature of self-organized three-dimensional structured architectures with spatially 

modulated electrical conductivity emerging in the process of hydride vapor phase epitaxial 

growth of single crystalline n-GaN wafers is revealed by photoelectrochemical etching. The 

amplitude of the carrier concentration modulation throughout the sample is derived from 

photoluminescence analysis and localized heterogeneous piezoelectric response is 

demonstrated. The formation of such architectures is rationalized based on the generation of V-

shaped pits and their subsequent overgrowth in variable direction. Detailed structure analysis 

with respect to X-ray diffraction and transmission electron microscopy gives striking evidence 

for inelastic strain to manifest in distortions of the P63mc wurtzite-type structure. The deviation 

from hexagonal symmetry by angular distortions of the β angle between the basal plane and c-

axis is found to be of around 1°. It is concluded that the lattice distortions are generated by the 

misfit strains originating during crystal growth, which are slightly relaxed upon 

photoelectrochemical etching. 

5.2.3 INTRODUCTION  

Over the last 20 years GaN has become one of the most important semiconductor materials and 

may replace Si in many electronic applications. Particularly, it is already replacing Si in 

LDMOS radio-frequency devices used in base stations for mobile communication as well as 

GaAs for radar applications.[199–205] The highly advantageous properties of GaN-based 

semiconductors such as high electron mobility and saturation velocity, high sheet carrier 

concentration at heterojunction interfaces, high breakdown field, and low thermal impedance 

make them extremely promising for high-power high-temperature microwave applications, as 

evidenced by their high Johnson`s figure of merit.[206–208] Exemplary, solid-state lighting 

optoelectronic devices assembled from white LEDs based on GaN are replacing conventional 

light sources such as incandescent bulbs and fluorescent lamps nowadays. This is due to their 

high efficiency, long operational lifetime, compact form factor, no emission of harmful 

ultraviolet (UV) or infrared radiation and low maintenance cost. A recent review also highlights 

the prospects of GaN LEDs for visible light communications (VLC) in both fiber and free-space 

embodiments.[209] The state-of-the-art technology enabling bandwidth of GaN LEDs in the 

range of >400 MHz has been explored and multi-gigabit- per-second VLC has been 

demonstrated. 

Better performance characteristics than those of Si power devices make also GaN power 

devices promising for automotive applications.[210] These electronic applications are based on 
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using primarily silicon or silicon carbide substrates, since from a synthesis point of view thick 

GaN substrates are commercially unavailable. In spite of considerable progress in addressing 

the challenges related to significant mismatches between crystal lattices and thermal expansion 

coefficients, as well as silicon thermal stability when using Si substrates,[211] GaN-on-Si, GaN-

on-SiC, and GaN-on-Sapphire remain costly solutions. In fact, GaN remains the most costly 

electronic material among the wide bandgap compounds (excluding single crystalline 

diamond). 

For a long time, GaN has been grown by Metalorganic Chemical Vapor Deposition (MOCVD) 

on sapphire, Si, or SiC for research and device applications. However, challenges related to the 

growth of high-performance films remain, still hampering their utilization in devices.[212] 

Therefore, single crystalline GaN substrates are essential for future high-performance devices. 

Nowadays, there are three main technologies used for GaN crystal growth: hydride vapor phase 

epitaxy (HVPE), sodium flux and ammonothermal growth.[213] The last two approaches belong 

to the group of solution growth methods. High structural quality and high purity have been 

demonstrated by using the sodium flux growth method. However, it is supposed that this 

method is a perfect technology for fabricating seeds for further growth of gallium nitride but 

not for mass production of crystalline wafers, because this technological process is quite 

expensive and complicated.[213] On the other hand, the ammonothermal growth seems to be 

appropriate for mass production of GaN crystals, high structural quality substrates with 2-inch 

diameters and various electrical properties being successfully grown.[214] However, the main 

problem of this technology is the low growth rate of up to a few micrometers per hour. Apart 

from that, despite the high crystalline quality, the properties of ammonothermal GaN crystals 

and substrates are affected by the presence of impurities and other defects that hinder their use 

for device applications.[215] Therefore, the most appropriate approach for manufacturing GaN 

substrates is considered HVPE, due to the relatively high growth rate (>100 μm/h) and 

crystallization of high-purity material.15 In spite of important advantages of this technology, 

however, achieving good crystalline quality is still challenging, because of the formation of V-

shaped defects or pits, which lead to the formation of extended inhomogeneous structures upon 

subsequent overgrowth (see for example refs. [216,217]). Self-organized 3D nanostructured 

architectures including quasi-ordered concentric hexagonal structures generated during the 

growth of single crystalline n-GaN substrates by HVPE have been revealed by subjecting the 

samples to electrochemical or photoelectrochemical (PEC) etching.[216] It was supposed that 

these architectures are produced due to a fine modulation of doping related to the spatial 
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distribution of impurities in the volume of samples generated by some peculiarities of the HVPE 

growth. 

In this paper, we demonstrate by means of transmission electron microscopy (TEM) that the 

self-organized nanostructured architectures disclosed by photoelectrochemical etching are not 

related to systematic variations of the crystal structure but by the modulation of electrical 

parameters, e.g. by zero and one dimensional defects. Furthermore, we disclose a monoclinic 

or triclinic lattice distortion of the wurtzite structure by the combination of electron diffraction 

(ED) and X-ray diffraction (XRD) techniques. We estimate the amplitude of modulation of the 

free carrier concentration by making use of photoluminescence spectroscopy. The prospects of 

employing the fine modulation of electrical conductivity for the purpose of nanostructuring by 

design of GaN and related materials are also discussed. We suggest that the lattice distortion is 

kinetically induced and measure residual misfit strains of the crystal which relax upon 

photoelectrochemical etching.  

5.2.4 EXPERIMENTAL DETAILS 

 The experiments have been realized on 2-inch diameter HVPE-grown n-GaN single 

crystalline templates acquired from SAINT-GOBAIN Crystals. The 300 μm thick wurtzite-

phase GaN substrates were of (0001)-orientation with virgin Ga-face and polished N-face. The 

density of threading dislocations in the substrates was in the range (1–2)×107 cm−2. PEC etching 

was carried out in a stirred 0.1 mol. aqueous solution of KOH for periods up to 30 min under 

in-situ ultraviolet (UV) illumination provided by focusing the radiation of a 350 W Hg lamp to 

a spot of about 3.5 mm in diameter on the sample surface. No bias field was applied to the 

sample during etching, the electrical circuit being closed with a platinum electrode in the 

electrolyte and an electrical contact made on the backside of the sample using a conductive 

silver paste. The morphology of as-grown and PEC-etched GaN samples was studied using 

Zeiss Ultra Plus and VEGA TESCAN TS 5130MM scanning electron microscopes equipped 

with INCA Energy 200 EDX System (Oxford Instruments) for chemical composition 

microanalysis, as well as using a NANOSTATION Atomic Force Microscope (AFM) from 

Surface Imaging Systems. The local piezoelectric response has been monitored by the 

piezoresponse force microscopy techniques (PFM) on a SmartSPM 1000 scanning probe 

microscope from AIST-NT. A sinusoidal modulation voltage of 10 V peak-to-peak at a 

resonance frequency of 247 kHz was applied between the conductive tip and the sample. The 

scan was performed in contact mode acquiring the topographic image simultaneously to the 

vertical piezoresponse amplitude and phase. The photoluminescence (PL) spectra were 
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measured in a temperature interval from 10 to 300 K under excitation by radiation from a He-

Cd laser with the wavelength of 325 nm operating in a continuous-wave (CW) mode. 

The transmission electron microscopy investigation was carried out on a FEI Tecnai F30 STwin 

instrument operating at 300 kV (spherical aberration constant CS=1.2) to determine the 

structural features of as-grown HVPE single crystalline templates as well as PEC-etched GaN 

samples using electron diffraction and high-resolution (HRTEM) microscopy. Electron 

transparent cross-sectional specimens (~12x8 µm) were prepared via a dual beam scanning 

electron microscope FEI Helios Nanolab system performing a standard focused ion beam (FIB) 

technique. To account for the high surface roughness and to achieve a more homogenous 

covering of samples subjected to PEC etching we deposited a layer of carbon using the e-beam 

prior to the deposition of platinum protection layers to fill up the concentrically etched trenches. 

For the high-resolution X-ray diffraction (HRXRD) investigations, we used a Rigaku 

Micromax rotating anode with the characteristic Cu-Kα X-ray energy, at a wavelength of 

1.54 Å. The beam size was 1x1 mm2 (h×v) with a resolution of 2×10-4 Å-1. 

5.2.5 RESULTS AND DISCUSSION 

 SEM images demonstrate some quasi-periodical modulation of the physical properties 

of as-grown HVPE samples both on the top surface (Figure 5.4 a), upper part) and in the bulk 

(a cross-sectional view is illustrated in the lower part of Figure 5.4 a). We suggest that these 

features are related to the modulation of the electrical conductivity across the sample volume, 

as SEM is sensitive to electrical parameters of the material. A model describing the occurrence 

of such modulations during the HVPE crystal growth has been proposed previously.[216,217]  

The morphology of a GaN sample subjected to PEC etching as revealed by SEM and AFM is 

illustrated in Figure 5.4 b-d) which discloses concentric rings forming hexagonal patterned 

domains on the surface of the sample as shown in Figure 5.4 b). In PEC etched samples, the 

pattern in SEM images arise due to differences in the rates of electrochemical dissolution of 

regions exhibiting different values of electrical conductivity, while in as-grown samples the 

light-dark pattern is caused by the modulation of the electrical conductivity. So, PEC etching 

proves to be a versatile tool for disclosing patterns of electrical parameters in inhomogeneous 

semiconductors. One can see from Figure 5.4 b) that the formation of nanostructured domains 

starts at certain points at early stages of the crystal growth, and these domains develop further 

according to the previously proposed model.[216] The insert in Figure 5.4 b) suggests that these 

nucleation points are genetically related to sites with a high density of dislocations, which are 

evidenced by PEC etching, since it is well established that the dislocations in GaN are resistant 
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against PEC attack.[218–220] The morphology of regions where differently nanostructured 

domains intersect each other is illustrated in Figure 5.4 c,d). The 3D spatial architecture of these 

porous domains can be described as hollow cones which are concentrically stacked into each 

other as exemplified in Figure 7.12 (Supplementary Information) by a SEM image taken from 

an electrochemically etched sample.  

 

 

Figure 5.4: Oblique SEM view a) of a cleaved as-grown HVPE GaN sample revealing an 

alternating bright-dark pattern. SEM b,c) and AFM d) images of nanostructured regions 

showing the micrometer deep etched trenches produced in a HVPE GaN sample subjected to 

PEC etching. 

 

Note that there is a difference in the mechanisms of electrochemical and PEC etching of GaN. 

In an electrochemical process, the regions possessing higher electrical conductivity usually are 

characterized by higher degree of porosity. In contrast to that, the etch rate during PEC etching 

decreases linearly with the logarithm of the carrier concentration, i.e. the regions with lower 

carrier concentration are etched faster than surrounding regions, which leads to the formation 
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of concentric rings along the surface subjected to etching.[220] Further images of the 

photoelectrochemically etched GaN surface can be found in Figure 7.13, illustrating the clear 

modulation of electrical conductivity. 

An interesting issue is the estimation of the amplitude of modulation of electrical parameters 

across the material as a result of peculiarities of the HVPE growth. Qualitative PFM 

measurements revealed a modulation of the local piezoresponse within hexagonal patterned 

domains and boundary regions in between, further named “islands”, a phenomenon which can 

be correlated with the presence of inversion domains.[221] The results are presented and 

discussed in Figure 7.14. Further, in a previous study by means of Kelvin Probe Force 

Microscopy,[216] it was suggested that the fine modulation of doping is related to the spatial 

distribution of impurities. It is difficult, however, to estimate the amplitude of modulation by 

means of this methodology. In this paper, we make use of PL spectroscopy for the purpose of 

evaluating the amplitude of spatial modulation of the free carrier concentration in the specimen.  

According to a semi-classical model regarding the broadening of impurity bands in heavily 

doped semiconductors developed by Morgan,[222] the carrier concentration can be estimated 

from the dependence of the photoluminescence full width at half maximum (FWHM) on carrier 

concentration. This model has been previously applied to explain the broadening of near-band-

gap (NBG) photoluminescence in n-GaN films.[223] It was shown that the model can be reliably 

applied to GaN samples with electron concentration higher than 1018 cm-3, and a calibration 

curve has been deduced for the relation between the FWHM of the NBG photoluminescence 

measured at 77 K and the electron concentration in the GaN material. 

The PL spectra measured at 10 K for both the as-grown and the PEC etched samples (Figure 

5.5 a)) are typical for GaN according to samples grown previously by using various 

technologies. Apart from the NBG PL band with the maximum at 3.471 eV, a series of PL 

bands with the intensity more than two orders of magnitude lower are observed in the spectral 

range from 3.0 to 3.4 eV. Note also the presence of a broad green PL band with nearly the same 

intensity in the visible spectral range (not shown in this figure). The band located at 3.37 eV 

could be attributed to a free-to-bound transition, while several bands in the spectral range of 3.2 

– 3.3 eV followed by one- and two-phonon replicas are usually associated with donor-acceptor 

pair (DAP) transitions.[224,225] The origin of the 3.27 eV PL band as a DAP recombination has 

been well documented in the literature through its shift to higher photon energies with 

increasing the excitation power density and a transition from a DAP recombination to 

conduction band-acceptor recombination at elevated temperature. The PL band at 3.27 eV with 

two shoulders at 3.29 eV and 3.24 eV suggests the presence of different impurities in our 
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samples. However, additional investigations are needed to identify the chemical nature of the 

respective impurities. 

 

Figure 5.5: a) PL spectrum of as-grown (curve 1) and PEC etched (curve 2) GaN samples 

measured at 10 K. b) The NBG PL band measured at 75 K (curves 1), 100 K (curves 2) and 

150 K (curves 3) in the as-grown (dashed line) and PEC etched (solid line) samples. 

 

The analysis of the NBG PL band (Figure 5.5 b)) discloses its slight broadening in the PEC 

etched sample as compared to the as-grown one: the FWHM increases from 29 to 33 meV at 

75 K, from 35 to 40 meV at 100 K, and from 42 to 47 meV at 150 K. By using the calibration 

curve from ref. [223], one can estimate that at 75 K the carrier concentration increases from 

1.0x1018 cm-3 in the as-grown sample to 1.6x1018 cm-3 in the PEC etched sample, i.e. the carrier 

concentration increases by ca. 60 %. These data corroborate the previous findings that PEC 

etching removes basically the material with low conductivity and leaves areas with higher 

carrier concentration. On the other hand, the as-grown material contains nanorings with both 

low and high carrier concentration, i.e. the NBG PL band comes as a superposition of a narrow 

band from rings with low carrier concentration and a broader band from rings with higher 

carrier concentration. This means that the NBG PL band from areas with low carrier 

concentration should be even narrower, which would give a carrier concentration lower than 

the deduced value of 1.0x1018 cm-3. In this context, it is clear that the amplitude of modulation 

of the electrical conductivity in the HVPE samples is even higher than 60%. 

The results of TEM investigations show that the self-organized nanostructured electrical 

architectures produced during HVPE growth seem not to be related to regions of structural 

variation with respect to a single crystal material. Moreover, the comparison of the as-grown 

and PEC-etched samples demonstrates a high density of defects such as stacking faults and 
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dislocations close to the surface serving as possible attack sites for the PEC-etch. For the as-

grown (0001) nanostructured GaN (see Figure 5.6 a,b)) dislocation networks originating at the 

(0001) GaN surface have been observed to extend 200-300 nm deep into the crystal. For the 

etched sample, a TEM lamella has been cut from the center of the circular formations. 

Dislocation networks were evidenced to be concentrated at the center of these hexagonal 

domains, developing along the polar direction throughout the prepared crystal lamella (Figure 

5.6 d,e)). This observation is in congruence to previous investigations of pits at the center of 

the nanostructured architectures which are related to pile up of screw or mixed-type dislocations 

using AFM.[216] These defects were visualized by exploiting the diffraction contrast in the 

scanning TEM (STEM) high-angle annular dark-field mode after tilting away from the [2-1-

10] diffraction condition of the crystal to enhance electron scattering processes at defects. 

Further, we report that after etching, neither dislocation networks nor stacking faults could be 

observed beneath the (0001) surface, indicating that defect rich regions of the crystal lattice 

have been preferentially under attack by the PEC-etch, which is especially active for regions 

with low carrier concentration. Indeed, several reports exist about the influence of crystal 

defects in GaN on the electric conductivity[225] especially related to threading dislocations and 

gallium vacancies by e.g. the existence of deep level trapping states[226] in the yellow 

luminescence band, the reduction of the minority carrier concentration at dislocations acting as 

non-radiative recombination centers[227] and low transverse mobility by scattering of electrons 

at charged dislocation lines.[228] However, the dislocation network observed at the center of 

nanostructured architectures has not been subjected to the PEC attack as evidenced by the 

STEM images and described in literature.[218] The mediation of stress due to crystal lattice 

mismatch and difference in thermal lattice expansion coefficients during growth introduces 

high defect densities of the family of screw, edge and mixed-type dislocations and have been 

shown to be concentrated at the substrate/film interface of ~6 mm thick HVPE grown GaN 

crystals, decreasing in density with growth direction.[229] Strategies to reduce the generation of 

high defect densities comprise the initiation of cracks in the sapphire substrate and 

homoepitaxial growth onto thin GaN seed layers.[230] However, with substantial thickness the 

large stresses generated lead to the self-separation of substrate and film and could manifest in 

lattice distortions.[231,232] The results of crystal structure investigations disclose a clear deviation 

from the P63mc wurtzite-type structure in the as-grown and PEC etched samples. 
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Figure 5.6: TEM cross-section investigation of the as-grown a-c) and PEC etched GaN bulk 

films d-f). a) As-grown GaN films show low surface roughness. The red line indicates a change 

in contrast between the upper and lower part of the crystal, which is related to a high density of 

near-surface defects such as stacking faults and threading dislocations as depicted in the STEM 

image in b). c) Selected area electron diffraction pattern in [2-1-10] zone axis showing the c-

axis oriented film growth and a distortion of the reciprocal β ≈ 89° angle of the wurtzite-type 

crystal structure (α°=β°=90°). d) Surface etched GaN crystal cut through the center of one 

hexagonal microdomain (marked with the red ellipse), where dislocation networks were 

observed in the STEM mode e). f) SAED pattern showing the deviation of the reciprocal β 

angle. The red dashed lines display the angular deviation of the intensities with respect to 90°, 

white dashed line. 

 

A detailed electron diffraction (SAED) study from multiple selected areas revealed a slight 

deviation of the reciprocal unit-cell angle β ≈ 89° from rectangularity. The angle β is observed 

between the [0001]* and [01-10]* directions in the [2-1-10] zone axis pattern (we refer to the 

magnified insets, in which the red dashed lines display the angular deviation of the intensities 

with respect to 90°, white dashed line), as depicted in Figure 5.6 c,f). The lattice distortion was 

observed in several selected areas as evidenced from SAED experiments on the as-grown GaN 

sample (Figure 7.15). The reduction of symmetry was apparent irrespective of the slight 

bending of the lamella itself indicated by the increasing amount of out-of-zone axis orientation 

when moving from i) to iv) in Figure 7.15 a). Whereas SAED collects more averaged 
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information from a relatively large sample area of 0.785 µm² in this experiment, the β distortion 

was also locally observed at the nanoscale by high resolution imaging. HRTEM micrographs 

and their Fast Fourier Transforms (FFTs) (see Figure 5.7) taken from different areas of the 

patterned PEC etched sample show the defect-free nanostructures of the hillocks depicted in 

Figure 5.6 d). Whereas the analysis of this selected area by FFT (Figure 5.7 a,b) does not show 

any deviation from the 90° angle an even larger distortion of 88° could be observed in 

neighboring areas (see Figure 5.7 c,d). This finding indicates local lattice relaxation potentially 

due to the increase in free surface upon etching. The variation of the reciprocal angle according 

to the bulk wurtzite unit cell alters the angle β between the basal plane and the c axis. This 

angular distortion from 90° depending on the direction and the magnitude of strain results in a 

symmetry reduction in respect to the wurtzite aristotype. The symmetry of the deformed 

structure may be assigned to a maximum subgroup of P63mc, e.g. with monoclinic (Cm11 or 

C1c1) or triclinic symmetry. Due to missing superstructure reflections in the diffraction 

patterns, the symmetry reduction has to be assigned to as the t-type[233] (for 

translationengleich).  

 

Figure 5.7: Local high resolution TEM study with corresponding FFT images on PEC etched 

samples showing areas with apparently no lattice distortion β = 90° a-b) and a stronger 

distortion of the crystal metrics β = 88° c-d) in GaN films. 

 

Indeed, structural distortions of β ≈ 89.05° have been described by Rao et al. as triclinic lattice 

distortion in wurtzite-type gallium nitride films grown by metal organic vapor-phase epitaxy 

on sapphire substrates.[234] There, a triclinic distortion was investigated by electron diffraction 

studies using convergent beam electron diffraction (CBED) and SAED near the film/substrate 

interface. The large misfit strain during crystal growth was reasoned to be the origin for the 

lattice distortion and was observed to relax within 1 µm distance from the substrate interface.  

In case of rapid growth conditions of a few hundred µm/h present in HVPE it seems apparent 

that the large film stresses due to the initial substrate/film misfit strain can introduce lattice 

distortions which are then unable to relax in the limited amount of time. Since the lamellae 
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observed in TEM only represent a small fraction of the entire sample volume, high-resolution 

X-ray diffraction has been applied as a complimentary technique to TEM to probe a larger 

volume of the sample. This offers quantitative information about the average bulk-like 3D 

lattice structure and residual strains in the sample with very high resolution. 

The experimental setup of the high-resolution X-ray diffraction experiments is depicted 

schematically in Figure 5.8 a) displaying the 2*theta (2θ) measurement geometry. The β-

distortion observed in the TEM was tracked down by measuring the angle omega ω, which is 

the equivalent deviation parameter between the c-axis and the surface normal, ω = 90° - β. 

Here, the two examples of a single crystal with P63mc wurtzite-type structure with perfect ω = 0 

geometry and a lattice distortion ω > 0 are presented. This offset angle ω is measured by 

performing rocking scans at several azimuthal positions achieved by a rotation (phi φ) 

horizontal to the surface normal and monitoring the Q(θ)-shift in the maximum peak intensity 

of the GaN (004) Bragg reflection, Q being the reciprocal lattice vector.  

 

Figure 5.8: a) HRXRD measurement geometry for a hexagonal crystal first showing no triclinic 

lattice distortion ω = 90°-β = 0 and second with ω > 0 measured in dependence of the sample 

horizontal rotation angle phi φ in a 2*theta, 2θ, geometry. The single crystalline structure of the 

as-grown GaN crystal is demonstrated by representative rocking curves b) and Bragg scans c) 

of the (004) reflection, where lattice strains can be derived from peak fits (red curve). 

 

The position of the GaN (004) Bragg reflection was determined to be 2θ = 72.935° and 

Q = 4.85 Å-1, in agreement with the wurtzite-type structure[235] (a = 3.190Å, c = 5.189Å). The 

respective rocking curve, performed for optimizing the incident angle θ and the 2θ-scan of the 

GaN (004) reflection are shown in Figure 5.8 b) and Figure 5.8 c), respectively. The blue dotted 

data points were fitted by Voigt-profiles (red curve) with the contribution (Gauss 40%, 

Lorentzian 60%) to obtain the peak position and full-width at half maxima which are used to 

derive lattice strains along the crystal c-axis. 

For the analysis of the deviation parameter ω representing the triclinic lattice distortion, rocking 

curves were performed at nine azimuthal rotation angles φ in steps of 30° for the as-grown and 
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etched samples and were evaluated for their intensity maxima peak position as presented in 

Figure 5.9 a). Both samples show coinciding angular dependence, which is apparent by the 

superposition of the measurement curves aligning the ω = 0 data points. The deviation of ω 

with respect to the in-plane orientation is observed to oscillate between -1° and 1° over the 

measured range having their maxima separated by a 180° rotation in φ which indicates similar 

results to the lattice distortion β = 89° observed with TEM. The respective values of the 

distortion measured for the as-grown and etched sample at φ = 30° and φ = 210° are ωas-

grown = 0.9585° and ωetched = 0.9917°, and ωas-grown = -1.0356° and ωetched = -1.0360°, 

respectively. Therefore an average distortion of ωas-grown = 0.9971° and ωetched = 1.0139° can be 

derived for both samples, indeed indicating a structural phenomenon on the larger length scale, 

which can be described by a triclinic lattice distortion.  

 

Figure 5.9: a) Variation of the deviation parameter omega Δω in dependence of the rotation 

angle phi φ from HRXRD. The measurements are showing congruent behavior in the 

boundaries of -1° to 1° for the as-grown and etched samples. b) Compressive strain ε as-grown = -

0.118% and ε etched = -0.101% with respect to the reference[235] (black dashed line). c) Full-width 

at half maximum values of fitted Bragg scans in dependence of the azimuthal rotation. The 

slightly smaller FHWM width of the etched sample indicates larger coherently diffracted 

domains which could be attributed to the reduction of defect density after etching. 

 

Furthermore, lattice strain can be derived from the total reflection position Q(004) and can be 

resolved with very high precision of up to 10-5, which provides a significant advantage over 

other methods of evaluating strain. The variation in the Q(004) value is plotted in Figure 5.9 b) 

for the as-grown and etched GaN samples in dependence of the rotation angle φ. The average 

Q values have been determined to Qas-grown = 4.8502±0.0001 Å-1 and 

Qetched = 4.8493±0.0006 Å-1 (cas-grown = 5.1818±0.0001 Å and cetched = 5.1828±0.0006 Å) which 

translates into a compressive strain of εas-grown = -0.118% and εetched = -0.101% with respect to 

the literature value of Q(004) = 4.8444 Å-1 (c(004) = 5.189 Å).37 The presence of residual 

compressive stress in free standing HVPE grown bulk GaN substrates has been observed before 

by various techniques such as micro-reflectance spectroscopy,[236,237] HRXRD and 
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photoluminescence spectroscopy.[238] However, the amount of residual compressive strain on 

the c-axis reported in these studies is significantly smaller (by one order of magnitude) 

compared to this work. This discrepancy could possibly be explained by the triclinic lattice 

distortion observed in this work, reasoned by different crystal growth parameters, crystal 

thickness and the choice of substrate or intermediate layers to reduce interfacial stresses. 

Furthermore, electron diffraction experiments by Rao et. al. reporting about the triclinic 

distortion in 4.5 µm thick MOVPE GaN films on sapphire showed a tensile strained c lattice 

parameter by about 0.2%, which is at least in the same order of magnitude.[234] For the bulk-

like GaN films investigated in this work, the determination of strain from ED pattern, however, 

seems not to be representative since the information gathered only pictures the first few 

micrometers and with lower strain precision of just 10-3.  

To conclude, next to a monoclinic or triclinic lattice distortion, the amount of residual strain in 

the HVPE grown crystal was determined by HRXRD to be compressive in c-axis direction by 

about 0.1% for both, the as-grown and etched sample, which slightly tends to relax for the latter. 

In Figure 5.9 c) the FWHM calculated from the Voigt fits of the Bragg scans is plotted over the 

azimuthal rotation φ. The mean value of the FWHM is 0.0395±0.0015° for the as-grown and 

0.0319±0.0044° for the etched GaN. From the FWHM the size of the coherently diffracting 

domains can be derived which serves as an indicator for the defect density.[239,240] For the as-

grown and etched GaN the mean domain sizes are determined to 111.7±4.3 nm and 

140.7±20.8 nm, respectively. In conclusion, the etching process slightly increases the sizes of 

the coherently diffracting domains, which can be attributed to a reduction in the defect density 

after etching as evidenced from TEM experiments.  

5.2.6 CONCLUSIONS 

 The results of this study demonstrate that the complex 3D nanoarchitectures disclosed 

by photoelectrochemical etching in HVPE-grown bulk GaN single crystals originate from the 

spatially modulated electrical conductivity and they prove not to be related to variations of the 

crystal structure. According to the analysis of the photoluminescence in as-grown and PEC 

etched samples, the amplitude of spatial modulation of the electrical conductivity in the HVPE-

grown GaN is of at least 60%. On the other hand, combining TEM and HRXRD techniques 

provides a powerful methodological approach to gather structural information on the nanometer 

to millimeter length scale with high precision. These investigations reveal a distortion of the 

P63mc wurtzite-type structure, indicated by the deviation from the hexagonal symmetry. This 

deviation varies from 0o to 2o at the nanoscale, while it is of around 1o when averaged over the 
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entire crystal. Furthermore, compressive lattice strain along the crystal c-axis derived from peak 

fits of rocking curves of the (004) reflection is found to be in the order of -0.1% and to be 

slightly relaxed in PEC-etched samples. 
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5.3 VISUALIZING INTRINSIC 3D-STRAIN DISTRIBUTION IN GOLD COATED ZNO 

MICROSTRUCTURES BY BRAGG COHERENT X-RAY DIFFRACTION IMAGING AND 

TRANSMISSION ELECTRON MICROSCOPY WITH RESPECT TO PIEZOTRONIC APPLICATIONS 

5.3.1 PUBLICATION 3 OVERVIEW 

The goal of this study was to visualize and understand the strain distribution in gold coated ZnO 

rods, a model system for an Schottky contact as introduced in section 2.2. Studying ZnO can 

further contribute to an enhanced understanding of the piezotronic effect (section 2.3).  

For this, Au coated ZnO rods, mounted in the SEFiR design, see section 4.1, were investigated 

by CXDI. The ZnO rods were similar to the ones used before in section 5.1, but the rod size 

had to be close to 1 µm to enable CXDI experiments, causing the sample mounting process to 

be even more challenging than before. Bragg CXDI, section 2.8, was employed to image the 

shape and strain distribution of the ZnO crystal in three dimensions. These measurements were 

performed at beamline ID-34-c at the Advanced Photon Source, located at the Argonne National 

Laboratory near Chicago. Complementary, the strain distribution at a ZnO/Au interface was 

visualized by geometric phase analysis from TEM micrographs.  

This section is a manuscript published in Advanced Electronic Materials, analyzing the strain 

distribution in gold coated ZnO microstructures, visualized by CXDI and TEM and link these 

findings to previous conducted simulations of piezotronic devices.[241] 

(https://doi.org/10.1002/aelm.202100546)  
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5.3.2 ABSTRACT 

Novel devices ranging from bio magnetic field sensors to energy harvesting nano machines 

utilize the piezotronic effect. For optimal function, understanding the interaction of electrical 

and strain phenomena within the semiconductor crystal is necessary. Here, we present studies 

of a model piezotronic system, consisting of a ZnO microrod coated by a thin layer of gold, 

which forms a Schottky contact with the piezoelectric ZnO material. Coherent X-ray diffraction 

imaging (CXDI) and transmission electron microscopy (TEM) are used to visualize the 

structure and strain distribution, showing that the ZnO microrod exhibits strains of multiple 

origins in the bulk and at the interface. Strain values of -6 × 10-4 have been measured by CXDI 

at the ZnO/Au interface. The origin is shown to be a combination of an interface strain, possibly 

caused by the Schottky contact formation, and distinct, localized electrical fields inside the 

crystal which are assigned to electron depletion and screening in a bent ZnO/Au piezotronic 

rod. These findings will contribute to sensor development and to a better understanding of 

piezotronic applications.  

5.3.3 INTRODUCTION 

In the future, emerging technologies with semiconductor-based smart devices may include 

artificial skin,[242] synapsis,[20] energy harvesting [19,243] and magnetoelectric applications that 

rely on composites of piezoelectric and magnetostrictive materials.[160,162,244] A specific 

example for potential medical application is a small, highly sensitive magnetoelectric sensor 

capable to measure the low frequency magnetic fields originating in the human body.[163] As 
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these fields are really small in the pT to fT range, a promising approach to increase the 

sensitivity might be to exploit the piezotronic effect as a source of intrinsic signal 

amplification.[21,52,112,245] The piezotronic effect is found in piezoelectric semiconductors and 

combines the piezoelectric effect with the electric behavior of a Schottky contact at a 

semiconductor/metal interface.[29,39,246] External stress and crystal quality induce a strong 

electric response in piezoelectric semiconductors, changing the height of the Schottky barrier 

and the depletion width.[23,159]
 By the addition of a magnetostrictive material, the variation of 

external magnetoelastic stress imposed on the semiconductor material could further tune the 

conductivity across the Schottky barrier for potential sensor applications.  

The majority of studies on the piezotronic effect concentrate on electrical characterization and 

employ predominantly ZnO, which is a well-known piezoelectric material with wurtzite-type 

crystal structure. These studies emphasized the direct influence of external mechanical stress 

on the Schottky barrier height in ZnO bulk [23] and microstructures [53,247] when stress is applied 

along the ZnO c-axis. Choosing the direction of applied stress can induce either tensile or 

compressive stresses which increase or decrease the Schottky barrier height accordingly.[49]  

Additionally, it was shown that strain and an associated E-field can be induced by bending free-

standing ZnO micro rods using an atomic force microscope (AFM).[14] The resulting change in 

conductivity was assigned to formation of a depletion region, thus shrinking the conduction 

channel size inside the rod. Combined analytical calculations and finite element method 

simulations, confirm that bending of ZnO wires lead to a negative potential at the compressed 

side and a positive potential on the relaxed side of the rod.[248] Further calculations considering 

n-type ZnO, indicate that the positive potential inside the ZnO rod is partly or fully screened, 

depending on the donor electron concentration.[55]  

Previous studies by the authors already showed a complex strain behavior in ZnO micro 

rods.[62,152] FeCoSiB coated ZnO rods were investigated in detail by scanning nano X-ray 

diffraction (XRD). The strain was found to be non-uniform, with an asymmetric strain variation 

at the rod edges and a strong dependence of the strain profile on the aspect ratio. Two strain 

components were observed, an intrinsic strain due to the coating and an additional reactive 

strain that could be controlled by applying an external magnetic field to the magnetostrictive 

coating. Depending on the field direction, the total strain could be increased or reduced.  

A powerful method for visualizing the shape and strain of nanostructures in three dimensions 

is CXDI.[28,90] With CXDI it is possible to visualize single grains, defects and strain with high 

precision inside functional materials [249,250] by reconstructing the complex amplitude and phase 

in small nanometer to micrometer sized single crystal objects.[89,251,252] Due to its high 
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crystallinity and simplicity of production, ZnO nanocrystals and rods have been a common 

subject.[89,253,254] CXDI was further employed to visualize the strain field inside other 

nanoparticles including lead,[88] polycrystalline particles in thin gold films [249] and batteries 

[250,255].  

In this study, complementary techniques of reciprocal and real space analyses by means of 

Bragg CXDI and geometric phase analysis (GPA) performed on TEM micrographs were used 

to visualize the 3D and the estimated relative local strain distribution in piezotronic ZnO/Au 

microstructures in order to understand how it affects the Schottky barrier and related electrical 

properties.  

CXDI provides a spatial resolution of 5-50 nm and a very high strain resolution of 10-5. 

Complimentary, modern transmission electron microscopes offer a high spatial resolution better 

than 100 pm but its analytical spatial resolution to lattice strains is usually limited by the radius 

of a virtual aperture in GPA to 1-2 nm or the electron probe diameter, e.g. 2-6 nm in diffraction- 

based strain measurement techniques. Compared to CXDI, these techniques including GPA 

have a relatively poor strain resolution on the order of 2 × 10-3 in strain maps.[256] By the 

combination of Synchrotron- and TEM-based techniques, the inherent strain distribution can be 

visualized over a wide range of length scales. ZnO is ideal for such studies, because of its high 

crystallinity. Further information on the techniques and the sample preparation are given in the 

experimental section.  

5.3.4 RECONSTRUCTED STRAIN DISTRIBUTION FROM COHERENT X-RAY DIFFRACTION 

IMAGING 

For the CXDI experiment one of the {1010} ZnO Bragg reflections of a gold coated ZnO rod 

was investigated. The rod was illuminated with a coherent X-ray beam using the geometry 

shown in Figure 5.10 a). The recorded diffraction pattern around the {1010} Bragg reflection 

in the qx/qz plane is shown in Figure 5.10 b), averaged over a 0.09 Å-1 wide range in the qy 

direction. The Bragg reflection has a full width at half maximum (FWHM) in qx of 

7.0 × 10-4 ± 0.1 × 10-4 Å-1, and a mean crystalline domain size of 927 ± 25 nm is determined. 

Furthermore, hexagonal symmetry and fringes from coherent scattering are clearly visible. 

From the fringe spacing a mean rod diameter of 940 ± 19 nm was calculated. This is in the same 

range as the calculated crystallite size, indicating an excellent crystal quality. From the 

information included in the coherent diffraction patterns of the ZnO rod, the complex amplitude 

of the rod’s electron density was reconstructed by performing iterative phase retrieval.[99,257] 
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Data were collected at a number of positions along the rod in the y direction corresponding to 

the c axis as shown in Figure 5.10 a) and successfully reconstructed.  

 

Figure 5.10: a) Sketch of the CXDI experiment for strain investigations of a gold coated ZnO 

rod. The scattering vector q of the {1010} ZnO Bragg reflection, the c-axis of the ZnO and the 

path of the incident beam are indicated and a coordinate system for the further analysis is 

introduced. The detector image is uncorrected but is approximately aligned in the qy and qx 

directions. b) Diffraction pattern shown on log scale in the qx/qz plane. The rod diameter 

calculated from the fringe spacing is indicated for three directions within the ZnO (0001) plane. 

c) Displaying the reconstructed shape of the rod with multiple isosurfaces of 0.37 (1/e), 0.5 and 

0.6. The direction of the scattering vector q is indicated by the black arrow. d) ZnO structure in 

the (0001) plane[35] and the measured strain component ε
1010̅

. 

 

These positions display a very similar behavior. Here, we focus on the data for one position to 

avoid repetition, as it is representative for all measured positions. The reconstructed electron 

density amplitude is displayed in Figure 5.10 c). Showing the corresponding reconstructed 

shape for three different isosurfaces with values 0.37 (1/e), 0.5 and 0.6.[190] Each isosurface 

connects data points of the same value inside a volume. For the further discussion only the front 

section between y 0 and 0.6 µm with isosurface 1/e will be considered.  

In addition, CXDI measurements of the {1010} Bragg reflection provide the strain component 

ɛ10-10 along the corresponding scattering vector (indicated in Figure 5.10 c) by a black arrow). 
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This strain component describes g lattice deformation in the (0001) plane of the wurtzite-type 

structure (Figure 5.10 d). The strain distribution within the rod is calculated as the gradient of 

the displacement field, which is the reconstructed phase divided by the scattering vector 

(detailed description is given in the supplementary information).[82] This reconstructed phase 

contains information on the relative displacements of the atoms within the crystal, i.e., 

variations in strain. The Bragg reflection with maximum intensity on the detector was found at 

q10-10 = 2.2319 ± 0.0001 Å-1. A theoretical value for Zinc oxide is q10-10 = 2.2324 Å-1 

corresponding to a lattice parameter of 2.8146 Å [35]. Comparing these values indicates a 

compressive global strain of 2.2 × 10-4 in the rod, relative to the theoretical value. To visualize 

the local strain, the reconstructed strain distribution in the sample is considered. A mean strain 

for the reconstructed volume is calculated by averaging the individual strain from each voxel 

in all three dimensions and found to be 5.8 × 10-5. This is subtracted from the reconstructed 

strain at each point to give the relative strain distribution. The strain present in the sample is a 

combination of the average, global strain and the relative, reconstructed strain. For refraction 

corrected strain the phase shift due to the refractive index and the varying path lengths through 

the rod is considered [258,259] (procedure given in the SI). Furthermore, to align the scattering 

vector (black arrow) with the x axis in Figure 5.10 c), the reconstruction is rotated 

counterclockwise by 14.17 ° (Bragg angle). X and Z axis are the respective rotated positions.  

 

Figure 5.11: a) Reconstructed shape and refraction corrected strain of the ZnO rod (Isosurface 

1/e) from CXDI. To illustrate the strain distribution in the X/Z-plane the reconstructed volume 

was cut in half in the Y-direction, with the front surface corresponding to a cross section through 

the center. The black arrow indicates the direction of the scattering vector q10-10. b) Average 

strain along Z (blue crosses) as a function of X, from a), shown with the fit result of the model 

function (solid red line), the two Gaussian components of the model (purple and yellow solid 

line) and the fitted linear component (green dashed line). 
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The three-dimensional distribution of the reconstructed, refraction corrected, relative strain in 

a rod section of 0.4 µm × 1 µm × 1 µm is shown in Figure 5.11 a). For better accessibility of the 

strain distribution inside the rod, the reconstructed volume was cut in half along the Y axis. In 

agreement with literature, the interface exhibits a remarkable large strain compared to the bulk 

of the sample.[152] A strong compressive strain -2.2 ×10-4 is visible close to the left ZnO/Au 

interface, subsequently an increase of the strain is observed inside the rod. Towards the right 

interface a strong tensile strain 1.3 × 10-4 is observed. From this strain distribution the average 

of the strain in Z direction is calculated as a function of X and shown in Figure 5.11 b). The 

average strain (blue crosses) has a linear behavior near the sample center at X ~ 0 µm to 0.2 µm. 

Closer to the edges the strain changes drastically. Towards the right side (beginning at X 

~ 0.25 µm) the strain increases over a range of 150 nm, before it settles and decreases closer 

towards the interface. On the left (X ~ -0.1 µm to -0.4 µm), the strain decreases slightly and 

settles over roughly 300 nm, then within the last ~ 100 nm towards the interface the strain 

decreases further.  

5.3.4.1 STRAIN MODELLING 

To quantify the strain a model was developed, consisting of a minimal constant offset, a linear 

component due to rod bending. Further, two exponential functions at the edges account for 

interface strain as previously applied[152] and two Gaussian functions are assigned to bulk strain 

further inside the crystal to consider potential screening and depletion of electrons as motivated 

by previous simulations[55,248], where rod bending of a ZnO wire was shown to cause screening 

and depletion effects at opposing rod edges. The simulated electrical potential is linked to an 

electric field and causes a strain change due to the piezoelectric properties of ZnO. This model 

was fitted to the average strain data in Figure 5.11 c). 

휀𝑎𝑣𝑔(𝑋) = 휀𝐵,𝐶𝐷𝐼,𝑙 𝑒𝑥𝑝 (
−(𝑋 − µ𝐵.𝐶𝐷𝐼,𝑙)

2

2 𝜎𝐵,𝐶𝐷𝐼,𝑙2
) + 휀𝐵,𝐶𝐷𝐼,𝑟 𝑒𝑥𝑝 (

−(𝑋 − µ𝐵,𝐶𝐷𝐼,𝑟)
2

2 𝜎𝐵,𝐶𝐷𝐼,𝑟2
) 

+휀𝐼,𝐶𝐷𝐼,𝑙 𝑒𝑥𝑝 (
−(𝑋−𝑥1)

𝜎𝐼,𝐶𝐷𝐼,𝑙
) + 휀𝐼,𝐶𝐷𝐼,𝑟𝑒𝑥𝑝 (

𝑋−𝑥𝑛

𝜎𝐼,𝐶𝐷𝐼,𝑟
) +

𝜀𝑏𝑒𝑛𝑑

𝑥𝑛−𝑥1
𝑋 + 휀𝑐𝑜𝑛𝑠𝑡     (5.2) 

X is the position across the sample, with its first value x1 and last value xn inside the 

reconstructed volume. εB,CDI, σB,CDI and µB,CDI are the fitted bulk strain, sigma and position of the 

Gaussian functions, respectively. The exponential functions are fixed to the opposing edges of 

the rod and have values for the interface strain εI,CDI and sigma σI,CDI. The subscript l and r in 

the parameters of the exponential and Gaussian functions denote the position left and right 

relative to the rod center in Figure 5.11 a). Furthermore, there is a linear strain εbend and a 
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constant offset εconst. The fitted σI,CDI and σB,CDI values can be interpreted as a measure for the 

spatial size of the effect, i.e., the penetration depth of the surface strain and the spatial size of 

the bulk strain. The red solid line in Figure 5.11 b) shows the fit result of the whole model 

function, for a more specific look the two Gaussian functions (purple and yellow lines) as along 

with the linear component (green dashed line) are shown. The exponential functions at the edges 

are implicitly included as the difference between the overall fit result and the Gaussian 

functions. See Table 5.2 for all values extracted from the fit model and the supplementary 

information for further details on the fitting procedure.  

 

Table 5.2: it results of the model (equation (1)) for the strain ε, spatial position µ and size σ 
for bulk (B,CDI) and interface (I,CDI) strain components from CXDI reconstruction. The E field 

was calculated from the fitted εB,CDI values. For comparison, the strain εI,TEM distinguished by 

TEM and the measured surface strain εref from a nano XRD experiment on FeCoSiB coated 

ZnO rods was included. Furthermore, strain from rod bending εbend and constant offset εconst 

are shown. 

pos. σ B,CDI 

[nm] 

µ B,CDI 

[nm] 
ε B,CDI 

[10-4] 

E 
[106 V/m] 

σ I,CDI 

[nm] 
ε I,CDI 

[10-4] 
ε ref a) 

[10-4] 
ε I,TEM 

[10-3] 
ε bend 

[10-4] 
ε const 

[10-4] 

left 117.6 

±6.4 

233.9 

±7.7 

-0.22 

±0.02 

4.37 

 ±0.22 

34.9 

±1.3 

-1.36 

±0.03 

 

-4.0 

±0.5 

 

-17.5 

±2.5 

 

0.44 

±0.02 

 

0.019 

±0.01 

right 69.2 

±1.4 

45.8 

±1.6 

1.03 

±0.02 

-20.27 

±0.28 

43.0 

±2.3 

-0.83 

±0.03 

 

a) S. B. Hrkac et.al., ACS Appl. Mater. Interfaces 2017, 9, 25571. 

The linear strain from the model indicates a tensile strain along the ZnO c-axis on the left and 

a compressive strain at the right edge, possibly due to the rod being bent towards the right side 

(radius = 6.8 mm) and may be the result of an intrinsic bending from the growth or due to the 

coating process. The linear behavior is overlapped by two Gaussian functions modelling the 

bulk strain, which show a differing but consistent behavior. The Gaussian strain component on 

the right is of greater magnitude, smaller width and opposite sign compared to the one on the 

left. This non-symmetric distributions may be related to a potential screening and depletion of 

electrons in a bent rod as previously simulated[55,248]. As pointed out in these publications, 

bending of a ZnO wire leads to a change in the potential. Considering the local potential 

distribution, the negative potential on one edge of the wire causes a depletion of electrons, while 

the positive potential on the opposite side is screened at least partially by free electrons resulting 

in a non-symmetric potential distribution as present in n-type semiconductor. The related 

electric field leads to a measurable bulk strain in the piezoelectric rod. This bulk strain is 

overlapped by a symmetric strain towards the interface. This strain may be the result of the 

Schottky barrier formation at the ZnO/Au interface due to the inverse piezoelectric effect[30], 
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further details on the speculative mechanism are given in section four. For comparison, the 

typical donor concentration in n-type ZnO is ~ 1016-18 cm-3.[46,197] Together with the built-in 

potential Φi ~ 0.5 V [39,197] a Schottky barrier depletion width Wd ≈ 21.7 - 217.4 nm is 

estimated.[39] This is in agreement with the mean width σ I,CDI = 39.0 ± 6.4 nm from Table 5.2, 

which corresponds to a calculated donor concentration of 3.1 × 1017 cm-3, details on the 

calculation are given in the supplementary information. 

5.3.5 HIGH-RESOLUTION TEM STRAIN ANALYSIS OF ZNO/AU INTERFACE 

The (sub-)microscale CXDI strain analysis is complemented by a local strain analysis from a 

ZnO/Au interface with nanometer resolution using aberration-corrected high-resolution 

transmission electron microscopy (HRTEM) in combination with GPA on a comparable model 

system. Knowing the local strain distribution at the metal-semiconductor interface is essential 

for tuning the interfacial carrier transport properties across the Schottky contact as local strain 

can lower the barrier effectively.[260] The high spatial resolution of TEM enables to study 

interfacial layers or defects at or close to the interfaces, or electronically speaking the space-

charge-region, as these defects provide additional electronic states in the bandgap and act as 

unwanted disturbance of the strain distribution.[261] 

This model system consists of Au nanocrystals grown onto the {1010} facets of a ZnO 

microstructure as depicted in the high-angle annular darkfield image recorded in scanning TEM 

mode of Figure 5.12 a) and the supporting sketch. The cross-section specimens were prepared 

such that the ZnO c-axis was aligned to the viewing direction. For some of the analyzed Au 

crystals, this alignment allowed a direct view onto the ZnO/Au interface without superposition 

artifacts. These experimental conditions allowed to observe potential systematic orientation 

relationships and enabled the analysis of local lattice strains. Note that a certain specimen 

thickness was preserved to minimize potential strain relaxation effects in a thin foil.[262] Selected 

area electron diffraction (SAED) experiments and fast Fourier transformation (FFT) of HRTEM 

micrographs display the [0001] zone axis pattern for the ZnO crystal and indicate certain in-

plane correlations between the components, which can be described as ZnO(112̅0)/Au(111) in 

some regions and ZnO(112̅0)/Au(220) in other ones, based on the SAED pattern in Figure 

5.12 b). The HRTEM micrograph (Figure 5.12 c) does not display a sharp interface but shows 

a slight misorientation between the incoherent lattices of ZnO and Au. The HRTEM micrograph 

and corresponding FFT display the hexagonal motif viewing on the [0001] ZnO zone axis. 

Lattice deformations of this hexagonal motif in real space will result in broader intensities in 

reciprocal space and can be mapped out with respect to a presumably undistorted reference 
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lattice within the micrograph (defect free area far away from the interface) by the geometric 

phase analysis method.[263] The highlighted in-plane and out-of-plane reflections in Figure 5.12 

d) were selected by virtual apertures limiting the spatial resolution of the strain distribution to 

1.5 nm. 

 

Figure 5.12: a) HAADF STEM image showing the cross-section of a ZnO/Au nanostructure 

simplified in the accompanying sketch. b) SAED pattern showing reflections of [0001] ZnO 

and [111] Au with ZnO(112̅0)/Au(220) in-plane orientation relationship. c) HRTEM 

micrograph showing the ZnO/Au interface (dashed line) d) FFT of the HRTEM micrograph in 

c) showing virtual apertures placed on in-plane and out-of-plane reflections of the ZnO 

component used for GPA. e) Strain distribution maps of the in-plane (ε
112̅0

) and out-of-plane 

(ε
1 ̅100) components of the symmetric strain tensor. The yellow boxes indicate the region for 

taking integrated strain profiles in relation to the selected reference lattice (white boxes). f) 

Estimated relative strain profiles showing increasing compressive strain in the out-of-plane 

component (ε
1̅100

) approaching the ZnO/Au interface. The dashed line serves as guide to the 

eye. 

 

The relative local strain distribution in the ZnO lattice is presented in Figure 5.12 e) showing 

the in-plane (ε112̅0) and out-of-plane (휀1̅100) components of the symmetric strain tensor within 

an experimental resolution of ~5 × 10-3, which is estimated from the oscillation amplitudes 

being an artifact of defining the spatial resolution by placing the virtual apertures around the 

reflections in the FFT. Please note that the non-uniform strain distribution in the Au component 

can be considered as artifact of the method as well, since GPA only maps the deformation 

vectors in coherent lattices defined by the virtual apertures and the reference lattice. The larger 

changes in strain contrast resolved in the right part of the ε112̅0 map within the ZnO component 

are possibly connected to lattice imperfections exhibiting larger lattice deformation strains.  
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To concentrate on the effect size of an interfacial strain on a defect-free lattice, the magnitude 

of relative strain inside ZnO is measured by integrating across regions (yellow frames) 

exhibiting a homogenous contrast, hence excluding the influence of larger strain distributions 

around lattice defects.  

The examined profiles (Figure 5.12 f) exhibit an increasing relative compressive strain towards 

the interface for the out-of-plane component 휀1̅100 reaching a value of -17.5 ± 2.5 × 10-3 and is 

distributed rather monotonously around zero strain for the in-plane component ε112̅0.  

In conclusion, despite interfacial layers, which are often chemically or structurally modified 

prior to Au-film deposition, an increasing compressive ZnO lattice structure is observed close 

to the ZnO/Au interface within the analytic capabilities of HRTEM and GPA. 

This interfacial strain which was measured across 25 nm and with a lateral resolution of 1.5 nm 

increases towards the interface up to a value of 휀1̅100,𝑇𝐸𝑀 = -17.5 ± 2.5 × 10-3 and is compared 

to the CXDI results of an interface strain reaching up to εI,CDI = -1.4 × 10-4 within a spatial 

resolution of 27.4 nm. The strain difference of two orders of magnitude is possibly due to the 

individual strengths in spatial and reciprocal resolution of both techniques. TEM detects a 

higher strain in a very localized spatial region. In contrast CXDI shows a lower strain but 

distributed over a larger spatial region. Extrapolating the CXDI strain towards the interface 

provides qualitative agreement. The discrepancy between the two results cannot be attributed 

completely to the differences in resolution of the two techniques. The different methodology of 

establishing ZnO/Au contacts for CXDI and TEM measurements might also have an impact on 

absolute strain values. For the CXDI experiment, an Au layer was deposited by thermal 

evaporation establishing a powder like structure, while the Au contact for TEM experiments 

has been prepared by sputtering a thin Au film and subsequent annealing to establish small Au 

crystalline droplets on the ZnO surface. The higher crystallinity of these droplets and better 

contact quality at the Au/ZnO interface might impose an increased magnitude of strain on the 

ZnO crystal. Concluding that, while both methods show a similar trend in this case, we are at 

the limit of their accuracy. Thus, a combination of TEM and CXDI highlights the fact that a 

strong, highly localized compressive strain is present at the ZnO/Au interface. 

5.3.6 ELECTRIC FIELD EZ CALCULATED FROM STRAIN 

Of major interest is the impact of the interface and bulk strain on the electrical properties. 

Therefore, we calculate the E field inside the crystal from the reconstructed strain (Figure 

5.11 a) by employing the relation between the strain and the E field; 휀𝑖𝑗 = 𝑑𝑖𝑗𝑘𝐸𝑘.[264] A more 

specific explanation is given in the supplementary information. For the measured strain εx, the 
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corresponding E field Ez points along the c-axis of the ZnO rod and they are coupled by the 

piezoelectric strain coefficient d31 = -5.1 pC/N.[173] Since d31 has a negative value the calculated 

E field is inverted with respect to the strain.  

 

Figure 5.13: a) Contour plot of the E field distribution in the middle of the reconstructed 

volume, calculated from the strain distribution in Figure 5.11 a). b) Average E-field calculated 

along the Z direction in a), a linear increase is shown as a dashed line. Furthermore, the Schottky 

contact regions, screening and depleting areas are marked.  

 

The relative E field is shown in Figure 5.13 a) for a cut through the middle of the reconstructed 

volume. Therein, a strong negative E field of -2.7 × 107 V/m is located near the right edge, 

towards the middle of the rod it is rising to a mean value of around 0 V/m and then rises further 

to positive field strength of up to 4.2 × 107 V/m near the left edge. A positive field of ~ 

1 × 107 V/m is distributed around the center in a semicircle manner towards the left. For Figure 

5.13 b) the average relative E field value is calculated and shows a similar but inverted behavior 

to the average strain in Figure 5.11 b). In the left region from X -0.1 µm to -0.3 µm the relative 

E field increases slowly to a maximum of 0.4 × 107 V/m, on the right in contrast we see a rapid 

decrease from X 0.25 µm to 0.4 µm reaching -2.0 × 107 V/m. All the quantitative values were 

fitted with the strain model and are presented in Table 5.2. There are four distinct areas of the 

E field and these may result from depletion and screening processes inside the rod, and further 

the coating and Schottky contact depletion region near the surface.  

The compressive strain close to the interface, observed with both, TEM and XRD techniques, 

is likely the result from Au coating the ZnO surface. The Au coating may change the ZnO 

structure in at least two possible ways. Although the coating process is likely to induce a strain 

as proposed previously,[152] it was shown that for micro structures the thickness of a microrod 

coating does not exhibit a strong effect on the intrinsic strain of the piezoelectric component 

and that rather the rod diameter has the main effect on strain. This has also been observed for 
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thin ZnO films.[265] Additional strain may arise from the Schottky contact at the ZnO/Au 

interface. The proposed mechanism for the strain change at the interface is that the Schottky 

contact induces a potential and causes an electron depletion in the Schottky depletion region 

due to barrier formation. The related change of the electric field in vicinity of the Au interface 

leads to an impact on the crystalline structure, due to strain arising from the inverse piezoelectric 

effect[30]. A mechanical deformation of a piezoelectric component induces an electrical 

polarization, which can be measured as a piezoelectric voltage. In case of the inverse 

piezoelectric effect, polarization of charge centers in the material give rise to a mechanical 

strain. The electron depletion from the ZnO at the Schottky barrier gives rise to localized 

positive charge and thus polarized charge centers causing a local mechanical deformation. The 

measured width of the interface strain σ I,CDI agrees with the calculated Schottky depletion 

width, as shown prior, and supports this mechanism as a source of interface strain. This 

explanation is a hypothesis, further experiments are required to achieve a better insight and 

understanding of the underlying effect. A possible path could be a measurement of the full 

strain tensor, by e.g. CXDI, and additional impedance spectroscopy to distinguish the Schottky 

barrier depletion width. 

The macroscopic bending of the rod must be considered, as well. The non-symmetric strain 

distribution observed in Figure 5.11 can be explained by considering the E field distribution as 

shown in Figure 5.13, describing screening and depletion processes inside a bent, piezotronic 

rod.[55] However, to verify this unambiguously one would need to distinguish which of the two 

regions is depleted and which is screened. This is extremely challenging. Here, we consider 

that the E field is defined as force per charge, e.g., 𝐸𝑧 = 𝐹𝑧/𝑞, a weaker E field leads to a smaller 

force accelerating the electrons. Thus, the electron density is likely to be higher in the 

compressed region (left hand side Figure 5.11 b) and screens a positive potential more 

effectively. In comparison, the relaxed region on the right side of the rod results in a lower 

electron density due to the stronger force and thus electron depletion occurs. A similar effect 

has been proposed by Wang and Song to explain conduction behavior in a bent, piezotronic 

ZnO nanorod.[14] They also predict that introducing doping electrons to this system results in 

depletion of electrons and screening of the positive potential.[55] This is consistent with our 

results, as n-type ZnO was used in this experiment. CXDI provides a direct visualization and 

quantification of these effects.  
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5.3.7 CONCLUSION 

TEM and CXDI techniques were combined to investigate and visualize the strain distribution 

of ZnO microstructures attached to Au. A strain was found at the ZnO/Au interface, likely to 

be a combination of strain induced by coating and strain due to the inverse piezoelectric effect 

at the Schottky contact. Furthermore, a non-symmetrical strain distribution inside the ZnO rod 

is attributed to depletion of electrons and screening of the positive potential due to rod bending. 

The high strain concentration at the coated microrod interface indicates a high potential for 

applications using piezotronic devices. The study of strain localization may advance the 

development of small electronic devices in the future, as already demonstrated for transistors 

based on the piezotronic effect[266]. Furthermore, highly sensitive and small sensors, based on 

piezotronics, may enable the design of portable sensors arrays, dedicated to measurement of 

biomagnetism from the human physiology, e.g., from the brain or heart, and this without the 

need for heavy and expensive equipment.  

5.3.8 EXPERIMENTAL SECTION/METHODS 

Bragg CXDI: The experiment was conducted at the beamline ID-34c of the Advanced Photon 

Source with a photon energy of 9 keV. The beam size was focused with a Kirkpatrick-Baez 

mirror and a slit was used to achieve the final beam size of 2000 × 450 nm2 (h × v). The data 

were acquired by a timepix detector with 55 µm square sized pixels and at a detector sample 

distance of 2.8 m. A data series of the reciprocal space around the {1010} Bragg peak was 

collected by rotating the sample around the ZnO’s c axis in a range of 0.24 ° with a 0.002 ° step 

size. For the reconstruction of the complex electron density a combination of error reduction 

(ER) and Hybrid-Input-Output (HIO) algorithms were used.[98,99,257,267] Each 20 ER algorithm 

runs were followed by 180 HIO algorithm repetitions, with a total of 1020 runs. The shape was 

defined by a shrink wrap algorithm.[92] A low to high resolution reconstruction was performed 

by changing the sigma of the Gaussian mask in the shrink wrap routine from 3 to 1 and a partial 

coherence correction was employed.[106,268] For every measured scan 200 reconstructions with 

random starts were done to achieve a statistically reasonable result. An error metric calculated 

for every reconstruction was used to evaluate and pick the best results (see supplementary 

information). The chosen reconstructions were correlated and a final reconstruction calculated. 

The voxel size of the reconstructions is 27.4 × 27.4 × 27.4 nm3. 

TEM: GPA is directly applied to the FFT of HRTEM image, which is modulated by the contrast 

transfer function (effect of spherical aberration and defocus mainly) to calculate lattice 

displacements with respect to a reference lattice with nanometer resolution and minimum 
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2 × 10-3 strain precision. The following microscopes were used during this study: A Tecnai F30 

G² (300 kV, field emission gun (FEG)) and a Titan 80-300 operated at 300 kV equipped with 

an image corrector to correct spherical aberrations for HRTEM imaging. GPA was performed 

using a plug-in tool (FRWRtools plug-in, Christoph T. Koch, HU Berlin, Institute of Physics) 

for DigitalMicrographTM.  

Sample Preparation: To produce the ZnO microstructures the flame transport synthesis was 

used.[120] With this technique, it is possible to produce tailor made ZnO rods with diameters 

ranging from below 1 µm to a few hundred µm and lengths up to mm. The diameter of the 

measured ZnO rod is 1.0 ± 0.2 µm. One end of the rod was fixed to a glass capillary by adhesive, 

the other end was free standing. The sample was coated with 50 nm gold in a thermal 

evaporation physical vapor deposition process from two opposing directions. The layer 

thickness was distinguished by measuring the deposition rate with a quartz crystal 

microbalance. For the TEM a model system exhibiting larger Au nanocrystals (diameter of 

200 - 500 nm) on the ZnO surface was prepared by sputter deposition of a thin gold layer and 

subsequent annealing to 600 °C. A thin cross-section specimen containing these ZnO/Au 

interfaces were prepared by focused ion beam (FIB) technique cutting the ZnO microrod 

perpendicular to the (0001) plane. 
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5.4 METALLIC ALLOY FECOSIB AS NOVEL OHMIC CONTACT ON ZNO; OPERANDO 

ELECTRICAL INVESTIGATION OF A PIEZOTRONIC MAGNET FIELD MICROROD SENSOR AND 

COMPLEMENTARY COHERENT X-RAY DIFFRACTION IMAGING OF STRAIN DISTRIBUTION 

5.4.1 MANUSCRIPT 1 OVERVIEW 

Building on the results and experience from the previous study in section 5.3, ZnO rods were 

investigated by CXDI, utilizing the advanced SEFiR design from section 4.1. Enabling 

simultaneous investigations of the electrical and structural properties. In this study, the ZnO 

rods were partly coated by magnetostrictive FeCoSiB, providing the opportunity to investigate 

the strain response induced by an external magnetic field. 

This section is a manuscript prepared for submission, highlighting the impact of FeCoSiB on 

ZnO and its implementation as a magnetostrictive material for a piezotronic inspired magnetic 

field sensor, with a simultaneous visualization of the strain distribution. 
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5.4.2 ABSTRACT 

Ohmic contacts are of elementary importance to the design of semiconductor devices, enabling 

the integration of semiconductor structures in electronic devices for use in a wide variety of 

applications ranging from integrated circuits to sensors. In this study, it is shown that magnetron 

sputtered metallic alloy FeCoSiB on ZnO forms an ohmic contact. Additionally, FeCoSiB 

functionalizes the ZnO structure as a magnetic field sensor, due to its magnetostrictive 

properties. This was investigated for a ZnO micro rod, utilizing it as a piezotronic magnetic 

field sensor by employing a spatial separated FeCoSiB (ohmic) and silver (Schottky) contact. 

Current - Voltage curve measurements on the rod revealed an increase of the Schottky barrier 

height by 22 % and a simultaneous decrease of the ideality factor by 55 %, for an applied 

magnetic field of >2 mT. These remarkable changes are attributed to the piezotronic effect 

induced by the magnetostrictive strain from the FeCoSiB coating. Further, coherent X-ray 

diffraction studies on the same ZnO rod indicate a distinct magnetic field induced change of the 

strain distribution in the rod and, possibly, is the cause for the piezotronic change of the 

electrical properties. 

5.4.3 INTRODUCTION 

Piezotronic is denoting an effect of changing the electrical properties of a piezoelectric 

semiconductor by applying stress.[22,50,112] The effect was first described by Wang in 2006,[14] 

and is under research for a wide variety of applications since then, e.g. transistors, sensors and 

artificial synapses.[20,52,166,167] Piezotronic can be separated into two paths,[22] changes due to a 

longitudinal or transverse stress in respect to the crystallographic direction in which the 

piezoelectric effect is occurring in a semiconductor, e.g., for ZnO this direction is pointing along 

the c axis of the hexagonal wurtzite structure.[35] In the longitudinal chase, the resulting piezo 

potential leads to an accumulation of free electrons at the positive charged side of the structure 

and a screening of electrons at the opposite, negative side. The induced piezo potential, together 

with the electron accumulation and screening, causes a modification of the Schottky contact 

barrier height and width, and thus a measurable current change.[22,23,39] Schottky and ohmic 

contacts are the two possible contact types that can arise at a semiconductor metal interface.[40] 

In chase of a transversely stressed structure a changing conductivity was reported and explained 

by carrier trapping effects near the interface and shrinking of the conduction channel size, due 

to an electron screening.[16] This explanation of the conductivity change is supported by finite 

element simulations and analytical models for a transversely stressed ZnO rod, displaying a 

change of the piezo potential along and across a rod structure, resulting in a distinct potential 
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distribution and a shrinking of the conduction channel size.[55,248] For a highly sensitive 

piezotronic sensor it is beneficial to build a sensor with a combination of a Schottky and an 

ohmic contact, hence, the current is not hindered by diode behavior of two Schottky contacts 

for both polarizations of the applied voltages. Instead a clear forward current can be measured, 

leading to a higher measurable current change and thus an enhanced sensitivity.[21] In the chase 

of ZnO, prominent example for ohmic contacts are aluminum, nickel and titan.[45]  

For the investigation of crystalline structure properties and related effects, e.g. strain in 

piezoelectric material, X-ray scattering is a well-known technique.[67,89,152] In a scanning nano 

X-ray diffraction (XRD) study,[62] the {10-10} Bragg reflection of a FeCoSiB coated ZnO rod 

with a diameter of 27 µm was investigated and the strain was spatially resolved measured across 

the rod. A magnetic field induced strain of 1 × 10-4 was found near the interface and attributed 

to the magnetostrictive induced strain from the FeCoSiB coating. An advanced XRD technique 

to visualize the three dimensional strain distribution of crystalline specimen is coherent X-Ray 

diffraction imaging (CXDI).[28,269] In a recent study, the full strain tensor of a tungsten crystal 

was mapped by Bragg CXDI (BCXDI), showing the potential of 3D investigation of small 

structures exhibiting crystal defects, derived from bigger specimen by focused ion-beam 

machining.[90] Furthermore, ZnO and GaN rods with sub µm diameters were investigated by 

CXDI and strain distributions from cuts through the rods were retrieved.[251,254] 

5.4.4 FECOSIB OHMIC CONTACT ON ZNO  

The zinc terminated side of a planer zinc oxide (ZnO) single crystal was coated with 

magnetostrictive metallic alloy (Fe90Co10)78Si12B10 by RF magnetron sputtering. The oxygen 

terminated side was spatially separated coated with aluminum (Al) by thermal evaporation and 

silver (Ag) glue. See inset of Figure 5.14 for a sketch of the sample design. These contacts were 

connected by Ag glue to wires to enable current/voltage (I-V) measurements utilizing a 

sourcemeter. For further information on the sample preparation and technical details see the 

experimental section at the end.  
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Figure 5.14: Inset (left top) shows a sketch of the experimental setup. A planar ZnO crystal 

was separately coated with metallic alloy FeCoSiB, Al and Ag glue. The solid I-V curve 

reveals an ohmic behavior for the measurement between the Al and FeCoSiB contact. 

Furthermore, the Al to Ag (I) as well as the FeCoSiB to Ag (II) I-V curves display Schottky 

diode behaviors with distinct forward and reverse current directions. 

Figure 5.14 displays further the electrical behavior examined by I-V curves for three different 

connection schemes between the contacts (Al/ZnO/FeCoSiB, Al/ZnO/Ag and 

FeCoSiB/ZnO/Ag). The solid curve shows the measurement for the Al/ZnO/FeCoSiB scheme. 

Qualitatively an ohmic resistance is present resulting from two ohmic ZnO contacts. From the 

I-V curve an ohmic resistance of 26.39 ± 0.1 Ω was distinguished by fitting the slope with a 

linear function between -0.2 V and 0.2 V. Furthermore, a Schottky diode like behavior is 

observed in the I-V curve collected for the Al/ZnO/Ag configuration (dashed curve and marked 

with the roman number I). In the positive voltage regime, a forward current is observed and a 

weak, reverse current is present at negative voltages. From the respective semi-logarithmic I-V 

curve, a Schottky barrier height Φbh = 0.64 ± 0.1 eV and ideality factor n = 3.5 ± 0.3 were 

distinguished by fitting it with a linear function, see experimental section for further details on 

the procedure and supplementary information Figure 7.22. A similar Schottky diode behavior 

is observed in the FeCoSiB/ZnO/Ag configuration and is shown as the dotted curve in Figure 

5.14, additionally marked with roman number II. Schottky barrier height Φbh = 0.66 ± 0.1 eV 

and ideality factor n = 3.1 ± 0.2 were found by fitting. The reported Schottky contact barrier 

heights and ideality factors are well in the range of previous studies.[45] 

The three I-V curves prof that Al/ZnO as well as FeCoSiB/ZnO contacts are ohmic contacts and 

that Ag/ZnO forms a Schottky contact. Ohmic behavior of Al contacts and Schottky behavior 



 

93 

 

of Ag contacts corresponds to previous results for various ZnO contacts.[45] The ohmic behavior 

of FeCoSiB contacts is, to the authors best knowledge, the first report and adds another material 

to the known ohmic contact materials for ZnO. Ohmic properties of FeCoSiB contacts might 

be especially interesting for application, e.g. in piezotronic inspired magnetic field sensors, 

because the material is magnetostrictive and a functionalization of a sensor is realized without 

the need for an additional ohmic contact. 

5.4.5 FECOSIB COATED ZNO MICROROD AS PIEZOTRONIC MAGNET FIELD SENSOR 

As mentioned in the previous section, FeCoSiB can be utilized to implement an ohmic contact 

at a ZnO structure and, simultaneously, add a functionally by its magnetostrictive properties. 

For the building of a functional magnetic field sensor, FeCoSiB was magnetron sputtered on a 

ZnO micro rod fabricated by flame transport synthesis.[120] Layout of this sensor is shown in 

Figure 5.15 a). First step in the building process of this sensor is fixing a ZnO needle to the 3D 

printed sample holder with a minimal amount adhesive to prevent the needle from moving. 

Second step is the application of Ag glue, limited to a fraction of the whole length of the needle. 

The Ag glue will serve as the Schottky contact. A partly insulated wire to enable the electrical 

investigations is fixed simultaneously by the Ag glue. Third step is the capsulation of the Ag 

glue and parts of the ZnO in an epoxy to prevent a short circuit occurring between the Ag and 

the FeCoSiB from the next step. Fourth step is magnetron sputtering of FeCoSiB on top of the 

sample. In the final step another wire is attached with Ag glue and enables electrical 

measurements. By realizing the sensor with, both, a Schottky and Ohmic contact this magnetic 

field sensor can be used in piezotronic manner.[21] For this, the FeCoSiB on top of the ZnO 

needle induces a strain in the needle, when exposed to an external magnet field. The strain in 

the ZnO causes a piezo potential that changes the Schottky barrier height and, thus, the current 

flow over the contact due to the piezotronic effect.[50,270] The in here presented sensor used a 

ZnO needle with a diameter of ~1.3 µm and a length of ~100 µm. For more information on the 

ZnO rod synthesis see the experimental section. NdFeB permanent magnets 

(10 mm × 10 mm × 4 mm) were used to investigate the magnet field impact on the sensor. The 

field strength at the sample position was changed by altering the distance between sample and 

magnet and, further, by combining up to two magnets. Field strengths for the different distances 

were calibrated with a Gaussmeter. Magnet field dependent electrical measurements on this 

sensor are presented in Figure 5.15 b), field strength varies form 0 mT to 13.2 mT. The 

measured I-V curves show no qualitatively visible effect of the magnet field on the electrical 

properties in a voltage regime between -2 V and 2 V. A small reverse current, between -0.01 
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nA and -3 nA, is present for negative bias voltages. In the forward direction of the Schottky 

contact, an exponential increase is visible at first, followed by a linear, ohmic increase at higher 

voltages. The inset in Figure 5.15 b) displays the same I-V curves, zoomed in on voltages 

between 0.1 V and 0.4 V. In there, a clear magnet field impact on the electrical properties is 

observed, the current varies up to 60 % at 0.4 V. This behavior could be explained by taking 

into account that the initial exponential increase in the I-V curves is probably related to and 

limiting by the Schottky barrier height and the generation recombination effect.[39] Thus ,the 

magnet field induced current change is likely the result of a barrier height change due to the 

piezotronic effect. After this initial exponential increase the high injection of minority carrier 

and serial resistance of the semiconductor become the limiting factors for the current.[39] It 

appears that this transition happens at around 1 V. Moreover, the linear slopes (1.5 V to 2 V) in 

the I-V curves were fitted with a linear function and the calculated ohmic resistance as a function 

of the applied magnet field is shown in Figure 5.15 c). The overall appearance of the resistivity 

appears to be constant, besides the resistivity R0 = 30.9 ± 1.5 kΩ at 0 mT is slightly below the 

mean value of all other resistivities with applied fields, Rmean = 33.7 ± 1.0 kΩ, and may be an 

indication for further effects changing the electrical properties when a magnet field is present. 

This slight change of resistivity may be caused by piezoresistivity,[271] or induced by a 

conduction channel shrinking due to piezotronic in a bent rod.[16,55,248] 
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Figure 5.15: a) Sample holder sketch with an mounted ZnO rod and coated with FeCoSiB by 

magnetron sputtering. Two wires are included to enable electrical measurements. b) I-V 

curves collected for multiple magnet field strengths applied along the c-axis of the ZnO rod, 

ranging from 0 mT to 13.2 mT. The inset shows a magnified view of the I-V curves in the low 

voltage regime, displaying a clear, magnet field related change. c) Resistivity calculated from 

the slope of a linear fit to the I-V curves (Figure 5.14) between 1.5 V and 2 V.  
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For a more quantitative picture of the effects, Schottky barrier heights, as well as ideality factors 

were extracted from the I-V curves. In Figure 5.16 a) semi-logarithmic I-V curves for three 

magnet field strengths (0 mT, 3.8 mT and 13.2 mT) are presented. A clear decrease in the 

forward and reverse current up to four magnitudes is visible for an applied magnetic field, but 

for higher strengths of the applied magnetic field, it seems to have no prominent influence on 

the I-V characteristics. Deducing that the maximum effect strength generated by the FeCoSiB 

coating saturates between 0 mT and 3.8 mT. Furthermore, the measured current in the forward 

voltage regime above 1 V seems to be qualitatively similar. Inset of Figure 5.16 a) displays the 

semi logarithmic I-V curve in the low voltage regime of the measurement for a field strength of 

3.8 mT. The Schottky contacts barrier height and ideality factor is extracted from a linear fit 

(red line) in the voltage range of 0.15 V to 0.25 V. Both, barrier heights and ideality factors 

were fitted in the variety of measured I-V curves for applied magnetic field strengths ranging 

from 0 mT to 13.2 mT. Figure 5.16 b) shows the magnetic field dependent change of the 

Schottky barrier height Φbh as well as the idealty factor n. The effective Barrier height of the 

Ag/ZnO contact has an initial value of 0.58 ± 0.01 eV for non-applied magnetic field and 

increases by roughly 22 % for applied fields to saturate at a mean barrier height with a standard 

deviation of 0.71 ± 0.02 eV. Magnetic field induced change seems to saturtae at around 2 mT, 

this value is in agreement with previous studies.[272] A decrease by 55 % is observed for the 

ideality factors, starting at an initial value of 2.59 ± 0.15 and saturating at a mean value of 1.44 

± 0.11. An increasing barrier height combined with a decreasing ideality factor was previously 

reported.[180]  

 

Figure 5.16: a) Semi-logarithmic I-V curves for magnet field strengths 0 mT, 3.8 mT and 13.2 

mT. Inset shows the fitting range between 0.15 V and 0.25 V to extract the Schottky contacts 

barrier height and ideality factor. b) Magnet field strength dependent Schottky barrier heights 

Φbh (blue, dotted) and ideality factors n (red, dashed).  
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The Schottky contact barrier height undergoes a magnetic field induced change and leads to the 

measurable current decrease in the low forward voltage regime. Furthermore, the ideality factor 

is decreasing, implying that the contact becomes more ideal due to a lower generation 

recombination rate, altering interface states density or decreasing tunneling current.[40] This 

effect can as well be seen in the decreasing reverse current for applied magnetic fields in Figure 

5.16 a). Both, increasing barrier height and decreasing ideality factor are probably linked to the 

piezotronic effect, arising from a strain induced by the magnetostrictive FeCoSiB coating, 

leading to a piezo potential and, further, to piezo charges that accumulate at the rod tip. These 

charges lead to an increase in barrier height and barrier thickness, possibly causing a shrinking 

of tunneling current through the barrier and thus a decreasing ideality factor due to the more 

ideal behavior of a thermionic emission driven current.[39] Could be as well explained by a 

decreasing rate of barrier height inhomogeneities, as proposed in previous studies.[40,180] The 

piezo charges may lead to a declining number of defect states near the interface and, hence, a 

decline in barrier height inhomogeneities.  

5.4.5.1 OPERANDO COHERENT DIFFRACTION IMAGING 

Complementary to the electrical examinations, the impact of the magnet field on the crystalline 

structure and strain in the same ZnO rod was visualized by BCXDI. Figure 5.17 a) displays the 

BCXDI geometry to measure the {0002} Bragg reflection of the ZnO rod. Scattering vector 𝑞  

is defined by the wavevectors of the incoming �⃗� 𝑖𝑛 X-ray beam from the source and outgoing 

�⃗� 𝑜𝑢𝑡 diffracted beam and is oriented parallel to the c-axis of the ZnO rod. Furthermore, a right-

handed cartesian coordinate system is introduced with x pointing in direction of the scattering 

vector along the rod axis, y and z are perpendicular to the rod’s c axis. A fine rocking 

measurement was collected by rotating the rod around the y axis, mapping the reciprocal space 

around the Bragg reflection. Cross section in the Δqz/Δqy plane through the center of the {0002} 

reflection from the interpolated rocking measurement is shown in Figure 5.17 b), here, 

measurement without an applied magnetic field. There in, the expected hexagonal structure for 

ZnO micro rods is visible, including fringes. The spacing between the maxima of the fringes 

calculate to a mean rod diameter of 1472 ± 243 nm, combining all three main directions. Full 

width at half maximum of the reflection in the three directions is related to a mean size of the 

coherent scattering crystal volume of 967 ± 297 nm, calculated with the Scherrer equation.[181] 

Indicating a single crystalline ZnO rod.  
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Figure 5.17: a) Sketch of the BCXDI geometry utilized to measure the {0002} ZnO rods 

Bragg reflection. Scattering vector 𝑞  is defined by the incoming �⃗� 𝑖𝑛 and outgoing �⃗� 𝑜𝑢𝑡 wave 

vectors and is pointing along the c axis of the ZnO crystalline structure. Additionally, a 

magnetic field could be applied by varying a permanent magnet to sample distance. b) Cut 

through the Δqz/Δqy plane of the measured {0002} Bragg reflection with estimated rod sizes 

from fringe oscillations. c) Isosurfaces 0.2 (dark blue) and 0.6 (yellow) of the reconstructed 

electron density amplitude. Rod shape defined by the 0.2 isosurface was extended to better 

visualize the rod dimensions (light blue). Summation volume for further analysis of the 

reconstructed strain is shown in red shades.  
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Along the streak roughly parallel to qz the fringes are much less pronounced, and the high 

intense center of the Bragg reflection is non-symmetrical and stretched along this direction. 

These changes may be indicating a present strain distribution.[251] A magnified cut around the 

center is shown in Figure 7.23 in the supplementary information. The authors are aware that the 

presented data and reconstructions are obtained from data collected at the edge of spatial 

limitations for CXDI, limited by the coherence lengths accessible at modern synchrotron 

sources, but are confident that a qualitative approach of presenting the data may still have an 

impact on the overall picture of the sample.  

Due to the huge rod diameter of around 1.3 µm, the in comparison small beam size in x direction 

of around 500 nm and a Bragg angle of θ0 = 15.5°, the reconstruction of the electron density is 

tilted, as shown in Figure 5.17 c). The electron density is visualized by isosurfaces with values 

of 0.2 and 0.6 and exhibits additional features on the upper edge (z ≈ 0.8 µm) along x, probably 

due to the non-ideal data quality obtained at the spatial limit for CXDI. Furthermore, a 

summation volume is introduced, shown in red shades. This is used to extract a tilted cut from 

the reconstruction and calculate mean values along the x direction of the relative strain 

distribution present inside this volume. A positive, tensile and negative, compressive strain are 

defined as an increase and decrease of the lattice parameter, respectively. The maximum rod 

shape of the isosurface 0.2 inside the summation volume is extended along the c axis of the rod 

and shown in Figure 5.17 d) as a light blue shade, to enable an easier accessibility and 

visualization of the rod shape.  

 

Figure 5.18: a) Reconstructed strain distribution in a FeCoSiB coated ZnO rod obtained from 

Bragg CXDI of the {0002} Bragg reflection. b) Same rod section measured for an applied 

magnetic field of 4.4 mT and c) 5.6 mT.  

 

Rod cross sections of the strain distributions for 0 mT, 4.4 mT and 5.5 mT are shown in Figure 

5.18 a-c), respectively. Exhibiting a strong increase of the strain at the right upper edge of the 
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rod section (y = -0.6 µm, z = 0.7 µm) and, thus, the rod probably is bend by the 

non-symmetrical strain. Furthermore, in Figure 5.18 b) it may be that the strain on the opposite 

edge (y = 0.5 µm, z = -0.6 µm) is slightly elevated in comparison to the rod center, but the 

observable overall strain change of roughly 1.7 × 10-4 is close to the strain resolution limit of 

around 1 × 10-4. These qualitative visible deviations in the strain distribution may be the cause 

for the piezotronic effect. Due to a strain in a piezo electric material the arising piezo potential 

leads to an accumulation of electrons in the Schottky contact region and further to an increase 

of the barrier height, as it was observed in the current voltage measurements. Furthermore, the 

relative strain change in the rod for an applied magnetic field can be utilized to investigate the 

influence of the piezoresistive effect.[271] In a previous study,[271] a resistivity change of ~ 2 kΩ 

at 32 kΩ was reported for a 4 % strained ZnO rod. The here reported resistivity change of 2.8 

kΩ at around 32 kΩ was measured for a more than two magnitude smaller strain of below 0.02 

%. A more promising explanation for the resistivity change is the piezotronic effect in a bent 

nano wire. The induced piezo potential distribution in a bent wire leads not solely to the 

measured barrier height change, but as well to a shrinking of the conduction channel and 

trapping of carriers and, thus, to an altered conductivity.[16] This indicates that the piezoresistive 

effect is of minor importance for the reported conduction change compared to the piezotronic 

effect and this fits previous findings.[273] 

Please note that the ZnO rod was coated with FeCoSiB by magnetron sputtering prior to the 

experiment by a source in positive z direction, hence, coating the right-hand side of the rod. 

Implying that the highest strain is present on the site of the coated rod surface. But due to the 

imperfect CXDI data, further investigation to confirm these findings are necessary. A combined 

approach of transmission electron microscopy and an examination of the full strain tensor in a 

smaller specimen by BCXDI might be especially helpful towards a better understanding. 

5.4.6 CONCLUSION 

Current voltage curves were utilized to investigate a planar ZnO structure, partly coated with 

magnetron sputtered magnetostrictive metallic alloy FeCoSiB. It was reported, possibly for the 

first time, that the resulting contact is of ohmic nature. In further experiments the electrical 

properties and strain distribution in a ZnO rod were determined by I-V curves and CXDI 

examinations. An external magnetic field applied to the micro rod induced a piezotronic related 

increase of the Schottky barrier height and decrease of the ideality factor at an additional silver 

contact. This change is attributed to the magnetostrictive strain induced piezo potential change 

in the ZnO rod. Furthermore, a slight increase of the resistance is measured for applied magnetic 
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fields and attributed to a piezotronic induced shrinking of the conduction channel size inside a 

bent ZnO rod. Evidence of a magnetostrictive strain induced bending of the rod was found in 

reconstructed strain distributions obtained by CXDI. These results show the coexistence of two 

piezotronic effects changing the electrical properties of ZnO microstructures and display the 

need to include both effects in the design process for future (microstructure) piezotronic 

devices. Further studies investigating samples with smaller dimensions are necessary to obtain 

a better CXDI data quality and achieve a further understanding of the mechanism occurring 

inside the rods during magnetic field induced strain. Possibly combined in a complimentary 

approach with transmission electron microscopy measurements to visualize the mechanism on 

multiple length scales.  

5.4.7 EXPERIMENTAL SECTION/METHODS  

Sample Preparation: The planar ZnO sample was purchased from CrysTec GmbH with 

orientation [0001] and had dimensions of 10 mm × 10 mm × 0.5 mm (width × length × 

thickness). ZnO micro rods were produced by the flame transport synthesis.[120] This technique 

enables the production of tailor made ZnO rods with diameters ranging from below 1 µm to a 

few hundred µm and lengths up to mm. Diameter of the measured ZnO rod was distinguished 

by CXDI to be 1.3 ± 0.5 µm. For the sample design and building process please see section 3 

(FeCoSiB Coated ZnO Microrod as Piezotronic Magnet Field Sensor). One-inch 

(Fe90Co10)78Si12B10 magnetron sputter target was commercially acquired from EVOCHEM 

GmbH. For the FeCoSiB sputtering process a vacuum chamber was evacuated to ~10-8, argon 

was inserted and the plasma ignited at a pressure of ~10-2. The samples were RF magnetron 

sputtered at 110 W for 60 minutes resulting in a calculated FeCoSiB layer thickness of ~15 nm. 

The aluminum on the planar sample was deposited by thermal evaporation in an evacuated 

vacuum chamber at pressure ~10-3. Final layer thickness of 100 nm was measured by a quartz 

crystal microbalance.  

Current/Voltage (I-V) Curves: For the electrical measurements, a Keithley 2450 Sourcemeter 

was used to collect the I-V curves in a range of -1 to 1 V with a resolution of 0.05 V for the 

planar ZnO sample and -2 to 2 V with a resolution down to 0.02 V in the -0.5 to 0.5 voltage 

regime for the ZnO rod sample. The current accuracy is between 1 × 10-9 A and 6 × 10-11 A 

(depending on the measurement range) and 7 × 10-4 V for the sourced voltage. Combination of 

a Schottky and an Ohmic contact allows one to measure the forward and reverse current of the 

Schottky contact. To distinguish the barrier height and ideality factor of the Schottky contact a 

linear function was fitted to the logarithm of the current in the range of 0.1 V to 0.25 V for the 
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planar sample and between 0.15 V and 0.25 V for the rod.[39] The intersection of the fitted line 

with the y-axis of the I-V graph defines the current I0 and further the barrier height 𝜙𝐵 =

𝑘𝑇

𝑞
ln (

𝐴∗𝑇2

𝐽0
), [39] with the Boltzmann constant k, temperature T= 294 K, elementary charge q, 

effective Richardson constant A*= 32 A cm-2 K-2 [111,197] and the current density J0 equals the 

current I0 divided by the contact area size. From the fitted slope 
𝑑(ln 𝐽)

𝑑𝑉
 of the fitted linear 

function, the ideality factor n is distinguished by employing 𝑛 =
𝑞

𝑘𝑇

𝑑𝑉

𝑑(ln 𝐽)
.[39]  

Magnet Field Measurement: Magnet field measurements to calibrate the permanent magnet was 

performed with a MAGSYS HGM09s gaussmeter. Gauss meter was placed at the sample 

position in the empty sample holder, magnetic field strengths were measured for multiple 

distances and these were noted on the holder as calibration marks for following measurements. 

Measurement resolution in the range up to 100 mT is 10 µT. 

Bragg Coherent X-ray Diffraction Imaging (CXDI): The experiment was conducted at the 

beamline ID-34c of the Advanced Photon Source at a photon energy of 9.1 keV. The beam size 

was focused with a Kirkpatrick-Baez mirror and a slit was used to define the final beam size of 

480 × 2200 nm2 (h × v). The data were acquired by a timepix detector with 55 µm square sized 

pixels and at a detector sample distance of 2.0 m. A data series of the reciprocal space around 

the {0002} Bragg peak was collected by rocking the sample around the y axis in a range of 0.6 ° 

with a 0.003 ° step size. For the reconstruction of the complex electron density a combination 

of error reduction (ER) and Hybrid-Input-Output (HIO) algorithms were used.[98,99,257,267] Each 

20 ER algorithm runs were followed by 180 HIO algorithm repetitions, with a total of 1020 

runs. The shape was defined by a shrink wrap algorithm.[92] A low to high resolution 

reconstruction was performed by changing the sigma of the Gaussian mask in the shrink wrap 

routine from 3 to 1 and a partial coherence correction was employed.[106,268] For every measured 

scan 200 reconstructions with random starts were performed to achieve a statistically 

reasonable result. By utilizing an error metric of the reconstructions, the middle 100 out of 200 

reconstructions were chosen. These reconstructions were correlated and a final reconstruction 

calculated. Voxel size of 12.9 × 12.9 × 12.9 nm3 was achieved in the reconstructions and is a 

measure for the spatial resolution. 
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5.5 NANOSTABILIZATION OF TETRAGONAL DISTORTED FECO VARIANTS IN ULTRA-THIN 

FECO/TIN MULTILAYER FILM 

5.5.1 PUBLICATION 4 OVERVIEW 

As seen in the previous section 5.4, the magnetostrictive component is of elementary 

importance for the design of a functional magnetic field sensors. In this section the focus is on 

the structural investigation of the magnetostrictive component. Multilayer structures based on 

magnetostrictive FeCo and TiN thin layers, see section 3.4, were investigated by TEM and 

X-ray to reveal the impact of annealing processes on the crystalline structure of the materials 

and the overall structure of the multilayer system. XRR, as well as, XRD methods were used, 

see sections 2.6 and 2.5, respectively, giving access to the average layer structure of the 

multilayers and the crystalline properties of the TiN layers. This section is a manuscript 

published in Materials Characterization.[274] (https://doi.org/10.1016/j.matchar.2021.110871)  
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5.5.2 ABSTRACT 

Composites of ultra-thin nanolayers of FeCo/TiN with individual layer thickness of a few unit 

cells offer stability at elevated temperatures and exhibit defined magnetic properties which can 

be tuned by variying the layers thickness making them interesting candiates as components for 
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magnetoelectric (ME) sensors. Initial studies describing the nanostructure of such thin films, 

however, left uncertainty about their exact crystal structure. With aberration-corrected 

microscopes the characterization of the local structure down to the atomic scale is possible to 

address the real structure with high precision. Here, by means of atomic resolution TEM 

imaging together with X-ray diffraction analysis, we were able to describe the nanostructure to 

be composed of individual layers of FeCo and TiN forming a superlattice with a defined cube-

on-cube orientation relationship. The simulation of electron diffraction pattern featuring 

superlattice reflections on basis of structural modeling together with geometric phase analysis 

verified a defined orientation relationship resolving in the nanostabilization of a tetragonal 

distorted FeCo unit cell with c/a < 1. 

5.5.3 INTRODUCTION  

Multilayer architectures of FeCo and TiN have been designed and examined in the past by 

Klever et al.[134]. For the purpose of smart wear protection coatings with self monitoring 

functions. The combination of high hardness and temperature resistivity of TiN and the tunable 

magnetic characteristics of the ferromagnetic alloy FeCo suggests multilayers of FeCo/TiN for 

the magnetic phase in magnetoelectric (ME) composite sensors, e.g., for biomagnetic 

imaging.[275,276] In this respect, the magnetic properties of the composite can be effectively 

tuned by the layer thickness of FeCo and TiN layers, demonstrating a low coercive field of 

μ
0
Hc = 0.30 mT and a saturation magnetization of μ

0
Hs = 0.4 T usingFeCo layers of about 1 

nm in thickness.[134] In general, the reduction of the FeCo layer thickness down to the nanoscale 

is known to gradually “soften” the magnetic characteristics yielding a low coercive field at high 

saturation magnetization.[277–279] In ME composites, the available biomagnetic signal is in 

principal read out by a voltage change which is induced via the transfer of magnetostrictive 

strain arising in a soft magnetic material such as FeCoSiB onto a piezoelectric material such as 

AlN.[130,280,281] In the ME magnetic field sensor these FeCoSiB/AlN composites are deposited 

onto silicon substrates and shaped into cantilever geometry. One promising approach is to detect 

magnetic fields by using the magnetoelastic properties of the magnetostrictive part via the ΔE-

effect, which is the effective softening of the Youngs modulus E of a magnetostrictive material 

in the small strain regime[282,283]. Herein, the easy measurable frequency shift of the resonance 

frequency upon application of an alternating external magnetic bias field results in the elastic 

softening of the magnetic phase and proved high sensitivity in the order of 100 pT/Hz-1 at the 

biomagnetic relevant low frequency regime between 10 to 100 Hz.[284] The limit of detection 

of these sensors was theoretically calculated and demonstrated to show improvement by an 
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increase in the quality factor Q, e.g. by device geometry or by operation in vacuum. The ΔE-

based ME sensors benefit significantly more on an improvement of Q than conventional ME 

sensors when magnetic noise can be suppressed efficiently.[285] However, the MEMS process 

flow for vacuum encapsulation includes elevated temperatures which exceed the temperature 

stability of the magnetic properties of the amorphous FeCoSiB[129]. In this respect, nanolayers 

of crystalline FeCo/TiN potentially offer defined magnetic properties together with temperature 

stability up to 600 °C. 

The thin film architecture and the nanostructure of the individual components are important 

parameters for the magnetostriction behavior in those systems. Fukzawa et al.[286] demonstrated 

that the saturation magnetostriction can be largely influenced by the interface quality and 

resulting internal stress in FeCo. The structure analysis is therefore decisive to control the 

micro- and nanostructure of the layered architecture with respect to deposition parameters to 

achieve a potentially high quality magnetic phase with large magnetostriction as component for 

ME sensors. Reports on the multilayer architecture including nanostructure analysis have been 

initially published by Klever et al.[287] using Auger electron spectroscopy, X-ray diffraction 

(XRD) and electron diffraction (ED) techniques as well as high-resolution transmission electron 

microscopy (HRTEM) imaging. The studied FeCo/TiN architectures demonstrated temperature 

stability up to 600 °C and a strongly textured and columnar growth was observed. Refering to 

Klever et al., the nanostructural details were subject of two major hypothesis: (i) The multilayer 

thin film architecture as well as the growth conditions result in the incorporation of a high 

volume fraction of Fe and Co atoms into an fcc TiN lattice by sequential magnetron sputter 

deposition, (ii) a (Ti,Fe,Co)N solid solution in a pseudo-fcc crystal structure is formed as a 

consequence of collision induced atomic mixing and subsequent nanostabilization. 

For this work, we used atomic resolution microscopy and report about nanostructure 

investigation and structural modeling on a similar FeCo/TiN multilayer in order to address the 

hypothesis. The results imply the formation of a textured superlattice composed of individual 

layers of FeCo (CsCl-structure) and TiN (NaCl-structure) showing a defined cube-on-cube 

orientation relation. As a result of the in-plane lattice mismatch, tensile in-plane strain was 

observed for the FeCo unit cell resulting in the nanostabilization of tetragonal distorted variants. 

5.5.4 MATERIALS AND METHODS 

The investigated multilayer film of [FeCo(0.7 nm)/TiN(1.6 nm)]153 with a nominal thickness of 

400 nm was deposited during former work reported by Klever et al. [134] by non-reactive 

magnetron sputter deposition on a modified Leybold Z550 sputter setup using targets of FeCo 
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and TiN with 99.9% chemical purity and 150 mm in diameter. For sputtering of multilayers, 

SiO2/Si substrates were placed onto a rotatable substrate table at a distance of 50 mm to the 

target surfaces. The target surfaces were sputter cleaned for 15 min. in a pure Ar atmosphere 

(6.0 purity) at 0.5 Pa total pressure prior to deposition at a base pressure of <1 × 10-6 mbar in 

the vacuum chamber. Preconditioning of the substrate surfaces took place under the same 

conditions for 20 min at a substrate bias voltage of -320 V sustained by an RF plasma. The Ar 

total pressure during the film deposition process was 0.2 Pa in order to sustain a DC plasma in 

front of the TiN target by supplying 700 W DC power while maintaining a RF plasma (250 W 

power) in front of the FeCo target. After determining the depositon rate, the multilayer was 

deposited by rotating the substrate in between the center positions of both targets. An annealing 

step was performed after deposition for 60 min. in vacuum (p < 1x10-8 mbar) at 600 °C in a 

static magnetic field of µ0 H = 50 mT. 

The structure analysis on one individual as-deposited multilayer and one individual heated 

multilayer is performed using methods of transmission electron microscopy (TEM) and X-ray 

diffraction (XRD). The multilayers are deposited in the same process run, so it is assumed that 

they were structurally similar in the as-deposited state. In this respect, HRTEM enables the 

study of the atomic structure whereas the selected area electron diffraction (SAED) and energy-

dispersive X-ray spectroscopy (EDS) in scanning mode give microstructural and spatially 

resolved chemical information of the multilayers, respectively. Large scale average information 

about the microstructure is obtained by Bragg X-ray diffraction, providing details about the 

crystallinity and strain on a macroscopic scale.  

In addition, X-ray reflectivity (XRR) can assess the atomic and molecular scale interface 

structure even in the absence of a long-range order by providing access to the electron density 

across the entire multilayer. Thus we obtained average and localized data on the multilayer 

structure, the layer sequence and surface composition. 

HRTEM and SAED data are collected on a Titan 80-300 microscope with an image-side 

spherical aberration (CS)-corrector and sub-nanometer resolution. HRTEM micrographs are 

recorded under negative CS imaging (NCSI)[288] conditions exploiting the benefits of having a 

favorable contrast transfer function to allow for a direct interpretation of the projected crystal 

structure without the need to correlate the HRTEM micrographs with image simulations[289]. 

Such imaging conditions reduce the delocalization of object information to below the 

information limit of the microscope and generate an image displaying atomic columns as bright 

dots on a dark background. Scanning (S)TEM measurements including EDS are performed on 

a FEI Titan³ G² 60-300 kV microscope operating at 300 keV. The TEM specimen preparation 
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is performed by a focused ion beam (FIB) routine on a FEI Helios 600 dual beam FIB-SEM 

machine equipped with an Omniprobe micromanipulator following a standard lift-out 

procedure and subsequent ion-beam milling at 30 kV, 0.46 nA and 5 kV, 81 pA in the final 

stages to reduce possible ion-beam damage to the sample surface. Kinematic simulation of 

electron diffraction patterns and high-resolution phase contrast images are computed to verify 

the experimental data and NCSI imaging conditions using the JEMS program[290]. Processing 

of HRTEM micrographs included noise filtering[291] and is carried out via the Gatan Digital 

Micrograph 2.3 software package (DM).  

The XRD experiments are performed on a Rigaku Micromax rotating anode radiating at the 

characteristic Cu-Kα energy with a wavelength of 1.54 Å. The beam size was 1x1 mm2 

(horizontal and vertical) with a resolution of 2x10-4 Å-1. The measurements are performed on a 

standard four circle diffractometer setup using the SPEC diffractometer software. Compution 

of experimental data sets is carried out using MATLAB and xrayutilities (build 1.5) program 

packages. 

Pole-figure measurements are performed on a Rigaku SmartLab 9kW XRD utilizing a rotation 

anode radiating at the characteristic Cu-Kα energy with a wavelength of 1.54 Å. The beam is 

scattered using a parabolic mirror to create a parallel X-ray beam at a tube voltage of 45 kV and 

a tube current of 200 mA. Construction and evaluation of the pole-figures is performed with 

the program Rigaku 3D Explore Version 3.1.1.0. 

5.5.5 RESULTS AND DISCUSSION 

5.5.5.1 MICROSTRUCTURE OF FECO/TIN THIN FILMS 

The average microstructure of one as-deposited and one annealed FeCo/TiN multilayer is 

characterized by the combination of XRR measurements, Bragg XRD scans and SAED. The 

details of the nanostructure inherent to the FeCo/TiN mulitlayer are analyzed by structure 

models derived from electron and X-ray diffraction data along with HRTEM as discussed in 

the following. The temperature induced changes to the microstructure caused during the 

annealing procedure are discussed. 

The XRR data collected on both, the as-deposited and the annealed multilayer are presented in 

Figure 5.19 a). The XRR is plotted up to wave vector of 0.7 Å-1 to concentrate on the layer 

thickness. The electron density (Figure 5.19 b) is calculated from a model consisting of a sum 

of error functions modeling the layer structure. The fit was realized with the Parrat algorithm[75] 

as model function and was refined using the Levenberg-Marquardt algorithm. The Fourier 
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transform of the electron density was compared with the measured intensity and the electron 

density model recursively to obtain a good fit.  

 

Figure 5.19: a) X-ray reflectivity curves of the as-deposited and annealed FeCo/TiN 

multilayers. The data indicates superlattice reflections at ~0.27 Å-1 and ~0.52 Å-1 moving 

towards smaller values as a consequence of annealing. b) Calculated electron density variation 

denoted to the TiN capping layer and oscillations of the periodic superlattice. The depth value 

of 0 indicates the second FeCo layer counted from the surface.  

The reflectivity curves feature characteristic superlattice reflections, which represent the first 

and second order reflections of constructive interference of a multilayer on a solid substrate. 

The positions of these reflections are characteristic for Λ, the thickness of a single FeCo/TiN 

bilayer from the superlattice. After heating, the superlattice reflections show a position shift to 

smaller wave vectors, indicating a non-reversible lattice expansion relative to the as-deposited 

multilayer. From fitting the reflectivity data,the calculations showed an increase of the 

superlattice periodicity s from Λ = 22.826±0.003 Å (dFeCo = 6.8±0.7 Å and dTiN = 16.0±0.7 Å) 

for the as-deposited multilayer up to Λ = 23.915±0.003 Å (dFeCo = 8.3±0.4 Å and 

dTiN = 15.6±0.4 Å) for the annealed multilayer. According to the fit results the vertical thickness 

dFeCo of the FeCo layers in the superlattice increases by a remarkable value of 22 %. The larger 

total Λ implies an expansion of ~4.8 % in film growth direction and may be explained by 

temperature induced lattice deformations such as the release of tensile lattice strains or 

unforeseen structural rearrangements. However, the measured periodicity length is in good 

agreement with the numbers reported by Klever (Λ = 2.6 nm). This impact of annealing is 
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further supported by SAED analysis, given in Figure 7.25, showing a position shift of the 

superlattice reflections in agreement with an increase in Λ. The calculated thickness of the 

individual components matches on average to six monolayers of FeCo (dFeCo = 6.8±0.7 Å) and 

seven monolayers of TiN (dTiN = 16.0±0.7 Å). The additional oscillations besides the 

superlattice reflections visible e.g. at 0.31 Å-1 in the annealed multilayer, correspond to a typical 

length of 74 ± 5 Å and 79 ± 5 Å for the as-deposited and annealed multilayer, respectively. This 

modulation can be attributed to the combined thickness of the TiN capping layer and the first 

FeCo and TiN layers at the surface, which show signs of detoriation after annealing, as incidated 

by a lower electron density calculated and presented in Figure 5.19 b).  

In more detail, the electron density which is derived from XRR (Figure 5.19 b) shows a 

continuous increase in the first 10 nm from the film surface before transforming into oscillations 

of the same amplitude. With respect to the as-deposited multilayer, the oscillation period of the 

electron density is observed to increase for the annealed multilayer in consequence of the 

observed superlattice expansion. The electron density distribution at the surface accounts for a 

thick TiN capping layer deposited onto the last bilayer unit. The slow increasing electron 

density profile indicates high surface roughness of the capping layer, characterized by an 

amplitude of 10.3 ± 0.7 Å and 12.2 ± 0.4 Å for the as-deposited and annealed multilayer, 

respectively. The overall TiN capping layer thickness was measured giving 57.0±1.7 Å and 

36.0±1.0 Å for the annealed multilayer sample. The smaller observed thickness, accompanied 

by lower atomic density and the increased surface roughness is attributed to deterioration of the 

protective capping layer by annealing.  

 

Figure 5.20: a) Diffracted intensity around the TiN (002) Bragg reflection. Laue oscillations are 

observed due to the periodic superlattice. The superlattice reflection intensity distribution is 

shown as a function of the scattering vector q. (blue) as-deposited and (red) heated multilayer. 

b-c) Fit of the peak intensity modulation by three Gaussian functions and linear background 

offset (green lines). The q-position of the TiN (002) reflection is indicated with the vertical 

dashed lines.  
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Using X-ray Bragg diffraction, the crystal structure of the TiN layers was investigated by 

measuring the reciprocal space at the position of the TiN (002) reflection for the as-deposited 

and heated multilayer. In the following discussion we will always refer to the (002) TiN 

reflection as the majority component of the multilayer when addressing the out-of-plane 

reflections of the superlattice, if not otherwise identified. This diffraction data and the according 

fits are provided in Figure 5.20. The displayed modulation of the intensity distribution around 

the measured Bragg position are described as Laue oscillations of 0.45 Å-1 corresponding to a 

measure of 13 Å, which is in the same order of the TiN layer thickness in the superlatticeas 

discussed in the XRR section above. [287,292] The fits are calculated by a least-square refinement 

of sum of three Gaussian functions to the data. To determine the original (002) Bragg reflection 

wave vector position, the mean position of the three reflections was determined to be 

2.9646±0.0013 Å-1 for the as-deposited and 2.9649±0.0013 Å-1 for the annealed multilayer. 

This correlates to a lattice constant of d (002) = 2.12 Å, which is in excellent agreement with the 

calculated position of the TiN (002) reflection and indicates TiN in its NaCl-type crystal 

structure. Further, the positions of the associated superlattice reflections around the TiN (002) 

reflection position are subjected to shifts in wave vector and intensity. That might hint to 

temperature related changes of the superlattice structure reflecting in the modulation of c-axis 

intensities. However, there was no definite observation of chemical intermixing on annealed 

specimens retaining the multilayer heterostructure (see Figure 5.21 g). 

The shape and the spacing of the intensity modulation reflects the observed increase of Λ. A 

single FeCo Bragg reflection (or its Laue oscillation) could not be evidenced by XRD at its 

theoretical position observed for thick films or bulk samples. It is reasonable to suppose that 

the lack of intensity is due to poor long-range crystallinity of the FeCo component or due to 

changes of the CsCl-type crystal structure within the superlattice. 

Low magnification scanning TEM images are shown in Figure 5.21 a) and Figure 5.21 b) to 

provide a direct impression of the thin film morphology. The iterative sputter deposition of TiN 

and FeCo material directly onto the native Si/SiO2 substrate is promoting a discrete multilayer 

film with columnar microstructure perpendicular to the substrate surface.  

The diffuse intensities distributed on concentric rings of Fast Fourier Transform (FFT) pattern 

calculated from HRTEM micrographs evidence the absence polycrystalline texture within the 

first 10 bilayers of film growth as shown in Figure 5.21 c). In comparison, the FFTs from any 

region above these initial layers describe the evolution from randomly oriented nanocrystalline 

grains into a highly c-textured crystalline structure (see Figure 5.21 d). The well-separated 

intensities in the FFT pattern display the formation of columnar grains (or regions) describing 
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a c-axis texture, similar to thin films of AlN[281]. The individual columns favor defined 

azimuthal rotations around the c-direction described below and in Ref.[287]. The individual 

columns can be visualized by mapping out the origin of intensity of the in-plane (020) and (-

220) reflections, corresponding to columns with cubic TiN [100] and [110] orientations (Figure 

5.21 e and Figure 5.21 f).  

The morphology of the layers across c is characterized by distinct roughness. From the 

overview STEM images recorded at the bottom and top surface of the film, a higher roughness 

is observed within the first 30 nm of film growth and is flattening out with increasing film 

thickness. At the top side of the 400 nm thick film, quasi-parallel layers without noticeable 

roughness are established. 

The elemental maps presented in Figure 5.21 g) show the distribution of Fe, Co and Ti for the 

heated multilayer. According to the EDS maps, the periodicity of FeCo and TiN layers is 

preserved after annealing showing no direct evidence of temperature effects such as 

interdiffusion or recrystallization accompanied with a breakdown of the layered structure.  

 

Figure 5.21: Structure evolution of the FeCo/TiN multilayer . a,c) Overview STEM images 

recorded close to the substrate interface (a) and at top surface (c). b,d) FFT analysis of regions 

close to the substrate and film surface on the as-deposited multilayer. b) FFT obtained close to 

the substrate shows almost no specific texture. d) FFT obtained close to the film surface shows 

a strong c-texture. e,f) Intensity maps of the phase component of the respective (2-20) and (020) 

reflections visualize high intensity (bright regions) in columnar domains with [110] and [100] 

crystallographic orientation. The white dashed lines guide the eye to show the columnar 

domains g) EDS mapping showing the chemical distribution of Fe, Co and Ti in a multilayer 

architecture (annealed multilayer). 
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5.5.5.2 DESCRIPTION OF ORIENTATION RELATIONSHIPS 

SAED experiments yield information about the average local structure of the annealed 

multilayer composed of layers of TiN and FeCo. The SAED pattern is presented in Figure 

5.22 a) and reflects the columnar microstructure showing the superposition of multiple zone 

axis (ZA) patterns specified by the [100], [110], [210] and [310] notations with respect to the 

principal component as already described in Ref.[287] and presented in Figure 7.26. A columnar 

microstructure with small grain size is supported by the growth zone model by Thornton or 

Anders for small argon pressure and no substrate heating.[293,294] In extension of a simple 

superposition of individual ZA patterns the experimental SAED pattern features periodic 

intensity distributions along c (see Figure 5.21 d) and Figure 5.22 a). This intensity modulation 

is indicative for a defined structural connection between the lattices of FeCo and TiN 

establishing a superlattice with a well defined periodicity length of Λ~2.26°nm, which is in 

excellent agreement with XRR experiments.  

In addition, the tipped, elongated and diffuse shape of the reflections is rationalized by a small 

angle preceding rotational misalignment of the c-axis of the columnar grain structure[295,296] or 

by layer roughness. Overall, the SAED experiment demonstrated highly c-textured layers of 

FeCo and TiN consisting of at least three domains showing a dominant fibre texture[297]. The 

dominant c-axis fibre texture of the superlattice is further supported by pole-figure (PF) 

measurements of the as-deposited and annealed multilayer shown in Figure 7.27. 

The bilayer thickness Λ and the different columnar domains of the as-deposited multilayer are 

imaged by aberration corrected high-resolution microscopy. Representative HRTEM 

micrographs are presented in Figure 5.22 b) and Figure 7.28 showing the impact of aberration 

correction on the phase contrast micrographs, which allows a clear identification of individual 

layers. The HRTEM micrograph of Figure 5.22 b) displays individual layers of TiN and FeCo 

with nearly monoatomic flat interfaces of the as-deposited multilayer. From the inset, two 

discernable oriented lattices with different out-of-plane lattice constants and a lattice orientation 

corresponding to the [100] and [110] orientations for the FeCo and TiN layers are identified, 

respectively. Further analysis of the periodic variations of the phase contrast in HRTEM 

micrographs presented in Figure 7.29 hint that, at least locally, FeCo crystallizes in its low 

temperature ordered B2 phase forming a monoatomic interface with opposing Co and N atoms. 

These results suggest, that the in-plane lattice mismatch of 5.2% between these two structures 

is compensated by coherent in-plane lattice strains at the interface in one or both components 

which is resulting in a strained superlattice[298]. A cube-on-cube relationship is expected in a 

wide range of materials[299]. 
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Figure 5.22: a) SAED pattern recorded at the center of the as-deposited multilayer film. The 

SAED pattern is composed of the superposition of multiple zone axes [uv0]. The domains 

particularly display crystallographic orientations with respect to the TiN lattice of [100], [110] 

and [310] and show superlattice reflections along the [00l] direction arising from the nanoscale 

repetitive layering scheme with their corresponding FeCo counterpairs in [110], [100] and [210] 

orientation, respectively. b) HRTEM micrograph showing individual layers of FeCo and TiN. 

On average, the individual FeCo layers extend over two unit cells (~7 Å) and the TiN layers 

over three unit cells (~16 Å).  

5.5.5.3 STRUCTURAL MODELING 

The cube-on-cube relationship is described by a 45° rotational alignment between the 

experimentally observed TiN[100] and FeCo[110] oriented lattices and serves as starting point 

for structural modeling using the crystallographic relationships demonstrated in Figure 5.23 a) 

and b). However, for an in-plane lattice misfit of 5.2 % between the cubic structures large strains 

are expected at the interfaces. In some cases, the major amount of stress is compensated by only 

one component until a layer thickness of several angstroms is reached without formation of 

misfit dislocations. This phenomenon called pseudomorphism.[300] In this special case of 

epitaxy, the constrained in-plane lattice promotes the nanostabilization of metastable phases, 

e.g. tetragonal distorted variants[301–303]. From the experimental data, an in-plane lattice 

expansion from 2.85 Å to about 2.96 Å is determined for FeCo, which is matching with the TiN 

in-plane lattice constants. Based on these results, the pseudomorphic growth characteristic of 

the superlattice is introduced into a model describing the average structure of the as-despoited 

superlattice structure (Figure 5.23 c).  

To relate the nanostructure data to the electron diffraction and X-ray scattering observations, a 

structural model for the as-deposited superlattice is designed and used for subsequent 

simulation. The design of this supercell model is described in the following steps: (1) A 
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modification of the cubic [110]-oriented TiN unit cell is constructed to provide a common 

description of the components in [100] orientation. The new tetragonal TiN unit cell is 

described by lattice parameters of at and bt = 3.00 Å and by keeping cTiN = 4.25 Å constant. (2) 

The [100]-oriented TiN unit cell is tripled in c-direction and connected to two unit cells of [100] 

FeCo at the (001) face. (3) In agreement with experimental evidence a coherently in-plane 

strained FeCo lattice is assumed, in approximation to a pseudomorphically grown 

heterostructure. Hence the at and bt in-plane lattice constants are set to 3.00 Å. (4) In a simple 

physical consideration, the expansion of the in-plane lattice of the FeCo unit cell is 

accompanied by compressive strain on the out-of-plane parameter to preserve a constant 

volume. Indeed, atomic distances of 2.65 Å - 2.75 Å were measured in c-direction on the 

HRTEM data between. Further spacings at the interface could be obtained as well and are 

implemented in the model using a compressed lattice parameter cFeCo = 2.65 Å, which was the 

lowest observed lattice parameter to create a strongly tetragonal distorted FeCo variant. Overall, 

a structural model is set up by three tetragonal unit cell variants of the undistorted cubic TiN 

lattice connected to two tetragonal distorted unit cells of FeCo with total unit cell dimensions 

of aSL = 3.00 Å, bSL = 3.00 Å, cSL = 22.00 Å. Implementing an unstrained cFeCo = 2.85 Å into 

the supercell model results in minimal changes of the reflection positions and intensity due to 

the larger cSL = 22.60 Å. Considering a constant unit cell volume and a resulting lattice 

parameter of 2.74 Å, it has to be assumed that the superlattice is not strained equally but is 

varying in between 2.85 Å and 2.65 Å giving rise to the diffuse superlattice reflections. The 

described incremental steps are assisted by knowledge obtained from kinematic simulation of 

electron diffraction pattern to check the models’ validity. Note, one possibility to transfer this 

model to the annealed samples would require the introduction of further tensile lattice strains 

in the out-of-plane direction of the superlattice. However experimental evidence by direct 

imaging methods is missing for the specific multilayer sample. 

The superposition of single kinematic simulations of zone axis patterns corresponding to the 

three major domains using the described supercell model is given in Figure 5.23 d) and shows 

acceptable agreement with the experimental pattern (Figure 5.22 a). The individual presentation 

of the rotated supercell model and the simulated ED patterns are shared in Figure 7.30 for 

completeness. However, the supercell model is refined comparing highly localized measured 

HRTEM data with average SAED data and is regarded only as an approximation to the average 

structure. Further, the simulation is only exact to display the position of superlattice reflections 

but fails to quantify the experimental reflection intensity, because the simulation based on the 

supercell as single crystals and not as domains of strongly confined width. 
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Figure 5.23: a) Cubic unit cells of the FeCo and TiN lattice in [100] and [110] orientation. b) 

45°-rotated cube-on-cube relationship in top-view showing a lattice mismatch of 3.00 Å // 2.85 

Å. c) Supercell model based on pseudomorphic growth by in-plane lattice expansion of FeCo 

and compression of the c-parameter. d) Kinematic simulations of electron diffraction intensity 

for each zone axis based on the epitaxial relationship of the supercell model are superimposed 

in the presented pattern. 

5.5.5.4 VERIFICATION OF COMPENSATED IN-PLANE STRAIN BY GEOMETRIC PHASE ANALYSIS 

Besides the agreement between the position of periodic reflections arising in supercell based 

simulations and the experimental SAED pattern pointing to the formation of a superlattice with 

similar in-plane lattice constants, the variation of the in-plane lattice parameter a was calculated 

by geometric phase analysis (GPA)[263,304] mapping the in-plane strain distribution in the 

superlattice with respect to the TiN lattice The GPA map was calculated using the (002) and (-

220) reflections of the FFT to display the variation of the in-plane component with respect to 

the strain tensor as depicted in Figure 5.24. The mapped in-plane strain distribution shows 

alternating tensile and compressive strain along the thin FeCo layers on a scale of ±1% with 

respect to the reference TiN lattice (Figure 7.31), which is a deviation of only about 0.03 Å. 

This finding reflects the in-plane lattice expansion of the tetragonal distorted FeCo unit cell 

determined by SAED, HRTEM and subsequent modeling under the premise of the 

pseudomorphic growth scheme. Further, indicators of in-plane strain are visualized in the TiN 

itself presumably indicating small angle tilts between individual grains.  
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Figure 5.24: HRTEM micrograph and corresponding map of in-plane lattice variations with 

respect to the TiN lattice demonstrated by geometric phase analysis. Almost negligible tensile 

and compressive strains alternate at the location of FeCo layers demonstrating 

pseudomorphism. Strain within the TiN layers is related to small mistilts within the cubic 

lattice. The dashed box marks the position of strain profiles depicted in Figure 7.31. 

The nanostabilization of body centered tetragonal (bct) variants of FeCo with c/a >1 is intended 

to induce large perpendicular uniaxial magnetic anisotropies in ultra-thin nanoscale films 

leading to a huge magnetic hardening of FeCo films.[301,305–308] The required lattice deformation 

can be achieved by the right choice of underlayer, which should promote an in-plane 

compressive strain to the FeCo unit cell.[309–311] However, with increasing film thickness, the 

applied lattice strains quickly relax after some few nanometers (e.g. 3.4 nm) and the large 

perpendicular uniaxial magnetic anisotropy is lost.[311,312] Such film relaxation effects can be 

impeded by the incorporation with impurity atoms such as V, N or C to stabilize bct FeCo 

structures in films with a thickness of over 100 nm.[313,314] 

Contrary, there are also several approaches of strain engineering in order to soften the magnetic 

properties by thermal annealing, adequate underlayers or a multilayer architecture in 

combination with a non-magnetic or ferromagnetic material. In case of underlayers or 

multilayers, the magnetic softening can be reasoned by the simple decrease of grain size 

according to Hoffmann’s ripple theory.[277,315,316] In this respect, multilayers of Co/FeCo 

starting on a layer of Co introduces smaller grain growth within the FeCo layer resulting in a 

very low in-plane coercivitiy along the hard axis in comparision to FeCo underlayer.[277] The 
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same was observed for FeCo layers separated by Ag interlayers.[279] In a different approach, the 

in-plane magnetic anisotropy was reported to be reduced by the application of an external 

tensile strain in films of FePt.[317] In the former study on the magnetic properties on identical 

[FeCo/TiN]384 films (Λ = 2.6 nm) deposited up to a film thickness of 1000 nm using the 

identical process, a coercive field of 0.30 mT with an in-plane anisotropy was reported.[134] The 

effect of layer thickness was also demonstrated in comparison to slightly thicker layers (Λ = 

4.3 nm) of FeCo of showing a coercive field of 1.33 mT. It is expected, that the reduction of 

the coercive field is related to the smaller layer thickness. But the new insights on the atomic 

structure of FeCo in these nanolayers at least opens speculation about the contribution of the 

tetragonal distortion (c/a < 1) to the in-plane anisotropy. However, since atomic scale 

investigations on the FeCo structure are missing on these reported films, we can only speculate 

about the exact layer thickness and the critical layer thickness of FeCo on TiN, where relaxation 

of the tetragonal variant occurs. Also, there are no reports to our knowledge about the influence 

of an in-plane tetragonal lattice distortion with c/a < 1 on the magneto-crystalline anisotropy 

energy or its impact in comparison to the grain size. To differentiate between both contributions, 

the deposition of epitaxial lattice matched films, e.g. FeCo[100]/Mo[110] with identical layer 

thickness but cubic FeCo unit cells might be essential.  

5.5.6 CONCLUSION 

The microstructural evolution and the nanostructure growth epitaxy in sputter deposited 

FeCo/TiN ultra-thin films with bilayer periodicity of 2.26 Å have been investigated using the 

combination of aberration corrected TEM imaging, X-ray scattering and electron diffraction 

methods supported by modeling and structure simulations. These studies shed new light on the 

nanostructure of sputter-deposited growth of nanolayers of FeCo/TiN superlattices and result 

in the following observations: 

• FeCo/TiN multilayers exhibit a columnar microstructure which is described by a 

strong fibre texture which is evolving after some nanometers. 

• The FeCo/TiN nanolayers form a defined superlattice which was characterized by 

XRD and TEMA 45°-rotated cube-on-cube orientation relationship between FeCo and 

TiN was verified, enabled by pseudomorphic growth resulting in tensile in-plane strain 

acting on the FeCo lattice to match with the TiN (001) plane. In this scheme, 

tetragonal distorted variants of FeCo are stabilized. 

• Temperature induced lattice changes in FeCo/TiN multilayers have been observed and 

discussed by both electron diffraction and X-ray scattering methods. 
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6. CONCLUSION 

CRC 1261 - Magnetoelectric Sensors: From Composite Materials to Biomagnetic Diagnostics 

aims to develop a functional sensor for medical applications. The main goal of this thesis was 

to investigate promising materials and effects for biomagnetic field sensors and link the findings 

to sample behavior. To achieve this goal a variety of X-ray techniques were employed to 

visualize structure and strain. The results obtained strengthen our understanding of, both, the 

materials and effects investigated and will help to improve the design of biomagnetic field 

sensors within the CRC. Of great interest was the piezotronic effect, as it is a possible path to 

enhance the sensitivity of biomagnetic field sensors and specifically the investigation of ZnO, 

as a model system for piezotronic devices. Further topics were structural investigations of 

etched GaN samples and the impact of thermal treatment on FeCo/TiN multilayer structures.  

In these experiments, multiple X-ray techniques were utilized. The bulk crystalline structure 

was investigated by XRD while XRR gave access to the near surface sample structure. To 

achieve spatially resolved crystal structure measurements, scanning nanofocus XRD was used. 

This technique, a more sophisticated version of XRD, utilizes a small intense X-ray beam, 

accessible at modern synchrotrons, and combines it with a scanning approach to cover a wide 

sample area, achieving a spatially resolution of around 100 nm or below while enabling a strain 

resolution of ~10-5. For an even higher spatial resolution close to 10 nm, the coherent scattering 

technique CXDI was used and gave the possibility to visualize the strain in three dimensions.  

During the thesis, the sample holder design, as discussed in Chapter 4.1, was continually 

developed. The original design of the 3D printed sample holders, the mounting procedure and 

materials, were improved over the years and adopted to changing experimental needs. This 

evolution resulted in the development of the SEFiR sample holder design, with only one fixed 

end compared to both ends fixed as for the preliminary sample holders, relieving the mechanical 

stress from the mounting procedure and enabling CXDI experiments on thin samples.  

The multiple beamtimes and experiments, resulted in four publications in peer-review journals 

and one manuscript, included in chapter Results5. The experiments were carried out at third 

generation synchrotron sources, Petra III at the DESY in Hamburg and the Advanced Photon 

Source near Chicago. Additional X-ray measurements took place at the FRED laboratory X-

ray source based at Magnussen group laboratory in the institute of experimental and applied 

physics in Kiel University.  

In an initial study, nXRD and electrical characterization were combined to investigate the 

relation between crystalline structure and electrical behavior of ZnO based Schottky contacts. 
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The strain distribution was spatially resolved visualized by nXRD while the electrical 

properties, in particular, the barrier height and ideality factors of the Schottky contact, were 

quantified by I-V characterization. The findings highlighted the impact of the crystalline quality 

on the electrical properties of the Schottky contact. The data show that a ZnO rod with a well-

defined strain distribution and solely non-abrupt deviations in the lattice parameter exhibits 

ideal Schottky barrier behavior with excellent rectifying diode characteristic. In contract, a rod 

where high strain and multiple coherent scattering domains are observed displays unwanted 

ohmic like behavior. This is attributed to an increased defect rate. An analytical model could 

describe the strain distribution in the rod.  

The second study considered the modulation of electrical conductivity and lattice distortions in 

GaN samples grown by HVPE. A combined TEM and XRD approach revealed differences in 

as deposited and PEC etched samples. Photoluminescence measurements showed an 60 % 

increase of the carrier concentration in PEC etched GaN compared to as deposited material. 

XRD and TEM structure analysis highlight an inelastic strain in distortions of the wurtzite 

structure. Further, the XRD measurements reveal a deviation of around 1° from the ideal 

hexagonal structure for the average GaN crystals, while this deviation may rise to up to 2° on a 

nanoscale, observed by TEM. It is concluded that the lattice deviations result from misfit 

strains, due to the high growth rate and that they can be slightly released by PEC etching. 

In a third, complementary TEM and CXDI study, the strain distributions in ZnO microstructures 

coated with gold were visualized to investigate the impact of the Schottky contact and 

piezotronic effect on the crystal structure. Both, a bulk and an interface component are present 

in the reconstructed strain distribution of the CXDI measurements. A qualitatively comparable 

interface strain is seen in GPA results from TEM micrographs. It is likely that the interface 

strain results from the Schottky contact formation, as the measured width close to 39 nm, is in 

accordance with the calculated depletion width for a ZnO Schottky contact. The observed 

asymmetric bulk strain is attributed to a screening of electric potential and depletion of 

electrons, as predicted by a previous simulation for a bent piezoelectric rod.  

A subsequent CXDI study investigated the strain distribution in a ZnO rod, partly coated with 

magnetostrictive FeCoSiB and exposed to an external magnetic field. The advanced SEFiR 

sample holder was used to build a model piezotronic inspired magnetoelectric sensor. The 

design allowed investigation of both the strain and electrical properties of the sensor. Electrical 

investigation showed that FeCoSiB coating provides an ohmic contact on ZnO and additionally 

that an applied external magnetic field causes an increase of the measured Schottky barrier 

height and a decrease of the ideality factor, proving that this design is suitable for use as a model 
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piezotronic magnetic field sensor. CXDI on the same ZnO rod indicates a distinct magnetic 

field induced change of the strain distribution in the rod, possibly, the cause for the piezotronic 

change of the electrical properties. 

In a fifth study, thin FeCo/TiN multilayers were investigated by means of TEM and X-ray 

techniques to distinguish the crystalline and multilayer structure and examine the effect of 

annealing. In these experiments multiple X-ray techniques were utilized. The bulk crystalline 

structure was investigated by XRD, while XRR gave access to the near surface sample structure. 

The FeCo and TiN layers were found to form a superlattice with a columnar microstructure 

with a fibre texture and a cube-on-cube orientation is observed. Electron diffraction simulation 

predict that the FeCo layers are deformed by a tensile in-plane strain to match their lattice 

parameter with the TiN. The XRR results show a ~4.8 % expansion of the superlattice thickness 

due to the annealing, this staggering change may be caused by release of strain in the FeCo 

layers.  

In summary, XRR, XRD, nXRD and CXDI were successfully utilized in the presented studies 

to investigate and visualize the crystal structure of ZnO and link these results to the Schottky 

contact, magnetostrictive and piezotronic behavior. Further, crystal structure changes were 

observed in etched GaN and for annealed FeCo/TiN multilayer structures. The extraordinary 

high strain resolution of those X-ray techniques has proven to be highly beneficial for the 

measurement of small crystal structure changes, while the three-dimensional visualization of 

strain achieved by CXDI measurements exhibit an extraordinary tool for investigations of 

complex strain distributions. The findings from these studies of model sensor systems will 

support the knowledge-based design of biomagnetic field sensors in the CRC 1261.  

 

A perspective for further experiments succeeding this work is to extend the current studies to 

more complex sensor designs. Planned X-ray scattering pair distribution function analysis will 

expand investigations to amorphous components of magnetoelectric sensors. Phytography is 

another promising X-ray scattering technique. It is a sophisticated extension of CXDI and 

enables the investigation of much larger specimen. An interesting subsequent experiment may 

be to combine spatially resolved strain distribution from phytography, with impedance 

spectroscopy on Schottky barrier width. Combining both techniques may give access to a better 

understanding of the microscopic changes near the Schottky contact. Furthermore, a transition 

from ZnO as the model system to other sensor materials, used more prominently within the 

CRC, such as GaN and AlN, may have a big impact on the overall success of the CRC 1261.  
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With advances in machine learning and artificial neural networks, these may be a key to faster 

and better analysis of the obtained measurements. Foremost, the computationally intensive and 

slow solution of the inverse problem for the reconstruction of the strain distribution from the 

measured Bragg reflection in CXDI experiments may benefit immensely from such a 

development.  
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7. SUPPORTING INFORMATION 

LOCAL STRAIN DISTRIBUTION IN ZNO MICROSTRUCTURES VISUALIZED WITH SCANNING NANO 

X-RAY DIFFRACTION AND IMPACT ON ELECTRICAL PROPERTIES  

 

 

Figure 7.1: Multiple views of the strainmap in Figure 5.1 b). a) Shows the above presented 

strainmap view, b) and c) display the intensity of the Bragg reflection as a function of the strain 

and spatial linescan position x, respectively. d) Displays the strain as a function of the position 

x including a color-coded intensity.  
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Figure 7.2: Strainmap from an uncoated part of rod R1. The position on the rod is further 

separated from the connection point to the sample holder, compared to the strainmap in Figure 

5.2 g) and may be an explanation for the less pronounced linear change of the strain distribution. 

This gives rise to the idea that the rod bending is induced by the mounting.  

 

 

 

Figure 7.3: Strainmaps collected on rod R2, a) uncoated part and b) Ag coated part. A hexagonal 

strainmap appearance is found again, compare to Figure 5.2 h). 
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Figure 7.4: a) Strainmap of an uncoated part on R3 and b) from an Al coated part. An immensely 

variation of the Bragg peak is observed in all measured parts of rod R3. 

 

 

Calculation of the bending radius in strained rods 

For the calculation of the radius the crystal size on the compressed side is compared with the 

one at the extended side of the rod. Given that the compressed side has a crystal size 𝑐1 =

2𝜋
𝑞max⁄  and the extended side a size of 𝑐2 =

2𝜋
𝑞min⁄ , from Table 5.1 in the main part. 

Geometrical considerations for two similar shaped triangles of different size show for the 

bending radius r and the rod diameter d:  

𝑟+𝑑

𝑐2
= 

𝑟

𝑐1
           (7.1) 

And the resulting equation for r is. 

𝑟 = 𝑑
𝑐1

𝑐2−𝑐1
           (7.2) 
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Figure 7.5: a-d) The respective Bragg reflection recorded at the line scans x coordinates 12 µm, 

-5 µm, -16 µm and -22 µm, from the Bragg reflection map of R1 shown in Figure 5.2 d). During 

the linescan a splitted structure arises, showing two distinct peaks and leads to the conclusion 

that separate coherent scattering crystal volumes of the rod with differing lattice parameters 

were probed. Furthermore, the FWHM of the reflection increases during the splitting and is 

probably caused by a shrinking of the coherent scattering crystal volumes.  
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Figure 7.6: a-d) Four Bragg reflections measured for R2 at x positions 5 µm, 1.25 µm, -1.25 

µm, -5 µm of the linescan across the rod. 
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Figure 7.7: a-d) Four Bragg reflections measured for R3 at x positions 15 µm, 3 µm, -7 µm, -

17 µm of the linescan across the rod. 

 

 

Figure 7.8: X-Ray beam path through the rod along the direction of the incident wave vector 

kin, and being scattered by multiple crystallites in the rod, indicated by the multiple exiting wave 

vectors kout´s. 
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Figure 7.9: TEM image of a tapered ZnO microstructure and corresponding tilting series using 

selected-area electron diffraction on the thin parts of the nanowire. SAED zone axis patterns of 

this tilting series prove the growth direction of the nanowire to be along its c-axis. All patterns 

display strong diffraction intensities indicating a single crystal material. The curvature of the 

ZnO needle is reflected in streaking of the strong reflections perpendicular to the growth 

direction. For the zone axis orientations [421] and [631] multiple weak reflections (see yellow 

arrows) are observed which could belong to a second intergrown minority component or could 

result from multiple dynamical diffraction events, which have to be considered at the present 

sample thickness. 
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Figure 7.10: Optical images of the three samples R1, R2 and R3. Length measures are included 

in all three images. a,b) Pictures of uncoated ZnO rod parts on R1 and R2. c) Image of an Au 

coated part of sample R3. Acquired using a Keyence VHX 7000 digital microscope for samples 

R1 and R3 and a Zeiss Primostar microscope for sample R2.  

 

 

Figure 7.11: Summed up detector images from rocking scans performed for sample R1 ZnO 

{0004} (a), R2 ZnO {0004} (b) and R3 ZnO {0002} (c) collected with Pilatus detector at a 

close sample detector distance of 24 cm to cover a huge range of q space. Rods R1 and R2 

display an overall high crystallinity with an absence of further ZnO Bragg reflections, in a) an 

additional, weak reflection (circle, q = 5.11 Å-1) is present, probably {311} from the Ag glue. 

R3 shows a high intense, narrow reflection, as well. But an additional, weak reflection is 

observed (circle, q = 3.31 Å-1) and may be the ZnO {102} reflection. Indicating that a second, 

minority crystalline component may be present in the ZnO rod. Furthermore, three powder like 
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diffraction rings at q 2.69 Å-1, 3.12 Å-1 and 4.38 Å-1 are visible and are most probably caused 

by the {111}, {200} and {220} Bragg reflections of the Gold coating, respectively 
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MODULATION OF ELECTRICAL CONDUCTIVITY AND LATTICE DISTORTIONS IN BULK HVPE-

GROWN GAN 

 

 

Figure 7.12: Multilayer conical porous structures formed in bulk HVPE-grown GaN subjected 

from the top surface (N-face) to electrochemical etching in 0.3 mol. HNO3 electrolyte under 

22 V anodic bias for 20 min. Unlike the PEC etching, in the case of electrochemical etching 

the anodisation potential was applied between two electrodes. The sample has served as 

working electrode while a mesh of Pt wire served as counter electrode. 

 

Figure 7.13: a-d) SEM images of the bulk GaN surface after photoelectrochemical etching. 

The colored bar in d) and e) highlights the region of a TEM sample prepared by FIB, whereas 

the red bar indicates the boundary region between two adjacent concentric structures with 

modulated electrical parameters. f) TEM image of this boundary region containing one 

“island” with different polarity as shown in Figure 7.14. The photoelectrochemical etching 
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produced a straight and deep trench at the “island” in contrast to the inclined etch pits 

produced at the concentric structures, which is consistent to the peculiarities of the proposed 

growth scheme in ref. 4[216]. 

 

Figure 7.14: Piezoresponse force microscopy (PFM) measurements of the as grown GaN 

surface at 247 kHz resonance frequency. AFM topology and the corresponding vertical PFM 

magnitude and phase signals are displayed. The positions of profiles are indicated by the red 

arrows. See text for details. 

The contact mode AFM image depicts the topology of the surface which is described by 

circular formations exhibiting alternating rings of different elevation which are occasionally 

separated by islands. Random oriented scratches, fringe pattern (see the lower right corner) 

and horizontal measuring artefacts superimpose the image. The topology of the surface is 
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shown in the respective AFM amplitude profile which is taken over the circular structures and 

bridging the island (see red arrow). The height difference between the “hill” and “valley” 

rings and islands is 20 nm peak-to-peak, with hills and islands having roughly the same 

elevation. 

The vertical PFM magnitude image further resembles the topography map but with inverted 

contrast, therefore an amplification of piezoresponse by the topography can be neglected. The 

island and hill structures basically show a smaller piezoresponse than the valley structures. A 

closer inspection of the piezoresponse profile reveals a minimum in magnitude for the island 

which is bracketed by valley-type rings showing very high piezoresponse at their edges. 

Additionally, such modulation is also observed in the phase image. Valley-type rings showing 

larger magnitude in piezoresponse with respect to the hill-type rings exhibit pronounced kinks 

in the phase (dark contrast in the image and profile). The inversion of the phase signal is also 

true for the islands, although in contrast to valley-type rings, here the piezoresponse 

magnitude was observed to be small. 

According to theory the piezoelectric response of Ga- and N-face domains will vibrate in-

phase and out-of-phase with the modulation voltage, respectively. The pronounced phase 

difference (more than ~200°) and phase shift can be explained by the experimental setup and 

capacitive effects between sample and tip, hence only qualitative statements are feasible. 

However, the small piezoresponse of the island, together with the inversion of the phase 

signal is a clear indication of a domain with inversed polarity featuring inversion domain 

boundaries as displayed by the high magnitude regions surrounding the island[221,318]. 

On the contrary, the modulation of phase and magnitude of the hill- and valley-type rings is 

believed to have different origin than the inversion of polarity. Moreover, the magnitude and 

phase could be influenced by several factors which include artefacts of topography, variation 

of surface charge or piezoactivity, rather than polarization inversion[319]. Please, note that 

scratches also show the same phase to magnitude correlation like the valley-type rings. In 

correlation to the real structure, these valley-type rings having smaller lateral dimension 

coincide with material removed during the PEC etch which can be rationalized from Figure 

7.12. These conical stacked structures are supposed to feature an alternating spatial 

modulation of dopants[216]. Further, no indication of inversion domain boundaries have been 

found in the TEM investigation of cross-section through these single crystalline conical 

structures. 
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Therefore we conclude from PFM measurements that inversion domains with opposite 

polarization than the conical structures are formed during the fast growth process, therefore 

showing a microscale modulation of piezoelectric parameters. 

 

Figure 7.15: a) Selected area (diameter of aperture 500 nm) electron diffraction studies 

screening four positions on the TEM lamella. The specimen was tilted into [2-1-10] 

orientation for position i) and no further sample tilt was performed during the experiment. 

The triclinic distortion showing β ≈ 89° of the wurtzite structure of GaN is observed to be 

present at all four positions, irrespective the crystalline distortions of the lamella which are 

apparent from the increasing deviation from the zone axis condition set in i). b) Sketch of the 

specimen lamella showing the positions of electron diffraction experiments. 
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VISUALIZING INTRINSIC 3D-STRAIN DISTRIBUTION IN GOLD COATED ZNO MICROSTRUCTURES 

BY BRAGG COHERENT X-RAY DIFFRACTION IMAGING AND TRANSMISSION ELECTRON 

MICROSCOPY WITH RESPECT TO PIEZOTRONIC APPLICATIONS 

 

Justification of the chosen reconstruction volume for analysis 

The reconstruction from y 0 to 0.7 µm (Figure 5.10 c) will be used for the further analysis for 

it appears that this is the real ZnO structure that was investigated. This is justifiable from first: 

the hexagonal shape of the reconstruction in this segment, which is expected from the ZnO 

wurtzite structure, second: the high amplitude of the reconstruction with the isosurfaces close 

together and third: this part has a size along y of 449±56 nm, this matches with the beam size 

of 471±1 nm, which is the FWHM of a Gauss function fitted to the beam shape. Furthermore, 

the partly reconstructed structures (y > 1 µm) are oriented along the macroscopic c axis of the 

rod. The reason for these reconstructions could be an additional partly coherent beam hitting 

the sample along the y direction, that may result from diffraction of the slits defining the 

incident beam. 

 

Refraction correction of the phase 

A refraction correction of the reconstructed phase may be necessary,[258,259] in order to account 

for an individual phase shift due to different beam path lengths through the rod material with 

its refractive index 𝑛 = 1 − 𝛿 − 𝑖𝛽 (for 9 keV photon energy, 𝛿 = 1.275 × 10-5 and 

𝛽 = 2.149 × 10-7). To calculate the path length through the rod, the reconstructed shape was 

utilized to count the voxels that are passed by the beam to reach a specific position in the rod 

volume, when entering and exiting in the direction of kin and kout. This was done individually 

for every voxel of the reconstructed volume and by multiplying with the voxel size, a path 

length 𝑑 is determined. The final phase shift 𝜙 = 𝑘𝛿𝑑 including the wave vector 𝑘 = 2𝜋 𝜆⁄  is 

calculated and the reconstructed phase is corrected by subtracting the phase shift. Here, a 

maximum phase shift of around 0.6 was found and a refraction correction of the data is 

necessary. For 𝛽 the effect is almost two orders of magnitude less and is neglected.  

The Au layer deposited on the ZnO rod cause a phase shift, as well. At 9 keV photon energy 

the index of refraction parameters for Au are 𝛿 = 3.739 × 10-5 and 𝛽 = 3.235 × 10-6. For a path 

length of 100 nm through the Au a phase shift of 0.17 is calculated. This is around a quarter of 

the calculated phase shift for the ZnO rod. Furthermore, the non-symmetrical deposition from 
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two directions and, additional, high roughness typical for thermal evaporation deposition 

processes, would lead to a complex model of the Au layer with high uncertainty. Considering 

the comparable low phase shift and the complex layer modelling, the Au layer is neglected in 

this paper.  

 

Reconstructed phase to strain calculation  

The strain is calculated from the phase of the reconstructed complex electron density. [82,259] 

First step is the calculation of the displacement field 𝑢 = ϕ 𝑞⁄ , including the phase 𝜙 and 

scattering vector 𝑞 = 4𝜋 𝜆⁄ × sin(𝐵𝑟𝑎𝑔𝑔 𝑎𝑛𝑔𝑙𝑒). From this is seen, a phase of 2𝜋 is equal to 

a displacement of 2𝜋 𝑞⁄ , which is the distance between two parallel lattice planes 𝑑ℎ𝑘𝑙. Finally, 

the strain is the gradient of the displacement field. In the case of a scattering vector pointing in 

x direction it simplifies to 𝜖𝑥 = 𝑑𝑢 𝑑𝑥⁄ .  

 

Calculation of carrier concentration from depletion width 

The equation for the calculation of the depletion width 𝑊𝑑 as a function of the carrier 

concentration 𝑁𝐷 and temperature 𝑇 at zero voltage is rearranged as follows.[39] 

𝑊𝑑 = √
2𝜖𝑠

𝑒𝑁𝐷
(Φ𝑖 −

𝑘𝑏𝑇

𝑒
) → 𝑁𝐷 =

2𝜖𝑠

𝑒𝑊𝑑
2 (Φ𝑖 −

𝑘𝑏𝑇

𝑒
)      (7.3) 

Including built-in potential Φ𝑖  ~ 0.5 V [39,197], elementary charge 𝑒, Boltzmann constant 𝑘𝑏 and 

permittivity 𝜖𝑠 of around nine times the vacuum permittivity[320,321]. For a given depletion width 

of 39.0 nm the calculated donor concentration is 3.1 × 1017 cm-3. 
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Figure 7.16: Multiple cuts through the reconstructed volume with a y spacing of 54.8 nm, each. 

In total a length of 438.4 nm along the y-axis.  

 

Fitting: Model justification, procedure and table of results 

The fit model to describe the strain consist of constant, linear, exponential and Gauss functions. 

The physical reasoning behind the different functions is: first, the constant function models a 

uniform strain that is well distributed over the whole sample. Second, the linear part is due to 

bending of the rod that may be introduced by a stress perpendicular to the c-axis. Third, the 

exponential part is introduced to describe the strain change near the surface of the rod. A strain 

often decays by a power law, here an exponential function is used for simplicity. Fourth, the 

Gaussian function was chosen to model the additional strain near the surface because the strain 

seems to peak near but not exactly at the interface and it was shown in theoretical calculation 

that the potential in a bend ZnO rod saturates near the surface.[55] A saturation process can be 

described by a sigmoid function e.g. the error function. Because the strain in a piezoelectric 

material is connected to the E field, i.e., the gradient of the potential, a Gaussian function, which 

is the derivative of the error function, is a justifiable choice.  
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For the fitting, a nonlinear least square method was used with a trust region algorithm. The error 

values were calculated from a 95% confidence interval of the fitted values. The following model 

F(x) was implemented to fit the data sets of the average strain:  

𝐹(𝑥) = 휀𝐺𝑎𝑢𝑠𝑠,1 𝑒𝑥𝑝 (
−(𝑥 − 𝜇1)

2

2 𝜎𝐺𝑎𝑢𝑠𝑠,12
) + 휀𝐺𝑎𝑢𝑠𝑠,2 𝑒𝑥𝑝 (

−(𝑥 − 𝜇2)
2

2 𝜎𝐺𝑎𝑢𝑠𝑠,22
) 

+휀𝑒𝑥𝑝,1 𝑒𝑥𝑝 (
−(𝑥−𝑥1)

𝜎𝑒𝑥𝑝,1
) + 휀𝑒𝑥𝑝,2𝑒𝑥𝑝 (

𝑥−𝑥𝑛

𝜎𝑒𝑥𝑝,2
) +

𝜀𝑙𝑖𝑛

𝑥𝑛−𝑥1
+ 𝑐     (7.4) 

The function depend on the variable x, which is the position across the sample, with its first 

value x1 = 110, 111 (for the two measured datasets, one presented in this paper and the other at 

the end of the supplementary, respectively) and last value xn = 145, 148 inside the reconstructed 

volume for the rod position presented in the main text and a second position on the rod, 

respectively. εGauss, σGauss and µ are the height (strain), sigma and position of the Gauss 

functions. The positions of the exponential functions 1 and 2 are fixed to the edges of the rod 

at x1 and xn, respectively. There are further the strain εexp and sigma σexp of the exponential 

functions. εlin is the linear change of the strain from one edge x1 of the rod to the other xn and c 

is a constant offset in the strain. The spatial sizes of the effects are calculated by multiplying 

the fitted values with the voxel size (27.4 nm).  

Table 7.1: First row are the fit results for the rod position presented in the main part and 

second row for the additional position. The strain results are dimensionless, all other are in 

numbers of voxels. 

εGauss,1 
[10-5] 

σGauss,1 µ1 εGauss,2 
[10-5] 

σGauss,2 µ2 εexp,1 
[10-5] 

σexp,1 εexp,2 
[10-5] 

σexp,2 εlin 
[10-5] 

c 
[10-5] 

-2.23 

±0.11 

4.29 

±0.24 

121.54 

±0.28 

10.34 

±0.14 

2.52 

±0.06 

146.33 

±0.06 

-13.56 

±0.25 

1.27 

±0.05 

-8.29 

±0.24 

1.57 

±0.09 

4.42 

±0.16 

0.19 

±0.05 

-3.18 

±0.29 

4.00 

±0.48 

115.57 

±0.54 

12.71 

±0.43 

2.32 

±0.12 

146.26 

±0.14 

-5.53 

±0.77 

0.26 

±0.44 

-5.49 

±0.76 

0.38 

±0.28 

5.38 

±0.43 

-0.17 

±0.13 

 

E-Field calculation from strain 

To calculate the E field (component) from the measured strain component 𝜖𝑥 the following 

relation is used.[264] 

𝜖𝑖𝑗 = 𝑑𝑖𝑗𝑘𝐸𝑘           (7.5) 

Including the strain tensor 𝜖𝑖𝑗, tensor of the piezoelectric strain coefficient 𝑑𝑖𝑗𝑘 and the electric 

field vector 𝐸𝑘. Due to symmetry considerations for the hexagonal wurtzite structure the tensor 

𝑑𝑖𝑗𝑘 reduces to:[264] 
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(
0 0 0
0 0 0
𝑑31 𝑑31 𝑑33

    
0 𝑑15 0
𝑑15 0 0
0 0 0

)       (7.6) 

Strain along the three, independent crystal orientations are related to the electric field 

component 𝐸3. 

𝜖11 = 𝑑31𝐸3           (7.7) 

𝜖22 = 𝑑31𝐸3           (7.8) 

𝜖33 = 𝑑33𝐸3          (7.9) 

𝜖11 is equivalent to the measured strain 𝜖𝑥 from the paper. The measured strain belongs to one 

of the symmetrical {1010} Bragg reflections and the equations (7.7) and (7.8) are valid for all 

of them. These are scalar relations, so it is possible to solve for the electric field component as 

a function of the measured strain and the piezoelectric strain coefficient. 

Furthermore, shearing contributions of the strain are induced by the E field components 𝐸1 and 

𝐸2. Therefore, the electric field in the Schottky contacts depletion region, laying in the basal 

plane of the ZnO, causes a shearing and no lattice parameter changes. 

𝜖23 = 𝑑15𝐸1           (7.10) 

𝜖12 = 𝑑15𝐸2          (7.11) 

𝜖31 = 0          (7.12) 

 

Choosing reconstructions by utilizing the chi parameter 

The chi value calculated by the reconstruction algorithm, is a measure for the difference 

between the reconstructed amplitude and measured Bragg peak intensity and was utilized to 

sort the reconstructed results by quality and pick the best ones for a final reconstruction. Two 

hundred reconstructions with random starts were performed for both positions. For the position 

presented in the paper 76 out of 200 and for the second position, presented in the supporting 

information, 151 out of 200 performed reconstructions were chosen for further analysis (see 

Figure 7.17). The final reconstructions are made by correlating all chosen reconstructions with 

each other. In Figure 7.17 a), the chi values related to the first position are distributed around 

two broad maximums. The reconstructions of the first maximum were chosen for further 

analysis and the correlated reconstruction is shown in Figure 5.10 c). It is of the expected 

hexagonal shape and size and has high amplitude values of 0.7 and above. In contrast, the 
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correlated reconstruction of the second maximum at around chi = 0.056 (histogram in Figure 

7.18 a) shown in Figure 7.18 b) has a maximum amplitude of below 0.2. The histogram for the 

second position in Figure 7.17 b) is a narrow distribution of chi values with a sharp maximum 

at around 0.049. The reconstructed shape is shown in Figure 7.19 b). 

 

 

 

Figure 7.17: Histogram of the Chi distribution in positions P1 a) and P2 b). In total 200 

reconstructions were conducted for each position. Chi is a measure of the correlation between 

the reconstructed amplitude and the measured intensity of the Bragg peak. The areas in red are 

the Chi values that were used for the final reconstructions.  

 

 

 

 

 

Figure 7.18: a) Chi histogram in position P2. b) Reconstructed amplitude from the red shaded 

area in a). The maximum value of the reconstructed amplitude is below 0.2.  
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Reconstruction and results of second position on the rod 

 

Figure 7.19: a) Diffraction pattern of the scan in the second spatial position along the rod. b) 

The corresponding reconstructed structure with three isosurface values (1/e, 0.5 and 0.6). 

 

 

Figure 7.20: Reconstructed shape and strain in the second position. a) Cross section view of the 

refraction corrected strain through the middle in y of the reconstructed volume. b) The average 

strain (blue crosses) was calculated along axis z in a) and is shown as a function of axis x. 

Further, fit result of the model function to the average data (solid red line), the two Gauss 

functions from the fit model (purple and yellow solid line) and the fitted linear component 

(green dashed line) are shown. 

 



 

145 

 

 

Figure 7.21: Multiple cuts through the reconstructed volume in the second position. The spacing 

between each cut is 54.8 nm in y direction. In total a length of 493.2 nm along. 
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METALLIC ALLOY FECOSIB AS NOVEL OHMIC CONTACT ON ZNO; OPERANDO ELECTRICAL 

INVESTIGATION OF A PIEZOTRONIC MAGNET FIELD MICROROD SENSOR AND COMPLEMENTARY 

COHERENT X-RAY DIFFRACTION IMAGING OF STRAIN DISTRIBUTION 

 

 

Figure 7.22: Semi-logarithmic I-V curves for the Al/ZnO/Ag (dashed line) as well as the 

FeCoSiB/ZnO/Ag (dotted line) measurements, compare with Figure 5.14. Small red solid line 

indicates a linear fit in the range 0.1 V to 0.25 V to extract the Schottky contacts barrier height 

and ideality factor.  
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Figure 7.23: Cut of the Bragg reflection shown in Figure 5.17 b) magnifying the fringes around 

the center. Asymmetric appearance of the reflection in qz is visible and possibly caused by an 

strain change in the z direction.  

 

 

Figure 7.24: Reconstructed strain distribution measured by CXDI for applied B fields of 9.1 mT 

(a), 13.2 mT (b) and a post magnetic field measurement with no applied magnetic field (c). 

Color-coded strain is shown on the same range as in Figure 5.18. Reconstructions are of no high 

quality due to the huge diameter, which is of similar size as the coherence length of the probing 

X-ray beam.  

 



 

148 

 

NANOSTABILIZATION OF TETRAGONAL DISTORTED FECO VARIANTS IN ULTRA-THIN FECO/TIN 

MULTILAYER FILMS 

 

 

Figure 7.25: Temperature induced lattice deformations upon annealing at 600 °C for 1 h in 

vacuum. The electron diffraction pattern of the as-deposited and annealed sample shows no 

distinct differences concluding that the multilayer structure integrity is resistant against this 

temperature treatment. The intensity profiles over the periodic superlattice reflections 

prolonging from TiN {111} intensity reveal small lattice deformations. The distance between 

the superlattice reflections is decreased resulting in a measurable increase in the periodicity 

length from 2.27 Å to 2.39 Å. 

 

Figure 7.26: Experimental SAED pattern and the superimposed single component spot patterns 

of the respective zone axis. 
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Figure 7.27: Pole-fig. (PF) measurements of the out-of-plane superlattice reflections prove high 

fibre texture in film growth direction. a,b) PFs of the as-deposited multilayer recorded on the 

pronounced superlattice reflections at 41.34° and 44.99° discussed in Figure 5.20 of the main 

manuscript. c) PF of the heated multilayer recorded on the second superlattice reflection at 

45.25° d,e) Intensity profiles drawn across the PF hemisphere as indicated by the white dashed 

lines in the PFs. The angle alpha describes the opening between the in-plane and out-of-plane 

direction of the hemisphere. 

For the as-deposited multilayer two PFs (Figure 7.27 a, b) were recorded selecting the q-vectors 

of the superlattice reflections located at q = 2.879 1/Å (2θ:41.34°) and q = 3.120 1/Å 

(2θ:44.99°). The PFs show the accumulation of diffraction intensity around α = 0° with the peak 

of intensity having a full-width at half maximum (FWHM) of 8.6° and 8.1° describing the small 

precession of the superlattice c-axis. A further feature of the PF which has to be explained is 

the ring-shape diffuse intensity distribution having an α-tilt angle of ~45° with respect to the 

film out-of-plane direction. The intensity ratio between the out-of-plane component and the 

ring-intensity (Figure 7.27 d) is decreasing and becoming more defined in FWHM (8.8° to 5.8°) 

accompanied with a small shift in the angle α (47° to 45°) by selecting the maximum of the 

second superlattice reflection at 2θ ≈ 45°. From the SAED pattern shown in Figure 5.22 and 

Figure 7.26 it becomes clear that the ring-shaped intensity is a contribution of the row of 

superlattice reflections starting from the indicated TiN (111) reflection to the FeCo (110). These 

diffuse superlattice reflections get into Bragg diffraction condition for the selected q-vectors 

when tilting the specimen by α ≈ 45°. The azimuthal rotation of domains around the out-of-
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plane component is creating the ring-shaped diffuse intensity having a defined majority 

component as indicated by the accumulation of intensity within the ring. Consequently, the out-

of-plane intensity maximum in the heated multilayer (PF at q = 3.145 1/Å) shows a slightly 

smaller FHWM of 7.6° which could indicate an improvement of fibre texture. Interestingly, 

also the intensity of the diffraction ring becomes even more pronounced for the heated 

multilayer, a feature which was also evidenced for the same row of superlattice reflections in 

Figure 7.25. 

 

 

Figure 7.28: Comparison of uncorrected and CS-corrected HRTEM micrographs. Without 

image correction no significant difference of the phase contrast intensities is apparent to distinct 

between [110] orientation of FeCo and [100] orientation TiN according to the 45° rotation cube-

on-cube epitaxy. However, imaging with a small negative CS value clearly resembles 

differences in the phase contrast micrographs. 

 

 

 

Figure 7.29: a) Experimental HRTEM micrograph, simulated phase contrast image and 

supercell model in [100] orientation. The presented HRTEM simulation was performed with a 

multislice algorithm within the JEMS program using the following setting: A slight negative 

spherical aberration coefficient to account for the imaging conditions used during the 
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experiment CS= −0.12 mm, a defocus of −18.2 nm and a thickness of 2.1 nm. b) Comparison 

of intensity profiles across the (110) plane of the FeCo layer extracted from the experimental 

and simulated images. The experimental variation of the phase contrast generated for a Co and 

Fe atom correlates well with the simulation based on the ordered B2 structure of FeCo.  

 

Figure 7.30: Representation of the supercell model and the single ED pattern in the 

experimentally observed orientation of the three major domains. 
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Figure 7.31: Strain profiles across hot spots located in the FeCo layer. The average in-plane 

strain (full area along black arrow) is alternating between tensile and compressive being in 

magnitude smaller than 0.4% on average. A profile drawn across the hot spot centers (along the 

red arrow) indicates the strain being locally larger than 1% of the reference (2.96 Å). 
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ABBREVIATIONS 

AFM Atomic Force Microscope 

APS Advanced Photon Source 

BCXDI Bragg Coherent X-ray Diffraction Imaging 

CDI Coherent Diffraction Imaging 

CRC Collaborative Research Centre 

CXDI Coherent X-ray Diffraction Imaging 

DESY Deutsches Elektronen Synchrotron 

DFG Deutsche Forschungsgemeinschaft 

ED Electron Diffraction 

EDS Energy-Dispersive X-ray Spectroscopy 

ER Error reduction algorithm 

FFT Fast Fourier Transform 

FIB Focused Ion Beam 

FT Fourier Transform 

FTS Flame Transport Synthesis 

FWHM Full Width at Half Maximum 

GPA Geometric Phase Analysis 

HIO Hybrid-Input-Output algorithm 

HRTEM High Resolution Transmission Electron Microscopy 

HVPE Hydride Vapor Phase Epitaxy 

iFT Inverse Fourier Transform 

imref Quasi Fermi Level 

I-V Current/Voltage  

ME Magnetoelectric 

NBG Near Band Gap  

nXRD Nano X-ray Diffraction 

OPM Optical pumped atomic magnetometer 

PEC Photoelectrochemical 

PL Photoluminescence 

PVD Physical Vapor Deposition 

RF Radio Frequency 
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SQUID Superconducting quantum interference devices  
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