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Abstract 

Hafnium-zirconium oxide (HfxZr1-xO2)-based dielectrics have received an abundance of attention 
recently, holding promise for use in CMOS-compatible ferroelectric memory technology. Unlike 
in conventional ferroelectrics, ferroelectricity in HfxZr1-xO2 is retained in ultrathin films of only a 
few nanometers thickness. The ultrathin nature of these structures enables ferroelectric tunnel 
junctions with higher readout currents than FeRAM, and with non-destructive read-out. Both of 
these properties are in favour of scaling. Ferroelectricity in HfxZr1-xO2 is attributed to the 
presence of the polar orthorhombic phase, formed in-situ by the transformation of the 
tetragonal phase. This transition is thought to occur only for crystallites exhibiting a specific 
orientation. There is some debate as to whether or not some proportion of the monoclinic and 
tetragonal phases are also required as to permit switching of the ferroelectric crystallites. This 
is complicated by the fact that these characteristics can only be controlled by film deposition 
conditions. Controlled growth of thin films using various deposition techniques capable of 
preparing films exhibiting these characteristics has been established. However, the quest for 
optimal preparation conditions calls for a routine technique able to assess the phase 
composition in ultrathin dielectric films, as required for the development of ferroelectric tunnel 
junction (FTJ) devices. 

Several films consisting of Hf0.5Zr0.5O2 deposited on TiN and amorphous SiO2 were prepared 
using radio-frequency (RF) sputtering and hybrid RF-pulsed laser deposition. Analysis by 
synchrotron grazing incidence X-ray diffraction (GIXRD) revealed that most samples contained 
only the monoclinic phase with fiber texture along the [1-1-1]/[11-1] axis, with the SiO2-based 
samples exhibiting stronger preferred orientation. Two TiN and SiO2-based samples contained 
the tetragonal phase with fiber texture along the [011] axis. Complimentary transmission 
electron microscopy (TEM) experiments showed that crystallites are indeed preferentially 
oriented with some degree of mosaicity. The techniques described are suitable for the 
identification of texture in ultrathin HfxZr1-xO2 films, and are likely able to differentiate between 
the structurally similar tetragonal and ferroelectric orthorhombic phases. 
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1 Introduction 

1.1 Background 

This section will introduce the concept of ferroelectricity and its application in digital memory 
technology. The relationship between crystal symmetry, structure and ferroelectricity will be 
explored, along with a number of examples. 

1.1.1 Ferroelectricity 

Ferroelectricity is a phenomenon in which a dielectric material exhibits a spontaneous electrical 
polarization that can be modified by an external electric field1. It can be construed as the 
electric field analogue of its namesake, ferromagnetism. Like ferromagnetism, ferroelectric 
materials exposed to a varying external field will display hysteretic behaviour. This property 
makes ferroelectric materials excellent candidates for use in digital memory, since each state 
can represent a binary digit. 

 
Figure 1.1: Material polarization versus applied electric field curves for a typical linear dielectric material, a 
paraelectric material, and a ferroelectric material. 

The hysteretic behaviour in Figure 1.1 may be attributed to the motion and reversal of polar 
domains through the movement of domain walls. It is generally recognized that this movement 
occurs on scales much larger than a unit cell1. Therefore, the existence of the ferroelectric 
effect in a material is a competition between short range polarization and long range 
mechanical stability.  

Ferroelectrics are a subset of pyroelectrics (spontaneous polarization change with temperature) 
and piezoelectrics (accumulation of electrical surface charges in response to mechanical stress) 
which are dielectrics; the latter material property is inextricably linked to the lack of inversion 
symmetry of the crystal which is present in 21 out of 32 crystal classes. Ferroelectric materials 
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occupy a subset of 10 pyroelectric classes; the relationship between class and these specified 
properties is illustrated in Figure 1.2. Exhibiting a pyroelectric symmetry classification is a 
necessary but not sufficient condition for ferroelectricity, since pyroelectric materials contain 
electric dipoles. For a pyroelectric material to be ferroelectric, its polarization must be capable 
of being altered by an applied electric field. For instance, the material must not be conductive; 
this would permit high leakage current preventing the establishment of a sufficiently large 
electric field required for switching. 

 

 
Figure 1.2: Classification of crystallographic point groups according to electrical behaviour. Ferroelectric 
materials must necessarily exhibit pyroelectric point group symmetry

a
. 

 
 
Many materials with a perovskite-type structure exhibit ferroelectricity, typically when 
deposited as a film thicker than ~10 nm2. Some common examples are BaTiO3

3 (Figure 1.3) and 
Pb(Zr,Ti)O3

4. 

 

                                                      
a Image redrawn from ref. 70 
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Figure 1.3: Structure of ferroelectric, tetragonal (P4mm) BaTiO3. Polarization occurs along the unique c-axis 
(macroscopic phenomenon spanning several unit cells)

b
.  

 

 

 

 

 

 

 

 

 

 

 

                                                      
b Unit cell information from ref. 3 
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1.1.2 Ferroelectric Tunnel Junctions 

Semiconductor memory is ubiquitous in modern digital electronics. In fact, manufacture of 
these devices in their current form would not be possible without the high memory density, 
durability, speed, and low cost offered by this technology. As the demand for computational 
power continues to increase, current semiconductor technologies are unlikely to keep pace; 
therefore, research into alternatives is necessary.  

One promising candidate to replace current memory products includes those based on 
ferroelectric materials. An example of a device that exploits this property to store information 
is a ferroelectric tunnel junction (FTJ). An FTJ is nominally composed of a ferroelectric material 
sandwiched between two different conductors.  

 
Figure 1.4: Electrical potential profiles

c
 for a generic electrode/ferroelectric/electrode FTJ structure composed of 

two different electrodes, in the “off” (top) and “on” (bottom) states. The polarization direction P is indicated by 
the arrow; the Fermi energy level is indicated by Ef. The height of the electrostatic barrier is modulated by the 
polarization of the material. 

                                                      
c Image adapted from ref. 71 after incorporating asymmetric electrodes 
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The polarization direction of an FTJ may be manipulated by applying an electrical bias to these 
electrodes (Figure 1.4); the resulting polarization state can be used to represent a binary “1” or 
“0”, enabling its use as a form of digital memory5. The change in the tunnelling current across 
the polarized ferroelectric barrier is termed the tunnelling electroresistance effect (TER)6. The 
resulting tunnelling current is a complex interplay between direct tunnelling, Fowler-Nordheim 
tunnelling, and thermionic emission. The former two modes are dominant at low and high 
voltages, respectively5.    

Advantages inherent to FTJs include fast write speeds, low power consumption, and non-
volatility5. As a direct result, ferroelectric memory technologies are a contender for use as 
"universal memory", able to retain information indefinitely and without power for bulk 
information storage, and fast-read write times for use as random access memory or cache 
memory7. Its resistance to fatigue means that memory lifetime is not sensitive to the number of 
read/write cycles the FTJ is subjected to. Non-volatility means that the memory does not 
require constant refreshing, which reduces computational resource and power consumption. 

The choice of an appropriate ferroelectric material is imperative to the manufacture of reliable 
FTJ devices. Perovskite-based FTJs require relatively thick ferroelectric layers to overcome 
leakage issues and preserve remnant polarization, but result in low readout currents which 
undermine device density scaling5.Their poor compatibility with silicon-based Complementary 
Metal Oxide Semiconductor (CMOS) manufacturing also hinders their implementation8. 

Complimentary metal-oxide semiconductor (CMOS) is a process used to fabricate metal oxide 
semiconductor field effect transistors (MOSFETs). Several implementation-specific 
requirements must be satisfied for a particular process to be CMOS-compatible. Generally 
speaking, these include adherence to a thermal budget, resistance to N2 + H2 forming gas 
annealing, and chemical compatibility with silicon.  

The adherence to a thermal budget does not necessarily establish an upper temperature 
boundary, but rather refers to a combination of temperature and time which CMOS structures 
can survive. A high thermal budget results in defect migration which nullifies semiconductor 
doping effects. This phenomenon is not usually activated below 300-350 °C and depends on 
factors such as specific doping levels. Temperatures producing defect migration on time scales 
of 3-4 hours is less of an issue, since this is the time constraint imposed by the economic 
feasibility of a CMOS manufacturing process. 

Common ferroelectric materials such as BaTiO3 are generally not CMOS-compatible due to 
several factorsd. The crystallization temperature of the ferroelectric phase is in excess of 600 °C, 
which is too high for underlying electronic components to survive. BaTiO3 is also reduced by 
forming gas treatment; oxygen deficiencies result in a leaky ferroelectric layer. Silicon tends to 
strip oxygen from BaTiO3 resulting in the formation of insulating SiO2, compromising device 
function.  

                                                      
d Personal communication with Prof. Andreas Ruediger 
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1.1.3 Crystal Structure of HfO2, ZrO2, and HfxZr1-xO2 

Pure HfO2 tends to adopt a centrosymmetric monoclinic phase (m-phase) which is paraelectric, 
whereas pure ZrO2 tends to  form an anti-ferroelectric non-centrosymmetric tetragonal phase 
(t-phase)9. Recently, the presence of a ferroelectric rhombohedral (space group R3m) phase 
was identified in epitaxial HfxZr1-xO2 films grown on silicon10 and La0.7Sr0.3MnO3

11, although 
ferroelectric behaviour of HfxZr1-xO2 thin films is typically associated with the presence of the 
non-centrosymmetric orthorhombic phase (o-phase) (Pca21)12,13. This phase forms during the 
initial stages of film growth: first, small HfxZr1-xO2 grains with relatively high surface area 
nucleate and form the t-phase. Small compressive stress along the a- and b- axes in conjunction 
with much greater tensile strain along the c-axis produced by the merging of grains form the 
ferroelectric o-phase14. Muller et al. reported that confinement of the film by incorporating a 
TiN electrode favours the growth of the o-phase, suppressing the alternate t-phase to m-phase 
route9. Prepared films exhibiting ferroelectricity typically consist of a mixture of the o/m/t-
phases9,15,16, since the o/t-phases phases exhibit a degree of lattice mismatch from the m-
phase. Hsu16 suggested that this mixed o/m/t-phase structure contains loose grain boundaries 
which allow the orthorhombic crystallites to switch freely under electrical bias. The presence of 
small, randomly oriented crystalline grains were also found to be favourable for achieving 
ferroelectric properties17; this is in stark contrast to the aforementioned conventional 
ferroelectrics that exhibit their best performance as single-phase heteroepitaxial thin films. A 
high volume fraction of the o-phase tends to occur in thinner films, which are in turn associated 
with larger remnant polarizations14. 

Thermal annealing can be used to alter the crystal structure of HfxZr1-xO2 after deposition, 
resulting in a t-phase to m-phase transition; the magnitude of this transition is proportional to 
the annealing temperature and is more apparent for thinner films14. Extant m-phase crystallites 
do not appear to be impacted by annealing due to the relative stability of this phase18. 

Table 1.1 through Table 1.3 list estimated and measured lattice parameters for the monoclinic 
(m-phase; Figure 1.6) tetragonal phase (t-phase; Figure 1.7), and orthorhombic phases (o-
phase; Figure 1.5) (as reviewed in 9,14,18). Note that any errors listed in the data were from 
uncertainties obtained from data refinement, and may not be physically relevant. Since lattice 
parameters for HfxZr1-xO2 in the m-phase and t-phase could not be found, they were estimated 
by employing Vegard’s law (unknown unit cell parameters are a weighted average of those of 
the material’s constituents). This was used in the literature to determine the lattice parameters 
for the t-phase (seee). 

 

 

 

 

                                                      
e Lattice parameters repeated in Table 1 of ref. 14 did not agree with those in sources cited. In 
some cases, no crystallographic data was stated at all. 
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Table 1.1:  Lattice parameters for monoclinic HfO2, ZrO2, and Hf0.5Zr0.5O2 (P21/c, space group 
#14) estimated by averaging measurements of pure HfO2 and ZrO2 

 HfO2
9 HfO2

19 ZrO2
20 ZrO2

18,21 Hf0.5Zr0.5O2 (average of ZrO2
19 and 

HfO2
20 values) 

a (Å) 5.14 5.1156(5) 5.1454(5) 5.15 5.1305 

b (Å) 5.07 5.1722(5) 5.2075(5) 5.20 5.1898 

c (Å) 5.29 5.2948(5) 5.3107(5) 5.32 5.3027 

β (°) N/A 99.18(8) 99.23(8) 80f 99.21 

 

Table 1.2: Lattice parameters for orthorhombic HfO2, ZrO2, and Hf0.5Zr0.5O2 (Pbc21 or Pca21, 
space group #29 and Pbcm, space group #57) 

 ZrO2
22 HfO2 (Pbcm)23 Hf0.5Zr0.5O2

9 

a (Å) 5.068(1) 5.0084(1) 5.01 

b (Å) 5.260(1) 5.2274(1) 5.05g 

c (Å) 5.077(1) 5.0597(1) 5.24 
 

Table 1.3:  Lattice parameters for tetragonal HfO2, ZrO2, and Hf0.5Zr0.5O2 (P42/nmc, space 
group #137)h 

 ZrO2
24 HfO2

25 ZrO2
9 Hf0.5Zr0.5O2 (average of ZrO2

24 and HfO2
25 

values) 

a (Å) 3.5984(5) 3.5775 3.59 3.5880 

c (Å) 5.152(1) 5.1996 5.17 5.1758 

 

It can be difficult to differentiate between the t-phase and cubic phases of HfO2 and ZrO2, 
especially if the lattice parameters are nearly equal; reflections from each phase with 
equivalent Miller indices would overlap. However, the face-centered cubic phase only permits 
reflections for which the Miller indices are of the same parity. For instance, the presence of the 
(012) peak is indicative of the t-phase9. The monoclinic, orthorhombic, and tetragonal unit cells 
are depicted in Figure 1.6 and Figure 1.7. Images were generated using structural data acquired 
from HfO2 or ZrO2. In the case of the nonstoichiometric compound Hf0.5Zr0.5O2, Hf/Zr atom sites 
are occupied by either Hf or Zr. 

 

 

 

                                                      
f Variance in β due to different cell choice 
g The authors of this work exchanged axes b and c for easier comparison with the tetragonal 
phase 
h Ref. 14,21 choose to depict the tetragonal unit cell as a pseudo-face centered cubic structure 
(see Figure 1.8), and set a’=√2*a=5.088 Å to facilitate an easier structural comparison. 
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Figure 1.5: Orthorhombic (Pbc21) unit cell (Hf/Zr atoms are green, O atoms are red). 
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 Figure 1.6: Monoclinic (P21/c) unit cell (Hf/Zr atoms are beige, O atoms are red). 
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1.1.4 Functional Properties of Hafnium Zirconium Oxide 

HfO2 and ZrO2 are two materials with similar melting points (~2600 oC), optical band gaps (~5 
eV), and dielectric permittivities (~25)7; the latter property making them useful as dielectric 
layers in dynamic random access memory (DRAM)26. They are also completely miscible, forming 
a ferroelectric thin film when the mole fraction of HfO2 and ZrO2 is approximately equal9. FTJs 
incorporating HfxZr1-xO2  as the ferroelectric layer are augmented by a small form factor (as thin 
as 2.5 nm27) and are compatible with CMOS manufacturing processes7. The polarizability of 
HfxZr1-xO2 is not impacted by annealing at 600 °C under N2, and only minimally by annealing 
under H2

28. However, issues such as the stability of the ferroelectric-electrode junctions and 
lack of information regarding the effect of preparation conditions on phase composition 
preclude their integration into conventional digital devices.  

Ferroelectricity in HfxZr1-xO2 usually evolves after a device is subjected to field cycling, due to a 
rather unique "wake-up" effect. The wake-up effect is the tendency for film polarization to 
increase with the number of switching cycles the device is subjected to, before becoming 
fatigued. Remnant polarization reaches maximum value after approximately 105 cycles. This 
effect has been ascribed to the "unpinning" of ferroelectric domains, which could be due to the 

Figure 1.7: Tetragonal (P42/nmc) unit cell (Hf/Zr atoms are green, O atoms are red). 
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presence of oxygen vacancies or the non-ferroelectric tetragonal phase. Field cycling likely 
causes these domains to become unpinned; it is also speculated that localized phase transitions 
from the tetragonal phase to the orthorhombic phase (Figure 1.8) occur29,30. The wake-up 
effect is not observed in HfxZr1-xO2 films exhibiting the rhombohedral ferroelectric phase31. 

Resistive switching relies on reversible dielectric breakdown to encode a binary state. A device 
exhibiting resistive switching composed of a dielectric material between two metal electrodes is 
termed a memristor. Although an FTJ is technically a memristor, this term typically refers to 
devices that are not also FTJs. The application of a large electric field to a memristor results in 
the formation of a conduction pathway, nullifying the insulating properties of the dielectric. 
This conduction pathway can be reformed or broken by another control voltage32. A variety of 
physical mechanisms is responsible for this behaviour, and depends heavily on the specific 
dielectric material. Resistive switching has been observed in HfxZr1-xO2

33,34. 

Wake-up in HfxZr1-xO2 thin films is reported to decrease with increasing crystallization 
temperature, along with the field cycle number to breakdown. Therefore, increased 
crystallization temperature tends to reduce the wake-up effect, while degrading endurance35. 
Oxygen scavenging at the TiN/HfxZr1-xO2 interface resulted in the accumulation of O2 vacancies 
in HfxZr1-xO2 and the formation of a ~0.8nm thick TiOxNy layer at the top interface. 

As noted in Section 1.1.2, use of ferroelectrics in digital memory is predicated on the 
modulation of the tunnelling barrier by changing the polarization direction of the ferroelectric 
layer. In the case of HfO2 prepared with a number of dopants (excluding ZrO2) this polarization 
arises when oxygen atoms shift along the c-axis of the Pca21  and Pmn21 orthorhombic 
phases13,18,36 (Figure 1.8). A similar mechanism is likely responsible for ferroelectricity in the 
mixed oxide phase. 

HfxZr1-xO2 is only ferroelectric when deposited as a film below ~25 nm14 and has been shown to 
be polarizable down to a thickness of 1 nm37. Although some degree of remnant polarization is 
present up to 25 nm, appreciable remnant polarization required for functional FTJs is found in 
films thinner than 10 nm. This is attributed to the lack of a significant o-phase fraction in thicker 
films14. The domain size for ferroics is proportional to the square root of the film thickness, 
known as Kittel’s law in the case of ferromagnetic materials38 and Mitsui and Furuichi’s law39,40 
in the case of ferroelectrics.  
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Figure 1.8: Transition from the tetragonal to orthorhombic phase of ZrO2/HfO2.

i
 Structures have been trimmed 

to depict each phase as a ‘pseudo’ face centered cubic structure in order better illustrate the effect of the 
transition; the structure of cubic ZrO2 is depicted on the right for comparison. The transformation of the 
tetragonal c-axis to orthorhombic a-axis is illustrated by switching their positions, as described by ref. 

17
. 

 

1.1.5 Review of Epitaxial Growth of HfxZr1-xO2 on Amorphous SiO2 

This section of the thesis serves to review literature describing the preparation of epitaxial 
HfxZr1-xO2 films on amorphous SiO2. It should be noted that SiO2 (being an insulator) is not an 
electrode material, and is therefore unsuitable for use in FTJs. The preparation of HfxZr1-xO2 on 
SiO2 was investigated in order achieve a better understanding of the film growth mechanism on 
an amorphous substrate, rather than to study the preparation of FTJ devices.   

 

                                                      
i Figure adapted from ref. 36 
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Epitaxy typically refers to the growth of highly oriented crystalline layers atop a crystalline 
substrate; in the context of this thesis, epitaxy refers to the growth of a monocrystalline layer 
with a well-defined orientation relative to the substrate, regardless of the composition of the 
latter. 

Researchers have prepared epitaxial HfxZr1-xO2 films directly on the native SiO2 layer on (111) 
and (100) Si wafers using in-situ oxygen scavenging by Zr and Hf precursors10. Pulsed laser 
deposition of Hf and Zr resulted in the formation of rhombohedral phase Hf0.5Zr0.5O2 atop a β-
cristobalite or tridymite layer. The low-volume rhombohedral phase is stabilized by 
compressive strain conditions, noted to be similar to HfxZr1-xO2 films grown on STO31. Films 
deposited on the Si(111) substrate were monoclinic and showed strong (111) texture, 
determined from analysis of pole figures. Films with stoichiometry Hf0.3Zr0.7O2 deposited on 
Si(100) were textured with (100) planes parallel to the sample surface. It was noted that the 
HfxZr1-xO2 in contact with β-cristobalite on Si(111) formed the r-phase, with the m-phase 
forming on amorphous SiO2

10,11. The stoichiometric HfxZr1-xO2 films were monoclinic, 
determined by XRD and supported by HAADF-STEM data. Rhombohedral (R3m) HfxZr1-xO2 
observed to form on SrTiO3 substrate. When prepared epitaxially, polarizations larger than for 
the orthorhombic phase (remnant polarizations up to 34 μC/cm2) were observed, but with 
larger coercive fields10. In the context of ferroelectrics, electric coercivity is a measure of a 
materials’ ability to withstand an electric field without switching, corresponding to a larger 
hysteresis loop (see Figure 1.1). Consequently, more work is required to switch polarization 
states of a rhombohedral-based ferroelectric versus an orthorhombic-based ferroelectric.  

Researchers prepared epitaxial monoclinic and cubic ZrO2 and yttria-stabilized ZrO2 (YSZ) on 
Si(100) without removal of the native SiO2 layer41. Films were reported to range in thickness 
from 50 to 90 nm, which are much thicker than what is typically used for HfxZr1-xO2-based FTJ 
devices. Rutherford backscattering spectrometry showed a sharp interface between the ZrO2, 
YSZ and substrate. X-ray diffraction revealed that the films were monoclinic and epitaxial, with 
the (100) planes oriented 9° to the sample surface; the c-axis was then coincident with the 
surface normal. The projection of the tilted a- and b-axes onto the sample surface coincide with 
the Si(010) and Si(001) directions, as determined from a pole figure.  

The epitaxial YSZ was reported to align more closely with the substrate structure, with the a- 
and c-axes aligning completely. TEM micrographs reveal the presence of a 2 nm thick 
amorphous layer at the YSZ-Si interface, speculated to be SiO2. It is reported that homoepitaxial 
growth is frustrated by the presence of native oxide42, so it was suggested that in-situ removal 
and layer regrowth occurred during deposition41. 

Previous to this, the growth of ZrO2 on Si wafers after removal of the oxide layer was 
explored43. ZrO2 was deposited using electron beam evaporation in an O2 atmosphere. It was 
noted that films prepared below 800°C were primarily monoclinic, and tetragonal above this. 
Monoclinic ZrO2 was grown on Si(100) in the (11-1) direction. The orientation of tetragonal 
films was noted to depend on substrate, with ZrO2(200) growing on Si(100); imperfections were 
attributed to this preferential growth. These misoriented grains are speculated to originate 
from substrate oxidation. It was either not known or stated what this epitaxial imperfection 
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entailed; growth on Si(100) showed an electron diffraction pattern with spots and Si(111) with 
“rings” similar to fiber texture. 

1.1.6 Review of Textured Growth of HfxZr1-xO2 

The mechanism of HfxZr1-xO2 growth has been studied by a number of groups; this section 
attempts to briefly summarize recent literature describing columnar growth of HfxZr1-xO2. 
Columnar growth refers to crystallite “stacking” normal to the surface of the substrate, and 
may or may not imply preferential crystallographic orientation. 

Oxygen-deficient HfO2 films with thicknesses on the order of 400 nm prepared by ion beam 
assisted deposition on silicon (100) substrates were reported to form columnar structures, as 
determined using FE-SEM44 . No preferred crystallite orientation was noted. One sample 
exhibited irregular, monoclinic grains which was rougher and more porous than a sample 
forming the tetragonal phase.  

The crystallographic phase distribution and grain size of 10nm thick TiN/ HfxZr1-xO2/TiN 
ferroelectric films prepared using atomic layer deposition (ALD) were investigated using 
transmission-electron back-scattering diffraction45. The phase and orientation of crystallites 
were identified by fitting the resulting Kikuchi diffraction patterns. Crystallites were primarily 
oriented with the [010] zone axis along the film surface, with a smaller proportion of crystallites 
oriented along the [100] zone axis; no in-plane texture was observed. The phases present in the 
film were identified by fitting the Kikuchi patterns with the monoclinic or 
orthorhombic/tetragonal/cubic phases. Kikuchi diffraction was also unable to establish the lack 
of an inversion center, the presence of which is a necessary condition for ferroelectricity and 
required to differentiate between the latter three phases using this technique. Grain 
distribution was determined to be 3.2% monoclinic (relatively large grains), 95.0% 
orthorhombic/tetragonal/cubic (all grain sizes).  

Fiber texture typically refers to a polycrystalline substance in which crystallites are oriented 
along a zone axis perpendicular to a reference direction. In the context of thin films, this 
reference direction is the sample surface normal. Although this is seemingly the only type of 
texture possible (since biaxial texture implies that all directions are fixed as with a single 
crystal), conventionally textured materials contain crystallites oriented along multiple zone axes 
in different directions. The rest of this section will review HfxZr1-xO2 films found to exhibit fiber 
texture, and its implications with respect to the growth of a (primarily orthorhombic) 
ferroelectric phase. 

Large remnant polarizations in La:HfO2 films were associated with the presence of (001) fiber 
texture46, however domain reorientation has been demonstrated to occur in several 
ferroelectrics. Domain reorientation has been observed in ferroelectric BaTiO3 subjected to 
field cycling via in-situ GIXRD47 . Epitaxial, ferroelectric YO1.5-doped HfO2 has been shown to 
reorient from the (010) direction to the (001) orientation48, which may be partly responsible for 
the wake-up effect. 
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HfxZr1-xO2 films prepared using cyclical atomic layer deposition (ALD) were found to exhibit fiber 
texture for both the monoclinic and tetragonal phases. The fiber axes were (-111) and (111), 
respectively49. The presence of the tetragonal phase was associated with a higher proportion of 
Zr. The films were deposited on silicon wafers with ~0.8 nm thick chemically grown oxide layers. 

HfO2 films made using liquid injection chemical vapor deposition (CVD) deposited on silicon 
substrates at temperatures ranging from 350-650°C using an alkoxide precursor50. 
Temperatures above 450°C produce fiber textured monoclinic films, with the fiber axis 
depending on the specific temperature range. 

Using medium-frequency magnetron sputtering, HfO2 films exhibiting deposition condition-
dependent texture were prepared51. Monoclinic HfO2 films principally textured along (200) 
were identified for deposition power of 200W and 400W. A 600W sample was textured along (-
111). Texture directions were identified using 1D XRD; the most intense peak in a scan was 
identified as the texture direction. 

HfxZr1-xO2 film grown on (111)-textured platinum substrates also exhibit this texture, stated to 
be inappropriate for the transformation from the tetragonal to ferroelectric orthorhombic 
phase17. Films deposited on TiN did not show this texture, which were suitable for this phase 
transition. The best tetragonal phase orientation for transformation to orthorhombic is (110), 
since this conformation strains the c-axis while leaving the a-, and b-axes relatively relaxed. In 
this conformation, the unique c-axis of the t-phase is transformed to the a-axis of the o-phase; 
the equivalent a/b-axes are transformed to the b- and c-axes. 

1.2 Literature Summary 

It is apparent that an HfxZr1-xO2 thin film exhibiting ferroelectric behavior must contain a large 
proportion of the ferroelectric orthorhombic phase12,13, with some quantity of the monoclinic 
and tetragonal phase creating loose grain boundaries to facilitate switching16 (although domain 
reorientation has been demonstrated in an epitaxial HfO2 system48).  This orthorhombic phase 
is formed in-situ during film deposition from tetragonal crystallites when favorable strain 
conditions are present14. This occurs when maximum strain is exerted along the c-axis, typically 
encountered when the (110) planes of the tetragonal phase are oriented parallel to the film 
surface17. The presence of texture does not in itself appear to preclude the formation of the 
ferroelectric orthorhombic phase (except in the case of a (111)-oriented film17), but it may 
inhibit switching facilitated by loose grain boundaries. Film samples exhibiting ferroelectricity 
have been observed in samples composed of small, randomly oriented crystallites deposited on 
TiN17 or Si27, as well as in films exhibiting some degree of texture45 (which was not ordered 
enough to be considered fiber texture).  

Although rhombohedral HfxZr1-xO2 thin films generally exhibit larger polarization than their 
orthorhombic counterparts (34 μC cm-2 10 vs. 26 µC μC cm-2 31,52) and are not subject to a wake-
up effect, larger coercive fields10 mean that more work is required for switching. This increases 
the power consumption of memory cells based on this technology. Furthermore, the high 
substrate temperatures required during deposition break compatibility with CMOS 
manufacturing processes. 
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An optimally ferroelectric film should contain the largest proportion of the o-phase possible, 
oriented such that the c-axis lies perpendicular to the surface of the film (or electrode layer) to 
allow for maximum possible polarization. There is evidence that domain switching during field 
cycling can occur47,48, so texture producing strain conditions facilitating the t-phase to o-phase 
transition should be prioritized. 

1.3 X-Ray Diffraction 

X-ray diffraction (XRD) is an experimental technique predicated on the tendency of X-rays to 
scatter off of units in a crystal lattice in a systematic fashion. It is used to obtain information 
about matter in the crystalline state at the sub-nanometer scale. The goal of an XRD 
experiment is to measure the angular position and intensity of diffraction peaks as accurately 
and precisely as possible; this data is then used to determine the position and arrangement of 
atoms within a crystal. 

1.3.1 Scattering and the Crystal Lattice 

A crystalline material is composed of a substituent (atom, ion or molecule) which is periodically 
repeated. The unit cell represents the smallest volume which captures the full symmetry of the 
crystal, which, when translated in space, reproduces the entire structure. Unit cells are 
categorized according to their symmetry: groups of symmetry elements within a crystal 
uniquely identify it as a member of one of 230 space groups. There are 7 crystal systems, 14 
Bravais lattices, 32 crystal classes, and 230 space groups. 

The geometry of a unit cell is described by up to 6 lattice parameters (Figure 1.9), depending on 
the crystal system. The location of elements within the lattice (and their resulting symmetry) 
determines the space group of the crystal. 

 

Figure 1.9: Possible degrees of freedom within a unit cell. There are three edge lengths (a,b,c) and three 
interaxial angles (α,β,γ) which describe the size and shape of a unit cell

j
. 

                                                      
j Image reproduced from ref. 72; material was released into the public domain by the author. 
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Lattice planes intersect at least three non-collinear lattice points, and are described using 
integer Miller indices h,k, and l. Miller indices are equal to the reciprocals of the intercepts 
between the plane and the three axes53. The notation (hkl) denotes a family of lattice planes, 
and {hkl} describes a set of symmetry equivalent lattice planes. Conversely, [hkl] and <hkl> 
represent the vector (or symmetry equivalent vector) normal to these planes. The lattice plane 
spacing d is the distance between adjacent parallel planes. 

 

Figure 1.10: The (100), (010), and (111) lattice planes in a face-centred cubic unit cell. 

X-rays interacting with a region of localized electron density may undergo elastic scattering, 
which changes their direction but not their energy. A crystal represents a repeating, regularly 
spaced network of these charge densities. When X-rays are scattered by a crystal lattice, they 
will produce intensity peaks at specific angles as a function of lattice plane d-spacing and X-ray 
wavelength. 

X-rays scattering off of substituents in a crystal lattice will form systematic intensity maxima at 
particular exit angles θ due to the regularity of lattice planes (Figure 1.11). Perhaps the most 
simplistic description of these peak locations is offered by Bragg’s Law (Equation 1.1), which is 
satisfied for a particular X-ray wavelength λ and lattice plane spacing d (where the diffraction 
order n=1):  

 

           
 

1.1 
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Figure 1.11: 2D crystal geometry with respect to the Bragg condition. This figure simply illustrates the 
geometrical requirement for diffraction to occur. Coincidentally, it also depicts the Bragg-Brentano diffraction 
geometry where beam (incident) and detector (scattering) angles are kept equal relative to the surface of a 
sample. Note that a sample in this geometry is usually powdered (and not single crystal as depicted). 

An X-ray diffraction measurement will produce a map of intensity vs. 2θ, where 2θ is the sum of 
the incident and scattered beam angle; each intensity peak corresponds to lattice planes 
denoted by Miller indices (hkl). It is important to note that the only sample characteristic 
affecting 2θ peak locations is the lattice plane spacing and not the specific elemental 
composition. 

The intensity of a given peak is proportional to the squared modulus of the structure factor: 

 

    |    |
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1.2 

Where fn = fn(sinθ/λ) is the element-dependent atomic scattering factor, N is the number of 
atoms in the basis, and x,y,z are the coordinates of each atom. The symmetry of the unit cell 
(described by one of 230 space groups) can cause the structure factor for certain reflections to 
be systematically 0. Therefore, the absence (or presence) of certain reflections provides a 
valuable information as to what phase is present in a sample.  
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1.3.2 Reciprocal Space 

Although Bragg’s law often suffices for the practical identification and characterization of a 
material’s structure, the concept of reciprocal space is essential for understanding more 
complex X-ray scattering experiments.  

All points in a real-space Bravais lattice R may be trivially described by primitive vectors a1, a2, 
a3, constructed from the six lattice parameters (cell edge lengths a,b, c and interaxial angles 
α,β,γ) described in the preceding section (Figure 1.9): 

                  
 

1.3 

Where ni represents any integer. The reciprocal lattice is the Fourier transform of this lattice; 
this operation maps the real space descriptor to the momentum space representation. Maxima 
observed in a diffraction experiment correspond to these reciprocal lattice points. All points in 
the reciprocal lattice G can be constructed from the three reciprocal lattice vectors: 

                  
 

1.4 

Where the reciprocal lattice vectors are: 
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1.5 

 

1.3.3 Ewald Construction and Single Crystal Diffraction 

Ewald’s sphere is a geometrical construction in reciprocal space that can be used to model the 
presence of diffraction maxima. A collimated, monochromatic beam of wavelength λ irradiating 
a crystalline material gives rise to a sphere of radius 1/λ, centered at the sample. The reciprocal 
lattice origin is fixed at the intersection between the exiting beam and Ewald sphere; reciprocal 
lattice points coincident with the sphere then correspond to diffraction maxima. This occurs 
when54: 
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Relating Equation 1.6 to the Bragg condition (Equation 1.1): 

 
|     |  

     

 
 

 
1.7 

The magnitude of scattering vector q is equal to: 

 | |    |     | 1.8 
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Combining Equations 1.7 and 1.8 yields q as a function of scattering angle θ and X-ray 
wavelength λ: 

 
  

  

 
     1.9 

 

The geometric relationships pertinent to the Ewald sphere are depicted in Figure 1.12. 

 

Figure 1.12: Two-dimensional Ewald construction illustrating the relationship between the reciprocal lattice, 
Ewald circle, incident and scattered wavevectors k0 and k1, and scattering vector q. Here the scattering condition 
is satisfied for reflection (120) for a simple cubic lattice (viewed along {00l} cross-section).  

During an experiment, a single crystal sample is rotated while detector images are acquired. 
When this causes a reciprocal lattice point to lie along the Ewald sphere, a diffraction spot on 
the detector appears. 

1.3.4 Polycrystalline X-Ray Diffraction 

The illustration in Figure 1.12 is a simplistic depiction of the Ewald construction as it pertains to 
an ideal single crystal sample in two dimensions. In reality, an XRD sample may be composed of 
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a polycrystalline aggregate, with crystallites preferentially distributed towards one or more 
directions.  

An ideal polycrystalline (or “powder”) sample is composed of a very large number of small (< 
10µm) crystallites equally distributed across every possible orientation. This results in an equal 
contribution from every lattice plane to the diffraction pattern during the scan. In reciprocal 
space, the reciprocal lattice essentially degenerates to a series of spherical shells composed of 
reciprocal lattice points of equal d-spacing. Conventionally, powder samples consist of a finely 
ground analyte, although compact and uniform polycrystalline materials such as metals are also 
suitable55. Illuminating a polycrystalline sample with X-rays produces cones of light at angles 
which satisfy the Bragg condition. The resulting two-dimensional detector image consists of 
bright, circular rings which do not change in intensity as a function of azimuthal angle. 

 

Figure 1.13: Two-dimensional illustration of the Ewald construction with respect to a polycrystalline sample. 

Unlike the single crystal case above, these spherical shells do not change as the sample is 
rotated. The intersection between a reciprocal space shell and the Ewald sphere is a circle. This 
results in cones of scattered X-rays between the origin and the circles, producing a series of 
bright, concentric conic sections on a detector termed ‘Debye-Scherrer’ rings. 

Modeling a powdered polycrystalline sample as ideal is often useful for basic material 
characterization. However, irregularities such as preferred orientation (nonrandom crystallite 
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distribution), anisotropic sample strain, and crystallite size affect the conformation of actual 
reciprocal lattice shells. 

1.3.5 Texture and Preferred Orientation 

A polycrystalline material exhibits preferred orientation if its constituent crystallites are not 
randomly oriented. The presence of texture can be identified in an X-ray diffraction experiment 
by the presence of Debye-Scherrer rings which vary in intensity over their circumference. 
Texture and preferred orientation can be further investigated by conducting a pole figure (φ-χ; 
see Figure 3.1) measurement at 2θ angles corresponding to particular diffraction peaks. 

Fiber texture refers to a polycrystalline material in which crystallites are preferentially oriented 
along an axis coinciding with the surface normal, and randomly oriented in other directions. 
Similarly, a material with an off-normal fiber axis is said to be axiotaxial56. Both types of texture 
can be thought of as an intermediary conformation between monocrystalline and randomly 
distributed polycrystalline (“powder”) arrangements. 
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Figure 1.14: Two-dimensional Ewald construction for a sample with a cubic lattice exhibiting fiber texture. The 
incident beam is orthogonal to the fiber axis {0k0}; rotation of the sample about this axis will not change the 
diffraction pattern. Therefore, the in-plane direction is equivalent to all directions orthogonal to the fiber axis. 

1.3.6 Peak Broadening 

Ignoring contributions from the diffractometer, peak broadening can be attributed to a non-
monochromatic X-ray source, non-uniform lattice strain, small crystallite size, and temperature 
(atomic vibrations). X-ray diffraction peaks are typically modeled using a convolution of Cauchy 
and Gaussian profiles known as the Voigt profile57. The parameters describing these peak 
profiles can be correlated with the underlying physical cause and used to quantify it. For 
example, crystallite size can be described using the Scherrer equation: 
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Where K is the shape factor (usually ≈ 0.9), τ is the mean crystallite size, Δθ is the peak width in 
radians, and θ is the peak position. 

1.3.7 X-Ray Sources 

X-ray sources include synchrotrons and X-ray tubes. XRD experiments generally require a 
monochromatick beam which is intense and collimated in order to produce usable data in a 
reasonable amount of time. 

X-ray tubes are used to generate intense, relatively monochromatic radiation which is produced 
when outer-shell electrons relax to fill inner-shell vacancies generated in the anode material. 
The exact energy of the radiation is affected by which outer-shell electron fills the vacancy, 
resulting in closely spaced peaks which are difficult to filter out unless expensive optics are 
available. The presence of two, virtually discrete energy bands in the spectrum manifests as 
split peaks in a diffraction pattern, which are most obvious at higher angles. The energy and 
intensity of the X-ray beam is dictated by choice of anode material and its capacity to dissipate 
heat. High power tubes using a rotating anode or liquid metal source excel at this and are 
capable of generating much greater output than a simple water-cooled tube with a static 
anode58. 

Synchrotrons are able to produce much more X-ray flux than a tube source. The brilliance of a 
synchrotron beam enables otherwise impractical experiments to be conducted. For instance, 
nanometer-thick films are problematic as they only have a very small amount of material in the 
sample and do not scatter X-rays very effectively. Some time-resolved experiments also 
become possible since collection time is reduced to less than the timescale of the process 
under investigation. 

1.3.8 X-Ray Detectors 

Both point detectors and two-dimensional area detectors can be used to collect data. A point 
detector attached to a movable 2θ arm is suitable for powder diffraction, and effectively 
captures a small portion of the diffracted light cones. A simple example of a detector is a 
scintillator attached to a photomultiplier tube, which is arguably the most common type used 
to collect powder diffraction data59. 

If a polycrystalline sample is far from ideal (exhibits significant texture), an area detector is 
more suitable as it will capture the uneven scattering that occurs. It goes without saying that an 
area detector is required for single crystal experiments since individual reflections occur at 
different azimuthal angles. 

Area detectors can be broadly categorized as integrating detectors or photon counting 
detectors. Integrating detectors (such as image plates, charge coupled devices or photographic 
film) record cumulative X-ray exposure. Image plates are sensitive, have a high dynamic range 
(105−6), and are relatively cheap. However, they require long readout times and are rapidly 

                                                      
k It should be noted that Laue diffraction makes use of a polychromatic source to identify the 
orientation of a single crystal. 
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being eclipsed by more modern photon counting detectors59. A photon counting detector 
works by converting each photon into an electrical pulse; the number of pulses is proportional 
to the X-ray exposure of that pixel. One popular variant is the hybrid pixel detector, in which 
the independently manufactured semiconductor sensor and readout chip are coupled and 
subdivided into pixels. Each pixel contains the circuitry necessary to amplify and measure the 
signal60. These detectors can operate efficiently across a large energy range (2-100 keV), have a 
high dynamic range (20 bit), no readout noise, and no dark current61. 

1.4 Grazing Incidence X-Ray Diffraction 

Grazing incidence X-ray diffraction (GIXRD) is a surface-sensitive analytical technique used to 
probe the structure of thin films. It exploits the tendency of X-rays incident at a shallow angle to 
reflect off of a material while still penetrating it to a limited degree. 

1.4.1 Critical Angle 

In the context of small-angle X-ray scattering, the critical angle of a thin film refers to the angle 
above which total external reflection of the X-ray beam occurs. Snell’s law relates the angles of 
incidence and refraction with respect to light encountering an interface with a greater 
refractive index: 

      (  )        (  ) 1.11 
 

Where n1, n2 denote the refractive indices of a vacuum (n1=1) and material, and α1, α2 are the 
angles of the incident and refracted rays with respect to the sample surface (see Figure 1.15)62.  

 

 

Figure 1.15: Illustration of incident ray ki propagating through medium with refractive index n1 and reflecting off 
of a medium with refractive index n2. Transmitted ray kt refracts at angle αt relative to the sample surface. Note 
that αi=αf and scattering vector q is normal to the surface

l
. 

                                                      
l Image adapted from ref. 63 
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The critical angle is the angle at which the incident ray is totally reflected, and the refracted ray 
is parallel to the surface (α2=0°): 

    (  )     
 

1.12 

The refractive index of a material in the X-ray regime is a complex number encompassing the 
phase velocity as the real component and the mass attenuation coefficient as the imaginary 
component: 

          
 

1.13 

Ignoring the negligible contribution of the imaginary component (~10-2 smaller than 1-δ63) and 
approximating to the second order of the Maclaurin expansion for cos(αc): 
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An X-ray beam below the critical angle will penetrate the sample to a limited degree, 
propagating as an evanescent wave parallel to the surface. The penetration depth below the 
critical angle is equal to64: 
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Where αi is the incidence angle and µ is the linear attenuation coefficient.  

1.4.2 GIXRD in Reciprocal Space 

For a polycrystalline sample in glancing incidence geometry, only Bragg planes at an angle 
where: 
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are capable of satisfying the Bragg condition. For planes at angle γ to the sample surface and 
normal to the scattering plane, the above equation represents a necessary condition for 
diffraction to occur. 
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Figure 1.16: Scattering geometry illustrating the relationship between an X-ray beam incident upon the sample 
surface at angle α striking Bragg planes at φ-dependant angle γ to the sample surface. The Bragg condition is 
satisfied for angle θ. 

This argument is extended to reciprocal space in the succeeding part of this section. The 
geometric relationship between a sample, the Ewald sphere, reciprocal lattice, and detector is 
illustrated in Figure 1.17. 
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Figure 1.17: Illustration of a scattering experiment, depicting the Ewald sphere and reciprocal lattice with 
respect to a detector, X-ray beam, and sample. The intersection between the qx (red), qy (green), and qz (blue) 
axes mark the origin of reciprocal space

m
. 

The detector image is converted to reciprocal space using the following equations65, where αi is 
the incident angle, αf is the specular exit angle (along qz), and β is the diffuse exit angle (along 
qx): 
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m Image reproduced from ref. 73 under the terms of the Creative Commons Attribution Share 
Alike license, which may be found at: https://creativecommons.org/licenses/by-
sa/3.0/legalcode 
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The Ewald sphere in reciprocal space is defined by: 
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Reciprocal space maps collected using grazing-incidence (or other non-symmetric) geometry is 
typically presented on qz vs. qx or qz vs. qxy axes. The former simply ignores the qy component of 
reciprocal space, and a continuous image is displayed. This construction may be appropriate if 
the qy component is sufficiently small, as is the case when the Ewald sphere can be 
approximated as planar in the region of interest. Since GIXRD measurements do not usually 
satisfy this approximation, it is best to display the image as a function of qz vs. qxy. The qxy 
representation treats the qx and qy in-plane components as equivalent, resulting in a “missing 
wedge” near the qz axis. The qxy component is equal to: 
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Combining Equations 1.22 and 1.23 for an Ewald sphere centered at the origin of reciprocal 
space: 
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A detector image mapped on to (qz,qxy) will not contain any data when: 
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This produces an empty wedge-shaped region (see Figure 4.1 and Figure 4.2) which cannot be 
accessed in grazing incidence geometry. 
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1.5 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is an imaging technique that uses a beam of focused 
electrons passing through a thin sample to acquire data. A fluorescent screen (or camera) on 
the other side of the sample produces an image proportional to the electron beam intensity 
distribution after passing through the sample66. 

The electron beam is typically accelerated using voltages of 100-3000 kV and manipulated using 
a series of “lenses” (wire coils) before and after penetrating the sample. Unlike photons, 
electrons interact very strongly with matter; the sample must be very thin to permit 
transmission imaging. Although the optimal sample profile is highly dependent upon density, 
electron energy, and desired resolution, a thickness in the range of 5-100 nm is typical when 
using a 100 keV beam66. 

Although TEM is commonly used to acquire real-space sample images, diffraction patterns can 
also be acquired by altering the focus of the transmitted beam66. A diffraction pattern obtained 
from a parallel electron beam is known as selected area electron diffraction (SAED), and can be 
used to obtain localized information about the sample structure. If this is not feasible, pseudo-
diffraction images can be obtained from the two-dimensional discrete Fourier Transform of the 
region of interest.  

TEM and XRD are in many respects complimentary techniques; the former is a resource-
intensive way to image small regions of a carefully prepared sample, typically yielding 
qualitative information about the structure. Conversely, XRD can be used to rapidly assess large 
areas of minimally prepared specimens with enough precision to determine quantitative 
structural parameters (such as lattice constants). 
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2 Objectives 

Initially, the objective of the project was to determine and quantify the relative phase 
composition of ferroelectric HfxZr1-xO2 thin films using deposition methods which are CMOS-
compatible. It was hoped that this information could be compared with polarization-electric 
field measurements in order to prepare optimally ferroelectric HfxZr1-xO2 thin films to aid in the 
development of FTJ-based memory.  

Unfortunately, films containing more than one polymorph of HfxZr1-xO2 could not be prepared 
using our deposition methods. This compromised the initial goal of the project and caused it to 
shift towards the identification and characterization of texture in HfxZr1-xO2 thin films, while still 
outlining techniques that can be used to identify crystallographic composition. Texture is 
nonetheless pertinent to the original intent since film texture (and therefore strain conditions) 
play an essential role in the ferroelectricity of HfxZr1-xO2 films.  
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3 Methods 

3.1 Preparation of Hf0.5Zr0.5O2 Thin Film Samples 

All samples used for this project were prepared by Dr. Rajesh Katoch and Yoandris Gonzalez 
Hernandez at Institut national de la recherche scientifique (INRS); this project was also 
conducted in collaboration with Plasmonique Inc. Two sample classes were prepared using 
different deposition chambers manufactured by Plasmonique; only samples which are 
pertinent to the objective of the thesis were included in this section.  

Approximately 50 samples were prepared and analyzed throughout the duration of this project. 
Most of these were identical to samples RY15 or RY26 (discussed in this thesis), or could not be 
examined using XRD as the HfxZr1-xO2 layer was likely amorphous, not present, or too thin to 
produce sufficient scattering intensity. Many films deposited on a TiN electrode were 
incorrectly prepared since the deposition chamber was not purged, resulting in remaining O2 
reacting to form TiO2. This was not identified until well after many films were prepared and XRD 
was conducted; the position and intensity of the TiO2 peaks substantially obstructed the 
diffraction signal from the film. 

As discussed previously, annealing facilitates the transition from the t-phase to either the o-
phase or m-phase. Annealing of monoclinic samples was not expected to produce any 
significant structural changes, and was only performed under the assumption that some 
quantity of the t-phase was present. 

3.1.1 Class I 

Samples were prepared by on-axis radio-frequency (RF)-magnetron sputtering using an SPT310 
Plasmionique Inc. computer controlled table top deposition system. The vacuum chamber was 
initially evacuated to a base pressure of 5x10-5 Torr. Hf0.5Zr0.5O2 thin films were grown on p-Si 
(100) substrates, having a 150 nm thermal oxide (SiO2), using a polycrystalline Hf0.5Zr0.5O2 
ceramic disc (2.54 cm diameter and 0.30 cm thickness) as the sputtering target. Sputtering was 
performed at 20W RF power under a medium comprising of an equimolar mixture of Ar and O2. 
The operating pressure was maintained at 5 mTorr during the deposition while keeping the 
substrate at different temperatures in the range of 450°C-600°C. The deposition time was 
varied to obtain Hf0.5Zr0.5O2 thin films of different thicknesses (2.8-9.5 nm) with a constant 
deposition rate of ~0.1 nm/min. The distance between the target and the substrate was 110 
mm. For the samples containing a TiN electrode, a conducting TiN layer of thickness ~ 45 nm 
was reactively sputtered on Si substrates at 100 W using a Ti metal target under 10 mTorr N2 
pressure while keeping the substrate at 650°C, prior to deposition of Hf0.5Zr0.5O2 thin films. 
Some samples were annealed post-deposition at 550°C for 30 minutes in a tubular furnace 
under O2 at atmospheric pressure.  
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Table 3.1: Selected list of class I Hf0.5Zr0.5O2 samples  

Sample  TiN Hf0.5Zr0.5O2 

Sample 
Code  

Deposition 
Time (min) 

Thickness 
(nm) n 

Deposition 
Temperature 

(°C) 
Deposition 
Time (min) 

Thickness 

(nm)
n
  

Annealing 
Temperature (°C) 

RY3 15 45 600 60 6.6 550 for 30 min. 

RY5 15 45 550 60 7 No annealing 

RY11 

None 

550 60 6.7 No annealing 

RY13 550 30 3.8 550 for 30 min. 

RY15 550 90 9.2 No annealing 

RY16 550 30 3.6 No annealing 

RY 26 20 60 450 90 9.4 550 for 30 min. 

 

3.1.2 Class II 

The samples denoted using the ALLS sample code were prepared in a hybrid set-up employing 
RF magnetron sputtering and pulsed laser system designed by Plasmionique Inc. The laser beam 
was scanned on the target surface using a hybrid rotational and translation stage. RF 
magnetron frequency was measured to be 13.56 MHz. The pulsed femtosecond laser was 
operated at 10 Hz, with a power of 0.01 W measured 2.5 kHz. RF sputtering power was kept at 
10W. The target material was a pellet of Hf0.5Zr0.5O2 with a diameter of 2.54 cm. The base 
pressure of the system was 10-5 Torr; deposition pressure was 12 mTorr with 1:1 ratio of Ar and 
O2 gas (5 sccm each)o. Deposition of the TiN electrode was conducted as described in Section 
3.1.1. 

Table 3.2: Selected list of class II Hf0.5Zr0.5O2 samples 

Sample  TiN Hf0.5Zr0.5O2 

Sample 
Code  

Deposition 
Time (min) 

Thickness 

(nm)n 

Deposition 
Temperature 

(°C) 
Deposition 
Time (min)  

Thickness 
(nm) n,p  

Annealing 
Temperature (°C) 

ALLS56  25 12 2.4 550 for 1 min. 

ALLS57B 
None 

25 24 4.7 550 for 1 min. 

ALLS58 450 12 5.4 550 for 1 min. 

ALLS62 15 45 25 12 2.4 550 for 1 min. 

ALLS63 15 45 25 24 4.7 550 for 1 min. 

                                                      
n X-ray reflectivity (XRR) was used to determine the thickness of each layer for several samples 
as a function of deposition time; this data was extrapolated to determine the approximate 
layer thickness of the other samples. Measured thickness values are in bold and extrapolated 
values are italicized. 
o sccm is a unit of volumetric flow rate (standard cubic centimeters per minute) 
p Extrapolated values assume a deposition rate of 0.45 nm min-1 at a deposition temperature of 
25 °C, based on XRR measurement of ALLS57B 
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3.2 Grazing Incidence X-Ray Diffraction 

GIXRD measurements were conducted at the National Synchrotron Light Source II (NSLS-II) Soft 
Matter Interfaces beamline (12-ID SMI). The grazing incidence geometry and experimental 
setup are depicted in Figure 3.1.  

 

 

 

Figure 3.1: (top) Diffraction geometry used to acquire GIXRD data, where α is the incident 
angle, 2θ is the angle between the incident and scattered beam, φ is the azimuthal sample 
position, and χ is the angle between the scattered beam detector position and detector 
vertical edge. (bottom)  Illustration depicting the experimental setup at the 12-ID Soft Matter 
Interfaces (SMI) beamline; the two-dimensional X-ray detector rotates about the sample to 
acquire diffraction data in the qxy (or qver) direction. 
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3.2.1 X-Ray Energy 

The limit of reciprocal space which may be probed is constrained by the X-ray wavelength λ and 
diffraction angle 2θ: 

 
  

  

 
     

 
1.9 

The diffraction angle maximum is 180°, although it is effectively constrained by instrument 
geometry to be much smaller, particularly in the out-of-plane direction. Therefore, a sufficiently 
large X-ray energy must be chosen to reach large q; the magnitude of the photon energy must 
also be rationalized in the context of the critical angle (addressed in Section 3.2.2). 

In principle, the identification of either the monoclinic or orthorhombic/tetragonal phases only 
requires a diffraction pattern encompassing major reflections. Using lattice parameters 
suggested by14, these are: 

Table 3.3: Approximate location of major x-ray diffraction peaks originating from 
the monoclinic, orthorhombic, and tetragonal phases of Hf0.5Zr0.5O2 

Peak Location q (Å-1) 

Monoclinic (1-1-1) 2.008 

Monoclinic (111) 2.221 

Orthorhombic (111) 2.166 

Tetragonal (011) 2.139 

 

In practice it is not possible to differentiate between the orthorhombic and tetragonal phases 
based solely on their most intense reflections. Doing so using powder X-ray diffraction data 
requires a very large reciprocal space range to be explored, in order to identify subtleties in 
large d-spacing reflections.  

It was thought to be advantageous to be able to perform edge-subtraction of the data in order 
to eliminate problematic substrate interference. The Hf L-III edge near 9.561 KeV was selected 
as it was the only Hf or Zr absorption edge within the photon energy range prescribed by the 
constraints above. Therefore, XRD data was acquired at both 9540 eV and 9580 eV. 
Unsurprisingly, the higher energy data was contaminated with fluorescence. 
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3.2.2 Incident Angle of the X-Ray Beam 

Strictly speaking, the incident angle controls the depth of material probed by affecting the 
penetration depth of the X-rays. It is therefore possible to examine structure as a function of 
film depth, provided that sufficient control may be exerted over the incident angle. Given the 
sensitivity of the measurement, thin profile of the sample examined, and inconsequential 
nature of depth profiling in this context, it was not explored further in these experiments. 

Despite this, it was deemed useful to collect measurements below, near, and above the 
calculated critical angle of Hf0.5Zr0.5O2. This allowed us to differentiate between surface features 
and substrate artifacts in the diffraction data. Measurements at 4 to 5 different incident angles 
were collected due to the ease of acquisition and to mitigate errors associated with critical 
angle calculations. 

The critical angle of the material is inversely proportional to the X-ray energy; since goniometer 
precision was restricted to approximately ±0.02°, the energy used must coincide with a 
sufficiently large critical angle. A critical angle which is too close to 0° with respect to the 
precision of the instrument introduces the possibility that the sample faces away from the 
beam. 

3.2.3 Sample Azimuthal Angle 

The azimuthal angle φ was varied between scans in order to identify peculiarities associated 
with azimuthally nonsymmetrical preferred orientation in the film structure, and mitigate 
diffraction from the monocrystalline silicon substrate.  

It was initially expected that the substrate signal would be marginal above the 
Si/SiO2/Hf0.5Zr0.5O2 and TiN/Hf0.5Zr0.5O2 interface critical angles. Substrate interference was 
significant, however, due to the beam irradiating the side of the wafer. The resulting 
contribution of the silicon wafer to the diffraction pattern was significant, and was exacerbated 
by thermal broadening of the intensely scattered peaks. 
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3.2.4 GIXRD Data Acquisition Parameters 

Two-dimensional reciprocal space maps displaying intensity on the qz(qver) vs. qxy(qpar) axes 
were collected using the parameters listed in Table 3.4. 

Table 3.4: List of parameters used to acquire GIXRD data  

Parameter Values 

Energy E (eV) 9540, 9580, 16100 

Incident Angle α (°) Below, near, and above critical angle αc (~0.2°) 

Azimuthal Angle φ (°) Various 

 

Each scan consisted of several images acquired by a Pilatus 300K-W detector as it traversed an 
arc about an axis defined by the sample normal. Using X-ray energies of 9540 eV and 9580 eV at 
a detector distance of 275 mm permitted access to 3.1 Å-1 in the in-plane scattering direction.  

3.2.5 X-Ray Detector Geometry and Specification 

The Pilatus 300K-W is a reverse-biased silicon diode array detector containing 1475x195 pixels 
covering 172x172 µm2 each, with a 20 bit dynamic range. During a scan, several images are 
acquired as the detector traverses an arc about an axis nearly coincident with the sample 
normal. This system is effectively a cylindrical detector (or more accurately, a polygon of 
detector segments circumscribed about a cylindrical shell).  

At the beamline, the detector images were stitched then mapped on to the Ewald sphere in 
reciprocal space. Images used to produce azimuthally integrated scans could not be easily 
masked to exclude substrate contributions, dead pixels, and zingers (anomalously bright pixels). 
Masking is much easier to perform using real-space images, which were constructed from raw 
detector images using code developed for this project. 
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3.3 Collection of Transmission Electron Microscopy Data 

The purpose of conducting TEM was to verify the conclusions reached from the GIXRD data; 
namely, that prepared Hf0.5Zr0.5O2 films exhibited varying degrees of fiber texture and mosaicity 
depending on substrate choice, and that the fiber axis was indeed [11-1]/[1-1-1] for the 
monoclinic samples. XRD is excellent way to obtain information from a relatively large 
scattering volume, but is unable to probe only a small area containing tens to hundreds of 
crystallites; a task well-suited to TEM. 

Two samples discussed in the preceding section (RY15 and ALLS57, Hf0.5Zr0.5O2 deposited on 
SiO2) were submitted for TEM analysis at the Canadian Center for Electron Microscopy at 
McMaster University. Unfortunately, instrument repair prevented timely analysis and this work 
was not completed until October 2020.  

A Focused Ion Beam (FIB) system was used to prepare lamellae for analysis using a Titan 80-300 
HB transmission electron microscope with beam energy of 300 kV and convergence angle of 
19.1 mrad. The maximum resolution of the data was 0.11 Å/pixel, resulting in an estimated 
plane spacing uncertainty of ±0.22 Å. It should be noted that plane spacing was only used to 
differentiate between planes, and not to ascertain quantitative information about the unit cell. 
Selected area electron diffraction (SAED) was not feasible since the size of the aperture was an 
order of magnitude larger than the thickness of the films; this meant that the diffraction 
pattern would be contaminated with contributions from the substrate. SAED patterns can be 
used to quickly identify plane spacing along with their angular orientation relative to the 
surface; the discrete Fourier transform of selected regions was used instead. This substitution 
doesn’t feature the resolution that the former permits. 
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4 Results 

Initially, the objective of the project was to determine the phase composition of ferroelectric 
Hf0.5Zr0.5O2 thin films; however, all but two samples only contained the monoclinic phase. The 
films consistently exhibited a highly textured conformation atop an amorphous SiO2 substrate, 
and to a lesser degree on a polycrystalline TiN layer. The former case is particularly interesting 
since ordered growth had occurred on a disordered base. 

This chapter serves to exhibit key results obtained from GIXRD and TEM. Particular emphasis 
was placed on presenting data from selected samples that were representative of the entire 
set.  

4.1 Analysis by GIXRD 

This section describes how synchrotron GIXRD was conducted and presents a small subset of 
representative diffraction data. 

4.1.1 Summary of Data Collection Sessions 

This section summarizes synchrotron beamtime sessions in chronological order, in order to 
present a high-level summary of key decisions and the rationale behind them. Due to the 
discontinuous nature of synchrotron data collection, improvements to data collection methods 
or the analysis of new samples could not be conducted until synchrotron access was scheduled 
again. This was particularly problematic during the early part of the project, where the 
objective was to characterize the structure of ferroelectric Hf0.5Zr0.5O2 thin films. As mentioned 
previously, all films analyzed prior to July 2020 contained only the monoclinic phase which is 
not ferroelectric. Therefore, data initially collected was deemed to be impertinent to the 
project and not subjected to rigorous examination. This delayed the project until another batch 
of samples could be produced with the hope that they would contain at least some proportion 
of the tetragonal or orthorhombic phase. 

The initial set of experiments was conducted remotely in January 2019. Unfortunately, much of 
the diffraction data was occluded by the signal from the silicon wafer. This was rectified in 
subsequent runs by acquiring data at several different φ angles, ensuring that the diffraction 
conditions for the silicon wafer were not met. This regime presented the additional benefit of 
being able to identify preferred orientation which was not azimuthally symmetric. 

It is worth noting that the samples were not precisely aligned relative to the beam, and 
therefore φ=0° was not consistent between samples (implied in Figure 3.1). The relative φ 
positions acquired for the same sample were used to qualitatively assess preferred orientation, 
but could not be used for comparison between samples. Data was acquired at incidence angles 
above and below the calculated critical angle of the Hf0.5Zr0.5O2 film in order to ensure that 
usable data was acquired. X-ray energies slightly above and below the Hf L-III absorption edge 
were used in order to facilitate contrast-enhanced edge subtraction had the diffraction pattern 
been obstructed by substrate signal. 
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Aside from the difficulties associated with data collection, the January 2019 measurements 
revealed that none of the samples prepared exhibited any presence of the orthorhombic or 
tetragonal Hf0.5Zr0.5O2 phase as evidenced by the lack of the major orthorhombic or tetragonal 
peaks (Table 3.3). The phase analysis method is presented below, in Section 4.1.3. Since 
ferroelectric behaviour is predicated on the presence of these phases, rigorous analysis of the 
data collected was not conducted at this time. 

Experiments in October 2019 were conducted in-person with a new set of samples. A number 
of critical modifications were made to improve data quality. First, scans at several different φ 
angles were made, in order to reduce the presence of signal from the silicon substrate. 
Unfortunately, diffuse scattering from the wafer was still detected. A lower X-ray energy was 
used resulting in a larger critical angle, making measurements above and below this angle much 
more straightforward. As was the case before, no samples contained any significant quantity of 
the orthorhombic or tetragonal phases. 

Experiments in February 2020 again conducted with a new set of samples; a partial list of these 
samples can be found in Table 3.1. It was expected that these would contain the 
tetragonal/orthorhombic phases due to a new post-deposition annealing regime. In addition, 
two scans were acquired for every sample position at energies above and below the Hf L-III 
edge. This permitted the removal of any contributions from any material not containing 
hafnium by subtracting the two detector images; however, substrate contribution was 
sufficiently negligible so this procedure was not used. Unfortunately the crystallographic 
composition of the new sample set was virtually identical to the previous ones, containing only 
the monoclinic Hf0.5Zr0.5O2 phase. 

A new set of samples were again prepared by our collaborators in an attempt to produce films 
containing the ferroelectric orthorhombic phase. This time, a different deposition chamber was 
used to prepare some samples along with a modified sample preparation regime described in 
Section 3.1.2; a partial list of these samples may be found in Table 3.2.  

A total of 12 samples were submitted to NSLS-II for remote data collection. All samples except 
for two (samples ALLS57B and ALLS62) contained only the monoclinic phase, with resulting 
diffraction patterns being virtually identical to those collected in February 2020. This sample 
was prepared using the hybrid deposition system and appeared to contain either the 
orthorhombic or tetragonal Hf0.5Zr0.5O2 phase (diffraction pattern depicted in Figure 4.4). Due 
to the fact that data collection was remote and not interactive, additional measurements of the 
non-monoclinic samples could not be conducted. It would have been beneficial to have been 
able to increase exposure time to increase signal intensity, conduct a detailed grazing incidence 
angle scan, and to collect data at higher q due to the sparse distribution of diffraction peaks 
produced by the t-phase.  
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4.1.2 Grazing-Incidence X-Ray Diffraction Data 

This section presents a small subset of data obtained from GIXRD experiments. Any differences 
between similar datasets that could not be identified visually (presence or absence of peaks, 
significant shift in their location) are not included in this document.  

Figure 4.1 depicts a diffraction pattern acquired from sample RY15 (Table 3.1); it was deemed 
to be representative of other samples consisting of Hf0.5Zr0.5O2 deposited atop the amorphous 
SiO2 layer present on silicon substrates. 

As described in Section 1.3.5, the presence of fiber texture in a specimen causes the reciprocal 
lattice to degenerate in to a series of rings centered about the fiber axis, which is perpendicular 
to the sample surface. These rings consist of reciprocal lattice points which are equivalent by 
symmetry about the fiber axis. The intersection of these rings with the Ewald sphere results in a 
series of peaks at specific χ angles relative to the fiber axis, which are not changed by azimuthal 
rotation (φ rotation, Figure 1.16). In fact, a simulated fiber diffraction pattern can be produced 
by rotating a single crystal about φ while continually collecting data. Diffraction data from 
sample RY15 (Figure 4.1) and others in the set of SiO2-based Hf0.5Zr0.5O2 samples appear to be 
consistent with the effects of fiber texture. Some degree of broadening along χ is due in part to 
the angular spread of the crystallite fiber axes in the sample. 

 

Figure 4.1: Diffraction pattern of sample RY15 collected at energy of 9540 eV and incident angle of 0.2°.  
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Conversely, Figure 4.2 depicts a similar pattern obtained from sample RY26 (Table 3.1) under 
similar experimental conditions. The diffraction pattern from RY26 was virtually identical to 
other patterns obtained from Hf0.5Zr0.5O2 deposited on TiN; similar peak shapes, locations, and 
intensities were observed to be present. The TiN-series samples exhibit peaks which are 
broadly distributed across χ with notable intensity variation.  

 

Figure 4.2: Diffraction pattern of sample RY26 collected at energy of 9540 eV and incident angle of 0.2°. 
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To underscore the similarities between samples RY15 (Hf0.5Zr0.5O2 on SiO2) and RY26 
(Hf0.5Zr0.5O2 on TiN), Figure 4.3 depicts the superimposed data contained in Figure 4.1 and 
Figure 4.2. The degree of preferred orientation for each sample is obvious from the difference 
in χ broadening. The similar |q| peak positions from the datasets reinforce the notion that both 
samples contain the monoclinic Hf0.5Zr0.5O2 phase. 

 

Figure 4.3: Superimposed diffraction patterns individually depicted in Figure 4.1 and Figure 4.2. 
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Two samples deviated from the results listed above and consisted of Hf0.5Zr0.5O2 deposited on 
SiO2 and TiN (ALLS57B and ALLS62, respectively; Table 3.2). The diffraction pattern collected 
from ALLS57B is depicted in Figure 4.4; it bears almost no similarity with the diffraction patterns 
of RY15 and RY26 (Figure 4.1 and Figure 4.2, respectively). The diffraction data collected from 
ALLS62 is virtually identical to ALLS57B, albeit much less intense. As described in Table 3.1 and 
Table 3.2, samples ALLS57B and ALLS57 were prepared under similar deposition conditions as 
RY15 and RY26; however, the hybrid RF magnetron sputtering/pulsed deposition laser system 
was used instead (Section 3.1.2). The presence of a non-monoclinic polymorph is imperative to 
the existence of ferroelectricity in Hf0.5Zr0.5O2 thin films, and represents progress towards the 
preparation of polarizable films. It is suspected that the low deposition temperatures are 
responsible for the presence of the t-phase, but its preparation appears to be quite sensitive to 
deposition conditions. For instance, deposition of sample ALLS63 was identical to ALLS62 except 
for the deposition time and resulting film thickness. However, the former appeared to contain 
no crystalline Hf0.5Zr0.5O2. 

 

Figure 4.4: Diffraction pattern collected from sample ALLS57B acquired at an incidence angle of 0.2° and photon 
energy of 9580 eV.  The intense reflection near |q|=2.15 Å

-1
 is indicative of the tetragonal or orthorhombic 

phase; monoclinic peaks near |q|=2.01 and 2.22 Å
-1

 are notably absent (Table 3.3).  
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4.1.3 Phase Composition 

This section describes how the crystallographic phase(s) of the Hf0.5Zr0.5O2 samples were 
determined, and how the identities of the fiber axes were deduced. 

A comprehensive Rietveld refinement approach (typically used for powder samples) was 
initially attempted using the azimuthally integrated data in an attempt to quantify the phase 
composition. This was not useful since all samples contained only one phase, in addition to the 
fact that Rietveld refinement results typically yield a phase composition uncertainty of ~10%46. 
Furthermore, the Rietveld method is not typically used with GIXRD data since the geometry 
introduces a number of distortions that are convolved with the signal. Another impediment to 
Rietveld analysis was the presence of intense silicon substrate peaks in much of the data. 
Although an X-ray beam incident upon a sample below its critical angle will not penetrate the 
film, the small size and resulting large beam footprint means that the substrate will always 
contaminate the data to some degree. A large sample would rectify this to some extent but 
would be impractical to prepare. A smaller beam would also suffice, but ensuring that no 
substrate is in the beam footprint would require challenging alignment. This is particularly 
difficult when conducting data collection remotely, as the time of the beamline staff is limited. 

It was expected that the Hf0.5Zr0.5O2 samples would contain some mixture of monoclinic (m-
phase; P21/c #14), tetragonal (P42/nmc, #137), and the ferroelectric orthorhombic (o-phase; 
Pca21, #29). Preliminary phase identification was performed by checking to see if the peaks 
listed in Table 3.3 were present any of the azimuthally integrated diffraction patterns; the 
presence of any of these major peaks was taken as evidence that the corresponding phase was 
present. This was useful for differentiating between the monoclinic or tetragonal/orthorhombic 
phases. 

It was found that all samples listed in Table 3.1 and Table 3.2 (with the exception of two) 
contained only the monoclinic phase in quantities detectable using X-ray diffraction (Figure 
4.5).  Additional reflections were generated using lattice parameters listed in Table 1.1; no 
major peaks were present (or absent) which disagreed with the calculated diffraction pattern 
(Figure 4.7). 
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Figure 4.5: Radially integrated variants of the diffraction patterns depicted in Figure 4.1 and Figure 4.2 (samples 
RY15 and RY26, respectively). The expected principal reflections from the monoclinic (m), tetragonal (t), and 
orthorhombic (o) phases are depicted on the plot (as described in Table 3.3). 
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The only samples which contained the closely spaced o(111)/t(011) peaks at 2.139 Å-1 and 
2.166 Å-1 did not exhibit any sign that the monoclinic phase was present, as depicted in Figure 
4.6. 

 

 

Figure 4.6: Radially integrated variant of the diffraction pattern depicted in Figure 4.4 (sample ALLS57B). The 
expected principal reflections from the monoclinic (m), tetragonal (t), and orthorhombic (o) phases are depicted 
on the plot (as described in Table 3.3). Note that the data was not azimuthally averaged, so the peak near 3.5 Å

-1
 

is disproportionately intense. 

There are only 6 diffraction peaks visible in the data collected from sample ALLS57B (Figure 
4.4); after excluding peaks with equal |q| values, there are only 4 (Figure 4.6). This makes the 
conclusive identification of the Hf0.5Zr0.5O2 phase quite challenging in this instance. However, it 
is likely that the Hf0.5Zr0.5O2 in sample ALLS57B is tetragonal. This is due to the absence of the 
orthorhombic (100) and (110) peaks near q=1.240 Å-1 and 1.722 Å-1 and the presence of mixed-
parity reflections (which excludes the face centered cubic phase). Although these peaks could 
be obscured by noise (with calculated intensities of ~10% of the principal peak), the intensity of 
the other peaks above background suggest that they should still be visible. 

It is worth noting that there is a broad, reasonably intense and evenly distributed peak visible in 
Figure 4.4 near q=1.6 Å-1. This is indicative of the presence of an amorphous material. It is 
therefore likely that the Hf0.5Zr0.5O2 in sample ALLS57B is present in an amorphous 
conformation in significant quantity. If this originated in the amorphous SiO2 layer, a similar 
peak should be visible in the monoclinic Hf0.5Zr0.5O2 sample RY15 (Figure 4.1). Furthermore, 
substrate contributions should be negligible below or near the critical angle of the material 
(with the major exception of the silicon wafer as explained previously).This peak is much more 
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visible above the Hf L-III absorption edge than below it, likely meaning that it originates in the 
Hf0.5Zr0.5O2 layer. Note that fluorescence tends to uniformly contribute to the background 
signal, and would not produce a peak such as this. 

4.1.4 Fiber Axis Identity 

The Bragg planes corresponding to the fiber axis (‘fiber plane’) are parallel to the substrate 
surface. Strictly speaking, the diffraction peak (‘fiber peak’) from these planes should not be 
visible in grazing incidence geometry (as explained in Section 1.4.2), requiring a conventional θ-
2θ scan (Figure 1.11). If a sufficient number of crystallites exhibit mosaicity (lateral 
misalignment), intensity from the fiber planes will be detected near the missing wedge. This will 
not occur if this condition is not met, or diffraction from the fiber plane is prohibited by the 
symmetry of the crystal. 

Looking at Figure 4.7, it is apparent that the fiber peak is present and located near qver~2.0 Å-1 
and is relatively intense. Using monoclinic unit cell parameters from Table 1.1, we can calculate 
the expected reflection locations for several low-level reflections within ±0.1 Å-1 of this value: 

Table 4.1: Miller indices and peak location for all peaks of monoclinic Hf0.5Zr0.5O2 
(P21/c) within the boundary q=[1.9 Å-1,2.1 Å-1] calculated using unit cell data in 
Table 1.1 (only symmetry-inequivalent planes are listed)  

Miller Indices Peak Location (Å-1) 

( 1 -1 -1) 1.992 

( 1  1 -1) 1.992 

 

The fiber axis was identified by plotting a number of other diffraction peaks with GIXRD data 
collected from sample RY15. This was done by selecting a list of reflections with reasonable 
calculated intensity (at least ~10% of most intense peak) and determining their expected χ 
positions relative to either possible fiber axis in Table 4.1. The two lattice planes in this table 
are not equivalent as per the symmetry of the P21/c lattice, but are difficult to differentiate 
between unless single crystal diffraction data is available. Therefore, the fiber axis of this and all 
other Hf0.5Zr0.5O2 samples deposited on SiO2 exhibiting the monoclinic phase is [11-1]/[1-1-1]. 

Figure 4.7 depicts expected monoclinic reflections assuming a [11-1] fiber axis is present. Note 
that there are still some discrepancies between calculated and observed peak positions, since 
the unrefined unit cell parameters for Hf0.5Zr0.5O2 from Table 1.1 were used. The comparisons 
depicted in Figure 4.7 and Figure 4.8 were prepared using MATLAB code written specifically for 
this project. 

The TiN-based films exhibited preferred orientation as evidenced by the Debye-Scherrer rings 
of uneven intensity (Figure 4.2); as with the SiO2 based samples, intensity was not generally φ-
dependent. The dominant texture direction was also [11-1]/[1-1-1], with a much larger 
proportion of crystallites with (11-1) planes facing other directions.   
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Figure 4.7: Diffraction peak assignments (monoclinic phase) for a 9.4 nm thick Hf0.5Zr0.5O2 sample (RY15; Table 
3.1) prepared on amorphous SiO2 assuming a fiber axis of [11-1]. Reflection identities are indicated by their 
corresponding Miller indices (top) and approximate intensities by the area of the white circles (bottom). Low-
intensity reflections are not shown on the figure for the sake of visual clarity; only reflections up to q=3.6 Å

-1
 are 

depicted. 
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Fiber textured t-phase Hf0.5Zr0.5O2 was present on samples ALLS57B (Hf0.5Zr0.5O2 on amorphous 
SiO2) and ALLS62 (Hf0.5Zr0.5O2 on TiN). Unlike what was observed for the monoclinic samples, 
identical texture was present in both films. Based on the data from Figure 4.4, the fiber 
reflection for sample ALLS57B (Table 3.2) is located near qver=2.15 Å-1. Expected tetragonal 
reflections near the fiber reflection are listed in Table 4.2. 

Table 4.2: Miller indices and peak location for all peaks of tetragonal Hf0.5Zr0.5O2 
within the boundary q=[2.05 Å-1,2.15 Å-1] calculated using unit cell data in Table 
1.2 and Table 1.3 (symmetry-equivalent reflections not listed) 

Miller Indices Peak Location (Å-1) 

( 0  1  1)t 2.131 
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Figure 4.8: Diffraction peak assignments (tetragonal phase) for a 4.7 nm thick Hf0.5Zr0.5O2 sample (ALLS57B; Table 
3.2) prepared on amorphous SiO2, assuming a fiber axis of [011]. Reflection identities are indicated by their 
corresponding Miller indices (top) and approximate intensities by the area of the white circles (bottom).  
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4.1.5 Identification of Monoclinic Lattice Parameters 

This section describes how the lattice parameters for the monoclinic Hf0.5Zr0.5O2 phase were 
fitted to the diffraction data obtained from two samples. This was performed to quantitatively 
verify that the observed phase matched the published phase data (Table 1.1). 

To extract peak locations from GIXRD data, the q maps were mapped from (qver,qpar) to (|q|,χ) 
to facilitate straightforward determination of peak locations. This transformation is: 

 
| |  √            

 
4.1 

 

         (
    
| |
) 

 
4.2 

A list of reflections was chosen which were relatively intense and could be unambiguously 
identified and did not change based on the selection of either the [11-1] or [1-1-1] fiber axis. A 
mask was produced which obscured any overlapping peaks, and the output is summed along 
the χ direction. Each reflection was fitted with a Gaussian peak in order to determine its |q| 
position. 

The primary source of peak position uncertainty was attributed to variation in the sample-
detector distance. There are two important reasons for this: (1) grazing incidence geometry 
means that the entire beam will illuminate the sample in the direction of the detector, and (2) 
precise sample placement on the goniometer mount is difficult, especially if no adhesive is used 
to fix the sample. Elaborating on the first point, grazing incidence geometry causes the sample 
to be irradiated along its entire breadth in the direction of the beam. This means that X-rays are 
scattered from both ends of the 5mm*5mm sample, contributing to peak breadth (this is 
exacerbated when the sample edge isn’t perpendicular to the beam, increasing the contributing 
scattering length by a factor of 2csc(φ) (see Figure 1.16)). Varying the sample φ position permits 
some estimation of peak position uncertainty; it was found that scans collected ~180° apart 
exhibited a maximum peak deviation of ±0.008 Å-1. Note that this serves as only a rough 
estimate since the minimum and maximum sample distance may not have been reached during 
a φ scan. 
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The d-spacing formula for a monoclinic unit cell is: 

  

    
  

 

     
(
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4.3 

A simulated annealing optimization routine was implemented in C and used to determine the 
lattice parameters by varying cell parameters a, b, c, and β while minimizing the sum of squared 
residuals R: 

 
  ∑(                  )

 
 

   

 

 

4.4 

Where dhkl,calc, dhkl,exp are the calculated and observed lattice plane spacing values 
corresponding to Miller indices (hkl). Lattice parameter fitting was noted to be stable, always 
converging to within ±0.01 Å for the unit cell lengths. 

The peak locations and fitted lattice parameters for two monoclinic samples may be found in 
Table 4.3. These values were determined by averaging 20 iterations of the fit routine, and 
calculating the resulting standard deviation. Note that the standard deviation is by no means a 
physically meaningful quantity, but rather serves to illustrate the stability and repeatability of 
the fit. 
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Table 4.3: Reflection positions and fitted lattice parameters for several monoclinic 
Hf0.5Zr0.5O2 samples deposited on SiO2 (preparation conditions listed in Table 3.1). 

 Sample 

Reflection RY11 
(6.7 nm thick, no 
annealing) 

RY15 
(9.2 nm thick, no 
annealing) 

Literature Values (from 
Table 1.1) 

(100)  1.258 1.267 1.241 

(011) 1.713 1.727 1.705 

(1-1-1) 2.025 2.029 1.992 

(111) 2.247 2.254 2.219 

(10-2) 2.539 2.528 2.520 

(20-2) 3.2013 3.182 3.164 

Lattice 
Parameter 

   

a (Å) 5.058±0.004 5.022±0.005 5.1305 

b (Å) 5.26±0.04 5.04±0.01 5.1898 

c (Å) 5.15±0.01 5.31±0.01 5.3027 

β (°) 99.2±0.3 99.2±0.2 99.21 

Error in fit R 0.064±0.001 0.025±0.003  

Unit cell 
Volume V (Å3) 

135.1 132.9 139.4 

 

Compared to the literature values, it is apparent that the monoclinic phase in samples RY11 and 
RY15 exhibits a slightly smaller unit cell volume and  shortera-axis. The b-axis of sample RY11 
and c-axis of sample RY15 are quite close to their respective literature values, as are the 
interaxial angles β. The shorter b-axis of RY15 and c-axis of RY11 suggest that these samples are 
subjected to different strain conditions; assuming this did not originate from an incorrect unit 
cell fit, a more detailed, strain-specific analysis would be required to investigate further.  

This mode of analysis would have been much more interesting (and relevant) had samples 
exhibiting more than just the monoclinic phase been available. Note that these fitted lattice 
parameters should be interpreted carefully since they were determined by only fitting a small 
number of observed reflections with a position uncertainty of 0.008 Å-1. Comparison with 
density functional theory calculations could be used to verify the physical possibility of these 
unit cell dimensions. 
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4.2 Transmission Electron Microscopy 

TEM measurements were conducted by staff at the Canadian Center for Electron Microscopy 
(CCEM) using a Titan 80-300 HB transmission electron microscope at an acceleration voltage of 
300 kV and a beam convergence angle of 19.1 mrad. Experiments were performed in the latter 
half of 2020, after all X-ray diffraction data had been collected. GIXRD data suggested that all 
film samples deposited on SiO2 appeared to exhibit fiber texture, and TEM was used to further 
study the structural conformation of a small sample subset. 

The resolution of the TEM data did not permit the identification of specific lattice planes, but 
rather served to elucidate the size, shape, and general orientation relationships between 
crystallites. Although useful for illustrative purposes, the statistical relevance of these 
observations is questionable given the small film area that was probed.  Unfortunately, selected 
area electron diffraction (SAED) images could not be acquired due to instrument constraints. In 
lieu of this, the fast Fourier transform (FFT) of the microscopy images may be found in Figure 
4.10 and Figure 4.11.  

4.2.1 Sample RY15 

Sample RY15 was selected for TEM analysis since it was representative of the set of monoclinic 
samples deposited on SiO2.TEM data was acquired at resolutions ranging from 0.30 Å/pixel to 
0.11 Å/pixel. Evaluation of a 61 nm long section of film suggests that the monoclinic crystallites 
tend to be oriented with the (11-1)/(1-1-1) planes facing the sample surface, with a mosaic 
spread of approximately (26±3)° (Figure 4.10). Grain boundaries appear to be abrupt 
discontinuities, exhibiting no registration of crystalline planes between crystallites. This would 
most likely result in different spontaneous polarization, if the film were ferroelectric. 
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Figure 4.9: TEM image of sample RY15 with a lateral range of 61 nm and resolution of 0.30 Å/pixel. The 
substrate-film interface appears to be an abrupt transition between the amorphous SiO2 substrate and 
crystalline Hf0.5Zr0.5O2. 

 

 

Figure 4.10: FFT of image in Figure 4.9. Measurement of the angular spread of the indicated peak between 2.96-
3.16 Å indicated an approximate mosaic spread of (26±3)° in the examined region. 
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4.2.2 Sample ALLS57B 

Sample ALLS57B was also selected for analysis since it did not contain the monoclinic phase as 
its principal component. Figure 4.11 depicts several TEM images along with corresponding FFT 
data acquired from this sample. 

 

 

Figure 4.11: Selected TEM images and corresponding Fourier transform collected from sample ALLS57B. This 
figure contains data acquired from different film regions at slightly different resolutions.  

TEM images collected from sample ALLS57B appear to show a consistently ordered film, at least 
across the lateral dimensions examined (up to 31 nm). Unlike sample RY15, sample ALLS57B 
exhibits a sizable region (14 nm long) with an orientation incommensurate with the principal 
fiber axis. This secondary orientation is most likely localized, given the azimuthal invariance of 
the GIXRD data. 
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5 Discussion of results 

The initial objective of this project was to quantify the phase distribution in ferroelectric 
Hf0.5Zr0.5O2 thin film samples in order to better understand the influence of preparation 
conditions on crystallographic composition. Given the difficulty associated with preparing 
ferroelectric samples, this objective was not realized. Instead, it was found that Hf0.5Zr0.5O2 film 
samples prepared on amorphous SiO2 tended to crystallize in the monoclinic phase, exhibiting a 
substantial degree of preferred orientation best described as fiber texture. Two samples 
prepared using a different deposition system exhibited a fiber textured tetragonal phase, but 
this occurred only recently and could not be explored further. Samples deposited on TiN 
contained monoclinic crystallites which were much more randomly oriented, yet still appeared 
to possess a degree of preferred orientation.  

5.1 Identification of Hf0.5Zr0.5O2 Polymorphs 

It was expected that the Hf0.5Zr0.5O2 would be present as a mixture of the monoclinic, 
tetragonal, and orthorhombic polymorphs. Instead, XRD appeared to indicate that only the 
monoclinic tetragonal phase were present in quantities sufficient to be observed in diffraction 
data for all samples listed in Table 3.1 and Table 3.2. Only two samples were found to contain 
the tetragonal phase (Figure 4.6).  

Although the superimposition of peak locations on the GIXRD data permitted phase 
identification, a quantitative investigation was required to determine the agreement between 
the data and published lattice parameters. Due to the similarity between film samples, only two 
samples were selected for further study; these samples consisted of Hf0.5Zr0.5O2 deposited on 
amorphous SiO2 (see Table 3.1 for a summary of preparation conditions). Only distinct and 
identifiable peaks present in the GIXRD data was used to estimate the monoclinic lattice 
parameters present (as stated in Section 4.1.5). It was found that the fitted lattice parameters 
were vaguely similar to the literature values, with one axis length from each sample deviating 
somewhat significantly. This could be due to strain or poor fitting of the lattice parameters; 
further strain-specific measurements may be required to resolve this. Additionally, the proper 
identification of lattice parameters would require an experiment with less peak position error. 
This is most easily accomplished by increasing sample-detector distance which would reduce 
the effect of sample position variability. These experiments were not conducted since results 
from primarily monoclinic Hf0.5Zr0.5O2 are not particularly relevant to ferroelectric Hf0.5Zr0.5O2 
films.   

It was not expected nor observed that the annealing of monoclinic samples altered their phase 
composition, owing to the fact that the monoclinic phase is the most energetically favourable2. 
Therefore, annealing is unable to bring the phase to a lower energy state. The preparation of 
the ferroelectric orthorhombic phase necessarily requires that the film be deposited in either 
the amorphous state or as the tetragonal phase14,67. It has been established that the existence 
of ferroelectricity in Hf0.5Zr0.5O2 thin films requires a high volume fraction of the ferroelectric 
orthorhombic phase12,13, while containing a proportion of the monoclinic and tetragonal 
phases9,15,16. This mixed phase composition is likely necessary to allow orthorhombic crystallites 
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to switch freely, owing to the loose grain boundaries present16. The orthorhombic phase forms 
from the tetragonal phase during film growth, when compressive stress along the a- and b- axes 
is coupled with tensile strain along the c-axis14. This occurs when a crystallite is in the (110) 
orientation, which is why the existence of small, randomly oriented crystallites is also 
associated with ferroelectric behaviour17. 

5.2 Crystallite Size Determination 

In this project, TEM data permitted the straightforward determination of crystallite size, at least 
for a small section of film. Due to the expense and resource-intensiveness associated with the 
collection of TEM data (not to mention destructive sample preparation), a method of crystallite 
size estimation using GIXRD data is very useful. 

In the case of simple powder diffraction, the Scherrer equation has been used innumerable 
times to determine the mean crystallite size from peak breadth: 

 
  

  

     
 

 
5.1  

Where τ is the mean size of the crystallite domains, λ is the X-ray wavelength, θ is the angular 
position of the peak, β is the breadth of the peak after subtracting instrument contributions, 
and Κ is a factor dependant on crystallite shape. Many improvements to the Scherrer equation 
have been proposed since its inception in 1918, and are generally augmentations of the shape 
factor accounting for instrumental contributions and crystallite shape conformations68. 

Unlike powder diffraction, GIXRD peak broadening is the result of a convolution of various 
factors inherent to this scattering geometry. These include variation in beam footprint size, 
scattering volume, and angle-dependant X-ray path length. Additionally, a polycrystalline thin 
film is likely to contain residual stress contributing to peak broadening. These factors preclude 
the use of the Scherrer equation in this simplistic form, although examples of its use for 
rudimentary analysis are plentiful. 

Altering the Scherrer equation to account for broadening, peak widths can then be used to 
determine the average crystallite size in grazing incidence geometry69. An accurate and precise 
determination of crystallite size from GIXRD data would undoubtedly require careful 
experimental characterization of instrumental and strain broadening contributions, especially 
since the Hf0.5Zr0.5O2 films are on the order of ~10 nm thick. The thin profile of the films makes 
this mode of analysis questionable; TEM images suggest that the Hf0.5Zr0.5O2 grain sizes are 
constrained by the thickness of the film. Differentiating between thickness-restricted grain 
height and lateral expansion is difficult, if the goal is to determine the average crystallite width. 
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5.3 Texture/Preferred Orientation 

Analysis by GIXRD revealed that all but two of the Hf0.5Zr0.5O2 samples exhibited monoclinic 
fiber texture with the [11-1]/[1-1-1] direction normal to the sample surface (Figure 4.1). This 
was much more pronounced in the samples prepared on SiO2. Subdued peak intensity variation 
between the (11-1)/(1-1-1) reflections due to φ suggests that a secondary texture axis may be 
nominally present, but could not be conclusively attributed to this factor alone. Pole figure (or 
χ-φ measurements; see Figure 3.1) could be used to further study the presence of a secondary 
texture component. The fiber axis is coincident with the sample normal, since an off-normal 
fiber axis (termed axiotaxy) would produce substantial changes in the reflection χ positions as φ 
is rotated. Two samples containing the tetragonal phase and identical texture were prepared 
on amorphous SiO2 and TiN. The fiber texture axis was found to be [011]. Neither sample 
examined using TEM exhibited an intermediary crystalline SiO2 phase between the substrate 
and film, as has been observed previously10. 

In light of this, fiber-textured Hf0.5Zr0.5O2 on amorphous SiO2 is not new, nor is the study of 
monoclinic fiber texture pertinent to the preparation of ferroelectric thin films. Monoclinic fiber 
texture in HfxZr1-xO2/HfO2/ZrO2 deposited on SiO2 has been observed previously, for HfO2 
deposited via RF sputtering51, CVD50, and HfxZr1-xO2 deposited using ALD49; fiber axes of [1-1-
1]/[200] were observed. However, fiber textured monoclinic films have been reported to 
exhibit more desirable resistive switching behaviour than randomly oriented films34. Therefore, 
the films prepared for this project may be of some interest to the further development of 
HfxZr1-xO2 memristors. 

The existence of texture does not necessarily preclude hysteretic behaviour in HfxZr1-xO2 as long 
as the t- to o-phase transformation pathway9 is not inhibited (as has been noted for (111) 
oriented films17). In fact, a (110) fiber textured tetragonal film could produce a very large 
fraction of orthorhombic crystallites by satisfying the requisite strain conditions described 
previously. The maximum theoretical polarization of orthorhombic (110) and (001) oriented 
films have been estimated to be 37 and 53 µC/cm2, respectively17. The fabrication of such a film 
is an attractive prospect, but suitable ferroelectric behaviour also depends on the presence of 
loose grain boundaries to permit domain switching. This is associated with the presence of the 
m-phase16, although epitaxial HfO2-type ferroelectrics have been prepared48.  

A similar methodology to what was described in this dissertation is likely suitable for the 
analysis of multiphase ferroelectric thin films, if such films can be prepared. Although textured 
growth was entirely incidental and was initially thought to be detrimental to the preparation of 
ferroelectric films, a correctly oriented tetragonal phase film could potentially produce a large 
fraction of the desirable o-phase. Further research into domain switching in fiber textured, 
ferroelectric HfxZr1-xO2 films is required in order to see if this is feasible. 
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6 Conclusions 

6.1 Summary of Project 

Approximately 50 samples consisting of Hf0.5Zr0.5O2 deposited on Si(100) wafers atop a TiN or 
the native amorphous SiO2 layer were prepared using RF magnetron sputtering or hybrid RF-
pulsed laser deposition. The original objective was to analyze the crystallographic composition 
and microstructure of samples that exhibited ferroelectricity. No samples analyzed were known 
to be ferroelectric, nor did any save one satisfy the known necessary conditions for 
ferroelectricity (containing the orthorhombic phase). All films prepared on TiN substrate (with 
one exception) were revealed to be monoclinic, with a degree of preferred orientation revealed 
by the presence of Debye-Scherrer rings of uneven intensity. All films deposited on SiO2 (with 
the exception of one) were monoclinic and exhibited azimuthally-symmetric fiber texture. The 
monoclinic fiber axis was determined to be [11-1]/[1-1-1], coincident with the sample normal 
and exhibiting a mosaic spread of ~26°. Two film samples exhibiting the tetragonal phase were 
deposited on TiN and SiO2. Both were found to have a fiber axis of [011]. 

Variation in preparation conditions (film thickness, deposition temperature, annealing 
temperature) did not appreciably change the relative intensities or position of these peaks; it is 
therefore unlikely that these conditions affected the crystallographic properties of the prepared 
films. It should also be noted that φ-angle variation had little visible impact on resulting 
diffraction patterns. This suggests strong uniaxial fiber texture normal to the sample surface, 
with uniform mosaicity. 

6.2 Future Direction 

If ferroelectric Hf0.5Zr0.5O2 films could be reliably prepared, the same methods used in this 
thesis could be used to characterize phase composition, texture, and unit cell parameters. This 
would contribute to the collective understanding of the crystalline properties of Hf0.5Zr0.5O2 
FTJs, and the effect that preparation conditions have on them. 

Consistent preparation of textured samples was demonstrated, with one sample exhibiting 
tetragonal crystallites with (011) fiber texture. In light of its similarity with (110)-oriented 
crystallites (the orientation associated with the t-phase to o-phase transition), a film with such 
a fiber texture is likely results in the formation of the o-phase. A comprehensive GIXRD analysis 
of such samples could be used to elucidate the change in texture that occurs as a result of the 
phase transition. 

Field cycling of an HfxZr1-xO2-based FTJ has been shown to unpin ferroelectric domains29 and 
facilitate phase transitions30 which contribute to a wake-up effect. An investigation into the 
impact of field cycling on texture would also contribute to the understanding of the wake-up 
effect. This experiment would likely have been possible, had ferroelectric films been available 
during this project. 
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