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Chapter 2

Experimental techniques

Abstract

This chapter introduces experimental techniques which were used for this work. We in-
troduce film growth by the Pulsed Laser Deposition (PLD) method, including in situ
monitoring by Reflection High Energy Electron Diffraction (RHEED); structure charac-
terization by X-Ray Diffraction (XRD) and Transmission Electron Microscopy (TEM);
magnetic properties measured by SQUID magnetometry; Scanning Probe Microscopy for
topography and ferroelectric characterization; and macroscopic ferroelectric polarization
measurements.

2.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is a physical thin-film deposition technique, which has shown
great success in the growth of epitaxial high-quality thin films, and in particular complex-
oxides films, heterostructures and superlattices with well controlled interfaces.[1, 2]

2.1.1 PLD set-up

The PLD system used in our lab, consists of three main parts (see Fig. 2.1 (a)), including
an excimer laser (Lambda Physik COMPlex Pro 205 KrF, λ = 248 nm) shown in Fig. 2.1 (b),
the main vacuum chamber and a reflection high energy electron diffraction (RHEED) set-up.
The main chamber is shown in Fig. 2.1(c), which contains the heater to which the substrates
are attached and a target carousel which can host up to five targets at once. An optical path,
composed by slits, reflective UV mirrors and focusing lens, is used for determining laser shape
and the fluence on the target. When the laser pulses ablate the target, a plasma plume is
created depositing the materials on the substrate fixed to the heater, which is placed opposite
to the target. The RHEED is used for the investigation of the surface morphology during thin
film growth. PLD has demonstrated good stoichiometric transfer of material from target to
substrate at high ambient pressure, which facilitates the high quality growth of oxides.
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Figure 2.1: (a) The pulsed laser deposition setup (from the Twente Solid State Technology
system) used in the Nanostructures of functional oxides group in University of Groningen,
which consists of three main parts: Laser, main chamber and RHEED; (b) laser generator; (c)
the inner chamber of PLD system.

2.1.2 Basic principles

Although the basic setup of PLD is simple, the interaction between laser, target and substrate
during film growth are actually quite complex[3], including plasma formation and propaga-
tion, and film nucleation and growth.

When a pulsed high-energetic laser beam ablates the target, a dense layer of vapor is
formed in front of the target at the early stage of the laser pulse. Energy absorption due to
the remaining laser pulse, increases the pressure and temperature of this vapor, giving rise
to partial ionization. This layer expands from the target surface because of the high pressure
and forms the ”plasma plume”. Plasma formation is dependent of the laser wavelength and
energy, which determines the penetration depth into the target. In our system, a UV light
laser source with a wavelength of 248 nm is utilized. To avoid particles on the film surface,
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most of the laser energy should be absorbed in the shallow layer at the target surface.[4, 5] The
formed plasma plume has the same stoichiometry of the target and transfers it to the films on
the substrate, so the quality of the target is very important. Low density of ceramic materials
make it very easy to create big particles during ablation which seriously influence the quality
of the deposited films. Thus it is better to use dense targets (see details of Hf0.5Zr0.5O2 target
synthesis in Chapter. 3).

After formation of the plasma plume, during its expansion, internal thermal and ioniza-
tion energies are converted into kinetic energy. With the propagation of the plasma plume
into the background gas, multiple collisions cause the attenuation of the kinetic energy. The
penetration length of the plume, where the thermalization occurs, should be comparable to
the target to substrate distance. Different models for low and high background pressure, such
as the ”drag force” and ”shock wave” models,[6, 7] have been proposed to describe the loss of
kinetic energy by the plasma. The ”plasma range” can be defined by the characteristic length
scale using an adiabatic thermalization model.[8] One of the main features of PLD is the am-
bient gas parameters, such as mass and pressure, which influence the interaction with the
plasma plume and thus its kinetic energy. By tuning the pressure from, typically 10−7 mbar
to 0.5 mbar, the kinetic energy can be strongly modified, having a very large effect on the thin
film growth.[9]

As the plasma particles arrive at the substrates, adatoms rearrange on the surface by dif-
fusion and subsequent incorporation by nucleation and growth. These processes are greatly
related to the deposition duration and deposition repetition rate. Here, a mean diffusion time
tD is introduced, which is the time scale for the atomistic processes including collision and
nucleation. The mean diffusion time can be estimated as:

tD = V −1exp(
EA
κBT

) (2.1)

where V is the attempt frequency for atomistic processes, EA is the activation energy for
diffusion and κB is Boltzmannn’s constant. The deposition can be considered as a single
instantaneous pulse, which is followed by a relative long interval, determined by the pulse
repetition rate. During this time interval, the annealing process happens.[9]

Many parameters can control the growth rate, such as the laser fluence at the target, the
pulse energy, the distance between target and heater, the growth temperature and the ambient
gas pressure and so on.[10, 11] A high deposition rate can cause a high degree of supersatura-
tion ∆µ[12], which leads to layer-by-layer nucleation of a high density of small clusters. Due
to the separated deposition pulse and subsequent growth during the pulse interval, PLD is
good for the study of growth kinetics.
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Figure 2.2: The schematic drawings of different types of growth mode: (a) 3D island growth
(Volmer-Weber); (b) layer by layer growth (Frank-Van der Merwe); (c) Stranski-Krastanov
(layer-plus-island growth).

2.1.3 Growth modes

The thermodynamic approach is used to describe crystal growth close to equilibrium, which
has also been used to determine growth modes of thin films close to the equilibrium.[13] In
this method, the balance among the free energies of film surface, substrate surface, and the
interface between film and substrate is used to determine the film morphology.

There are several growth modes of thin films [14–16] as shown in Fig. 2.2: 1) Three-
dimentional (3D) island growth (Volmer-Weber). When there is no bonding between film
and substrate, 3D islands are formed. This growth will cause rough multilayer films. 2) Layer
by layer growth (Frank-Van der Merwe). Due to the strong bonding between film and sub-
strate, the total surface energy of wetted substrate (film surface + interface between film and
substrate) is lower than the bare substrate surface energy. This is an ideal growth mode for ob-
taining the epitaxial films. 3) Layer-plus-island growth (Stranski-Krastanov growth). It is an
intermediary process characterized by both layer (2D) and island (3D) growth. The first few
monolayers is a layer-by-layer 2D growth mode. Beyond a critical film thickness, strain be-
tween film and substrate, chemical potential of films influence the nucleation and coalescence
of islands formation.

Many vapor-phase deposition techniques, such as PLD, do not usually operate in the ther-
modynamic equilibrium regime and kinetic effects need to be considered. Due to the limited
surface diffusion and the large nucleation rate, the deposited materials can not reorganize to
minimize the surface energy, thus kinetic effects will cause the occurrence of different growth
modes.[9]
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2.2 Characterization methods

2.2.1 Reflection High Energy Electron Diffraction

Figure 2.3: (a) The schematic drawing of RHEED diffraction geometry, reprinted from Ref.
[17, 18]. Different RHEED patterns corresponding to real surfaces of samples: (b) flat and
single-crystalline surface; (c) flat surface with small domains; (d) two-level stepped surface;
(e) multilevel stepped surface; (f) vicinal surface; (g) 3D islands, reprinted from Ref. [19].

Reflection High Energy Electron Diffraction (RHEED) is a tool commonly used to study
the surface science and enables us to follow the surface quality in-situ during the film growth.[20–
22] The RHEED consists of an electron gun where electrons are accelerated by a high voltage
( 30 KV and arrive at sample surface with grazing incidence angles. This grazing angle of
electron beam and the azimuth angle of beam incidence with respect to crystal orientation
are very important to define the diffraction conditions. So, clear diffraction patterns can be
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obtained by adjusting these angles. From the diffraction pattern which is focused on a fluo-
rescence screen, we can get information of surface growth modes, and from the variations of
the diffracted spots and intensities, the film growth rate can be monitored.[23, 24] Fig. 2.3(a)
shows the RHEED diffraction geometry.[25, 26] Since the sample growth is not always ideal,
there are multiple possibilities for the growth to occur as described in the Fig. 2.2. Different
RHEED patterns corresponding to different surface morphologies [19] are shown in the Fig.
2.3(b)-(g).

2.2.2 X-ray Diffraction

After film deposition, the X-ray diffraction techniques for thin films characterization we are
using in this work are listed below:

Figure 2.4: A typical reflectivity measurement for Hf0.5Zr0.5O2 film grown on a sillicon sub-
strate. Inset: the schematic drawing of X-rays incidence in different layers.

• X-ray reflectivity

X-ray reflectivity (XRR) is a technique to investigate the properties of thin layered films,
including thickness, roughness, and density.[27–29] A reflectivity curve of a Hf0.5Zr0.5O2 film
grown on a silicon substrate is shown in Fig. 2.4. If the X-ray incidence beam angle θ is be-
low a critical angle, it undergoes total external reflection. The critical angle is related to the
density and composition of film. When the incidence beam angle is above the critical angle,
as indicated by the inset sketch, X-ray waves are reflected from each different interface in a
single-layer thin film, which can interfere with each other, showing oscillations (called Kies-



2

2.2. Characterization methods 37

sig fringes [30]). These fringes are created by the phase difference between X-rays reflected
from different surfaces, and its period is dependent on the film thickness (thicker film, the
shorter period of the oscillations). Moreover, how quick the reflectivity curve intensity decays
and oscillations disappear, indicates the roughness of the film including surface and inter-
face roughness, since more diffuse scattering happens in a rougher surface.[31] More complex
examples and film parameters extraction from curves fitting can be found at Ref.[32].

Figure 2.5: (a) Bragg’s law expressed in vector notation; (b) Ewald sphere construction,
reprinted from Ref. [33].

• Specular XRD

X-ray diffraction (XRD) is a powerful tool for characterizing the structure of a crystalline
material.[34, 35] Different planes are detected based on Bragg’s law[36], which can be ex-
pressed in vector notation (Fig. 2.5(a)):

(S − S0)/λ = G (2.2)

where S and S0 are the unit vectors along the directions of the diffracted and incident beams;
λ is X-ray wavelength; G is the reciprocal lattice vector, |G| = 1/d∗hkl, and dhkl is the lattice
plane spacing.[37] Based on this, Ewald’s sphere construction is a geometrical expression of
Bragg’s law. As shown in Fig. 2.5(b), the reciprocal lattice point (hkl) that intersects the surface
of the Ewald sphere contributes to the diffraction condition.
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Figure 2.6: Theta-2theta scan on one of our typical samples with Hf0.5Zr0.5O2 film grown on
the La0.7Sr0.3MnO3/SrTiO3 substrate.

Specular XRD (out-of-plane theta-2theta scan) is mainly used to study the periodicities
perpendicular to the sample surface, thus only the planes which are parallel to the sample sur-
face can be detected. As shown in Fig. 2.6, the position of the peaks indicate the lattice spacing
according to the Bragg’s law as described above. In addition, Laue oscillations surround-
ing the Bragg peak, suggest lateral homogeneity and well-defined interface between epitaxial
films and their substrates. Film thickness can also be estimated as t = λ/2(sin θn+1 − sin θn)

(λ is 1.5406 Å with lab X-ray source, θn+1 and θn are two adjacent maxima of oscillations).
Complementarily, the width of the Bragg peaks show the microstructure information such as
grain size according to the Scherrer equation[38]. This technique is very helpful to know the
out-of-plane lattice parameters of epitaxial films, which in turn allows to estimate which out-
of-plane lattice plane is in this work.

• Grazing incidence XRD

Grazing incidence XRD (GIXRD) is a technique suitable to study the structure of polycrys-
talline thin films.[39] As shown in Fig. 2.7, a small angle ω for the incidence beam is fixed, and
2θ is scanned. It is very sensitive to the surface layer since wave penetration is limited by
the small incidence angle. The diffracted signals are very dependent on the incidence beam
angle. If the incidence angle is too small, then the x-ray beam will be fully reflected, while
if the angle is too big, the depth penetration is deep such that the film information will be
completely screened by the substrates. Thus the incidence beam angle should be as small as
possible to achieve most of information from the top layer but not smaller than the critical
angle. Recently, many groups have reported polycrystalline doped HfO2 thin films grown by
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various methods[40–42]. Their structures are typically analysed by GIXRD.

Figure 2.7: The schematic drawing of grazing incidence XRD.

• Pole figures

The orientation of thin films has a great influence on the film properties, in turn influenc-
ing the devices built from them. For example, it is worth mentioning the behavior of ferro-
electric memories and their corresponding polarization directions in this study strongly the
film orientation. Pole figure measurement is a technique which offers us the information of
orientation texture in the film. With the diffraction angle (2θ) fixed, the diffracted intensity is
collected by scanning along χ (rotation angle away from the sample surface normal direction)
and φ (rotation angle around sample surface normal direction) shown in the Fig. 2.8(a) up
panel. Pole figure can be in the form of stereographic projections which represent the orienta-
tion distribution of crystallographic lattice planes.[43] As shown in Fig. 2.8(a) bottom panel,
the reciprocal space lattice points of a sample on the stereographic sphere can be projected
on the equatorial plane by connecting them with the south pole of the stereographic sphere,
and the intersection point is the reflection point of the lattice planes in the pole figure. The
direction along the radius direction is χ, and along the perimeter circle is φ which represent
the rotation angle around sample surface normal direction in stereographic sphere.[43]

To obtain a pole figure measurement, 2θ is fixed at the position corresponding to the lat-
tice plane (hkl), the sample is rotated with χ from 0 to 90◦ and φ from 0 - 360◦. Thus all of
same family of hkl planes will be detected and shown in the different positions of φ and χ.
According to these different positions, the texture of a film can be figured out. Here a simple
example is explained in Fig. 2.8(b). The detector is fixed at 2θ ∼ 30◦ which is the position of
(111) peak of Hf0.5Zr0.5O2 (HZO) film. φ and χ are scanned for detecting all of {111} planes
in film. Top-panel in Fig. 2.8(b) shows the pole figure, with peaks at χ∼ 55◦, and they are 90◦

from each other in φ. Since there are different family of {111} planes, when the phi is scanned
from 0 to 360◦, we can find four different planes (111), (11-1), (1-11), (-111), thus there are four
poles shown in the pole figure. As a result, we are able to know the film is (001)-oriented,
since (111) plane is ∼ 55◦ away from (001) plane. The complete texture is shown in bottom
panel of Fig. 2.8(b). In this work, this technique is widely used to figure out the orientation of
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films.

Figure 2.8: (a) The representation of pole figure from the stereographic sphere (reprinted from
ref. [43, 44]); (b) pole figure of (111) peak in [001]-oriented HZO film on LaAlO3 substrate in
our work.

2.2.3 Scanning Probe Microscopy

Atomic force microscopy (AFM) has many modes, among which contact and tapping mode
are two most widely used. In contact mode, the probe tip is in constant physical contact with
the sample surface. The surface topography induces a vertical deflection of the cantilever,
which is recorded as a contrast that will be represented as images. The main drawbacks of
this mode, are that the tip is typically subjected to mechanical stress and contamination by
dragging particles around is likely to occur. In tapping mode, the above problems are greatly
avoided.[45–47] The later is the mode preferred in this work, unless otherwise stated. As
shown in Fig. 2.9(a), samples are mounted on a piezo stage, which can be scanned by a AFM
tip. By lightly tapping the surface with an oscillating probe tip, the cantilever’s oscillation
amplitude changes with sample surface topography, which is recorded by the photo detector
and converted to a topographical signal.
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Figure 2.9: (a) Schematic drawing of atomic force microscopy (reprinted from Bruker com-
pany); (b) In piezoelectric force microscopy, for ferroelectric materials with polarization up
and down, when the voltage is applied on the tip, the sample will locally expand or contract,
showing piezo effect; (c) The expected phase, amplitude signal; and in (d) typical images of
topography, amplitude, phase in LiNbO3 single crystal are shown with respect to the different
polarization domains (reprinted from Ref. [48, 49]).

There are many extensions of AFM techniques related to different types of tips and sur-
face properties, such as magnetic force microscopy, Kelvin probe force microscope (KPFM),
conducting AFM, piezoelectric force microscopy (PFM). PFM and KPFM are the two main
varieties employed in this work. PFM technique was first implemented by Güthner and
Dransfeld.[50] It is a contact mode technique able to measure the mechanical response when
an electrical voltage is applied to the sample surface with a conductive AFM tip as shown in
Fig. 2.9(b). The sample locally expands or contracts corresponding to different electric stimu-
lus. It is widely used for imaging and manipulating the piezoelectric and ferroelectric materi-
als domains. When oscillating voltage is applied, if the piezoresponse is parallel to the driving
voltage, the strain by piezo effect will be positive and sample expands (in-phase), otherwise
when they are anti-parallel, sample contracts (180◦ out-of-phase). Thus the polarization di-
rection of sample can be determined from the phase image. As indicated in the Fig. 2.9(c), in
different domains with different polarization direction, the phase signal and amplitude signal
are present. Phase shows 180◦ contrast but amplitude only varies at the domain boundaries.
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The PFM images are shown in Fig. 2.9(d) is 2D mapping by combing several line scans from
Fig. 2.9(c). In addition, PFM can be also used to switch the ferroelectric polarization direc-
tion applying a DC bias which is bigger than the coercive field. This lithography technique
could be used to design different domain patterns.[48] In this work, this electric lithography is
used to switch the polarization direction in ultrathin HZO films and prove its ferroelectricity.
Futhermore, KPFM is also used in this work to detect the surface potential of samples. Due to
the different properties of surface, such as different charge states, work function, adsorption
layers, and so on, the contact potentials are different.[51] In this case, different polarization
domains, will show different contrast in KPFM.

2.2.4 Scanning Transmission Electron Microscopy

Figure 2.10: (a) Schematic drawing of scanning transmission electron microscopy (STEM),
picture from JEOL company; (b) The representation of TEM specimens preparation process
for both cross-section and plane-view.

In this work, high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) is used to study the nanostructures of our thin film, which is a method to
form atomic scale images by collecting incoherently scattered electrons with a high angle an-
nular dark-field detector as shown in Fig. 2.10(a).[52]. This mode of electron microscopy
enables z-contrast (contrast∼ Z2), in real space with atomic scale resolution. In this work, we
obtain both atomic scale information about structure of the various layers and corresponding
interfaces, and nanoscale local information about the domains using electron microscopy.

The specimen preparation for transmission Electron Microscopy (TEM) measurements is
very important. Since the damage of sample could happen during this process, it will se-
riously influence the structure characterization. In this work, a gentle method is utilized to
prepare both cross-section and plane-view specimens for the structure analysis.[53, 54] The
main procedures are plotted in the Fig. 2.10(b). After cleaving sample, it is mounted in a brass
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ring, and by mechanical polishing and dimple grinding, the sample thickness is reduced to
around tens of micrometers. Then, by the Ar ion milling is performed until a hole visible. The
region of the sample near the hole is electron transparent, and suitable for TEM. For removing
the damaged part by the high energy of ions, the low-voltage of ion-polishing was done.[54]
The cross-section specimen of individual tunnel junction devices in this work are made by
focused ion beam (FIB). Compared to the ion milling, FIB allows us to choose the exact region
of interest.

2.2.5 Magnetic properties characterization

Before fabricating the devices, the magnetic properties of unpatterned stack of films are tested
in magnetic properties measurement system (MPMS) to check the parallel and antiparallel
magnetic configurations for the application of magnetic tunnel junction. When the sample
moves through the detection coil, a liquid helium cooled superconducting quantum inter-
face device (SQUID) is used to measure the change in the magnetic flux, which in the end
is converted to, and measured as current. The MPMS used in this work, is able to measure
the magnetic properties from 1.8 to 400 K under the magnetic field up to 7 Tesla. The mag-
netic hysteresis loops at different temperature and magnetism-temperature measurements are
performed by MPMS to study our films.

2.2.6 Macroscopic ferroelectric polarization measurements

In this work, the macroscopic ferroelectric properties are measured by the aixACCT (TF anal-
yser 2000) system. The hysteresis loop is the dependence of polarization (P) as a function
of external applied electric field (E): P-E loop. There are two main modes in aixACCT used
to characterize P-E hysteresis loop: dynamic hysteresis measurement (DHM) and positive up
and negative down measurement (PUND). In both these modes, polarization is obtained from
the switched charge ∆Q in the capacitor by measuring current.

In DHM mode, the applied electric field scheme is shown in Fig. 2.12, the polarization can
be calculated by the formula:

P =
∆Q

A
=

1

A

∫
Idt (2.3)

I : measured current; A: the electrode area of the measured ferroelectric capacitor; t: time of
applied voltage.

DHM mode to obtain the polarization is suitable for an ideal ferroelectric insulator, in
which other electrical factors during the polarization switching, such as dielectric charging,
Ohmic resistance and leakage are negligible. However, usually ideal ferroelectrics do not ex-
ist in nature. Due to the other factors, they will add extra measured charges in the capacitor
which distort the hysteresis loops, as solid lines shown in Fig. 2.11. Thus to distinguish the fer-
roelectric polarization switching, the current-voltage switching curves compared to hysteresis
loops are more direct, see dashed lines in Fig. 2.11.
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Figure 2.11: Different types of hysteresis loops (solid lines) and IV curves (dash lines) due to
different contributions. Reprinted from Ref. [55].

PUND polarization measurement is a method to easily separate ferroelectric contribution
from the other effects [56]. The sketch of applied electric field in PUND mode compared to
DHM mode are shown in Fig. 2.12. The beginning pulse is a pre-switch pulse, after this,
the first read pulse (P, blue) is a switching pulse in the positive electric field region which in-
cludes ferroelectric and other non-ferroelectric switchings. the second one is an non-switched
pulse (U, pink) which records the non-ferroelectric switching. The third and last one are
again a switched pulse (N, blue) and a non-switched pulse (D, pink) in the negative elec-
tric field region which contains all of switching information and non-ferroelectric switching
as described in the positive region. Thus the ferroelectric contribution can be obtained by re-
moving the non-ferroelectric switching from the total effect: IrealFE (the current from the real
ferroelectricity switching) = Is (the current from the switching pulse) - Inon (the current from
the unswitched pulse). According to the above Equation. 2.3, the polarization from the real
ferroelectric switching part can formulate as:

P =
1

A

∫
(Is − Inon)dt (2.4)
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Figure 2.12: The sketch of applied electric field in DHM and PUND measurements.

In this work, PUND measurement is ultilized to precisely characterize the ferroelectric
properties in HZO thin films.
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