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Abstract

Downscaling of the minimal feature size, or the gate length has been the key for the exponential
improvement of the performance of the logic CMOS integrated circuits over the last six decades.
However, since about 2003, some fundamental limits in the device physics were reached. Further
scaling with increased clock speed at lower voltage was limited by excessive increase of power con-
sumption and noise. This challenge motivated numerous efforts to search for next generation transis-
tors. The piezoelectronic transistor (PET), based on piezoelectricity and piezoresistivity, is one of the
proposed devices. In this work, we seek to contribute to the scaling of ferroelectrics lead magnesium

niobate — lead titanate xPb(Mg1/3Nb2/3)O3-(1— x)PbTiO3 (PMN-PT) for PET applications.

The first important issue is the deposition of high quality epitaxial PMN-PT films. We studied the
two film compositions 60/40 and 67/33, which are at the morphotropic phase boundary (MPB) and
slightly in the tetragonal phase. A process of growing epitaxial (001)-oriented PMN-PT thin films on
SrRuOs-buffered SrTiOs substrates by pulsed laser deposition was developed. The deposition condi-
tions, such as substrate temperature, Oz pressure, target compositions were optimized for achieving

smooth and phase pure perovskite thin films.

The patterning process for damage-free nanostructures of PMN-PT was subsequently investigated.
Pattern transfer was carried out with electron beam lithography (eBL) with the goal to reach sub-100
nm structures. We developed a novel lift-off technique consisting in using a bilayer mask incorporat-
ing the electron-beam resist hydrogen silsesquioxane (HSQ) on top of amorphous aluminum oxide
(AlOx). The bilayer mask forms undercut profile and is thermally stable at the high temperature dep-
osition process. Epitaxial PMN-PT/SrRuO3 heterostructures were grown inside the mold of AlOx.
The lift-off was performed in NaOH aqueous solution, leaving untouched the arrays of PMN-
PT/SrRuOs3 nanostructures. The film structures grown inside the openings follows the shape of the
mold, producing the obtuse angle at the edge of the nanostructure. The thickness of the nanostructures
varied with the width of the openings, and is less than the thickness of plain films. We developed a
model to predict the thickness of the nanostructures. The minimum features fabricated with this
method have a lateral size of 70 nm. The crystalline of the nanostructures were studied with Trans-

mission electron microscopy (TEM).

vii



Abstract

Piezoresponse force microscopy (PFM) revealed a clear polarization switching of the patterned, 12
to 15 nm high PMN-PT nanostructures with a piezoelectric response that was larger than ~10 pm/V
and possibly reaching even ~150 pm/V, Furthermore, short-range (10 — 20 nm) ferroelectric domain
patterns prominently appear after poling the nanostructured ferroelectrics, indicating the coexistence
of tetragonal a- and c-domains, mixed with fewer rhombohedral domains. The presented nanofabri-
cation method enables to step towards nanoscale engineering of ferroelectrics for the advancement of

efficient electromechanical device applications.

Keywords

Piezoelectric, ferroelectric, PMN-PT, pulsed laser deposition, lift-off, e-beam lithography, nanofab-
rication, PFM
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Résume

La diminution de la taille minimale résolvable et de la longueur de grille ont été la clé de ’augmen-
tation exponentielle des performances des circuits logiques intégrés de type CMOS durant les 6 der-
ni¢res décennies. Cependant, depuis environ 2003, certaines limites fondamentales de la physique
des circuits ont été atteintes. La poursuite de la miniaturisation, avec une vitesse d’horloge plus ¢levée
et un voltage plus faible, a été freinée par I’augmentation excessive de la consommation d’énergie et
du bruit. C’est ce qui a motivé les nombreux efforts de recherche sur les transistors nouvelle généra-
tion. Le transistor piézoélectronique (piezoelectronic transistor ou PET en anglais), bas¢ sur 1’effet
piézoélectrique et la piézorésistivité, est I’une des solutions proposées pour relever ce défi. Dans ce
travail de these, nous cherchons a contribuer a la miniaturisation de la technologie du niobate-magné-
sium de plomb — titanate de plomb xPb(Mgi/3Nb2/3)O3-(1— x)PbTiO3 (PMN-PT) pour les applications
de PET.

Le premier défi consiste en le dépot de films épitaxiaux de PMN-PT de haute qualité. Nous avons
¢étudié deux films de composition différente, 60/40 et 67/33, qui sont chacune au niveau de la transi-
tion de phase morphotropique et Iégérement tétragonales. Nous avons développé un procédé de dépot
par laser pulsé (pulsed laser deposition ou PLD) de couches épitaxiales de PMN-PT, texturées (100),
sur des substrats de SrTiO3 avec une couche tampon de SrRuOs. Les paramétres de dépot, tels que la
température du subtrat, la pression d’oxygene, ou la composition de la cible, ont été ajustés afin d’ob-

tenir des couches minces lisses et de phase purement perovskite.

Nous avons ensuite étudié le procédé de structuration pour réaliser des nanostructures sans défaut de
PMN-PT. La structuration a été réalisée a I’aide du procédé de lithographie par faisceau d’¢lectrons
(electron beam lithography ou eBL) dans le but d’obtenir des structures de taille inférieure a 100nm.
Nous avons développé une nouvelle technique de lift-off qui consiste en 1’utilisation d’un masque a
double couche : une couche de résine pour faisceau d’¢électrons, I’hydrogénosilsesquioxane (HSQ),
superposée a une couche d’oxyde d’aluminium amorphe (AlOx). Le masque double-couche forme un
profil en surplomb et est thermiquement stable a la température élevée du procédé. Des hétérostruc-
tures épitaxiales de PMN-PT/SrRuOs ont été déposées dans le moule formé par I’AlOx. Le lift-off a

¢été réalis¢ dans une solution aqueuse de NaOH, qui n’attaque pas les nanostructures de PMN-



Résumé

PT/SrRuOs. Ces structures croissent en prenant la forme du moule dans lequel elles sont déposées,
ce qui produit un angle obtus au bord des nanostructures. L’épaisseur des nanostructures varie avec
la largeur des ouvertures et est inférieure a I’épaisseur nominale de la couche. Un mod¢le pour prédire
I’épaisseur des nanostructures a été développé. La plus petite dimension latérale que nous avons pu
réaliser par cette méthode est de 70nm. La cristallinité des nanostructures a été étudiée au microscope

¢lectronique a transmission (transmission electron microscope ou TEM).

L’imagerie au microscope a retour de force piézoélectrique (piezoresponse force microscope ou PFM)
a révélé une claire bascule de polarisation au sein des nanostructures de 12nm a 15nm d’épaisseur de
PMN-PT, avec une réponse piézoélectrique supérieure a ~10pm/V, et qui peut-Etre atteint les
150pm/V. De plus, des domaines ferroélectriques de petite dimension (10 a 20nm) apparaissent apres
la polarisation des nanostructures ferroé¢lectriques, indiquant la coexistence de domaines tétragonaux
de types a et ¢, mélangés avec un plus petit nombre de domaines rhomboédriques. La méthode de
nanostructuration que nous avons présentée est un pas de plus vers la nanostructuration des matériaux

ferroélectriques, pour le perfectionnement des applications de systémes €lectromécaniques efficients.

Mots-clés

piézoélectrique, ferroélectrique, PMN-PT, dépot par laser pulsé, couche mince épitaxiale, lithogra-

phie par faisceau d’¢électron, nanofabrication, microscope a retour de force piézoélectrique (PFM)
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AC Alternate Current

CMOS Complementary Metal-Oxide-Semiconductor (CMOS)
DC Direct Current

PET Piezoelectronic Transistor

PFM Piezoresponse Force Microscope

TEM Transmission Electron Microscopy

SEM Scanning Electron Microscope

PMN-PT Lead Magnesium Niobate-Lead Titanate

PLD Pulsed Laser Deposition

PZT Lead Ziconate Titanate

HSQ Hydrogen silsesquioxane

eBL electron Beam Lithography

STO Strontium Titanate

MEMS Micro Electro Mechanical System
RSM Reciprocal space mapping

XRD X-ray Diffraction
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Chapter 1  Introduction

1.1 Background

Over the past three decades, the success of Complementary Metal-Oxide-Semiconductor (CMOS)
field effect transistors (FETs) technology scaling has provided denser and faster integrated circuits
and thus provided the primary driving force of microelectronics industry. Following roughly the pre-
dictions of Moore’s law and Dennard scaling theory, the transistors shrank relentlessly, offering in-

creased processing speed at lower power consumption at each miniaturization step [1], [2].

However, after decades of exponential increase of the clock frequency, the year 2003 marked a break
when a further increase became impossible [3]. The cause lies in a breakdown of the simple constant-
electric-field scaling rule that had guided the voltage scaling [2]. The ‘leakage current’ and the
‘threshold voltage’, which establish a base line of power per transistor, become crucial after 65 nm
technology node since 2005 and cannot be neglected anymore. As is well known, the power con-

sumption of CMOS chips can be modeled in a simplified way,

P = NfCV? + Vlearage (1.1)

N is the number of transistors, f is operation frequency, C is the capacitance of the gate, V' is the core

voltage, and [jeaageis the leakage current.

A minimum gate voltage swing is necessary to switch the device from an “OFF” (low-current) to an
“ON” (high-current) state [3]. Supply voltages could not be further reduced but got stuck at about 1
V to avoid too small ON/OfY current ratios [4]. The increase of frequency is not possible anymore
since a while already, as the power consumption is linearly increasing with it if not compensated by

a voltage decrease.

The FETs are rapidly approaching the ultimate physical limits, inducing the breakdown of Dennard’s
scaling rules. Further shrinking of transistor foot prints is facing ever more difficulties and becomes

less rewarding.
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Discovery of a fast, low power switching device, based on a different operation principle, is thus

crucial to a continuing vigor of the information technology industry.

A number of alternative approaches are under current investigation, including tunnel transistors [5]—
[7], spin-FET [8] and nano-electro-mechanical (NEM) switch [9], etc. However, none of these de-
vices has so far demonstrated adequate ON/OFF ratio under low operating voltage combined with the

requirements for competitive switching speed [10].
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Figure 1.1- Left: The PiezoElectronic Transistor (PET), showing Piezoelectric (PE), Piezoresistor
(PR), and Gate, Common and Sense contacts. The device is surrounded laterally by an air gap and
above/below by a constraining yoke consisting of a high-yield strength material (HYM); Right:
log10(resistivity) vs. pressure plot for a PR, SmSe. Figure taken from Reference [11].

Since 2012, a research group from IBM started to develop a disruptive transduction device, namely
the piezoelectronic transistor (PET) [4], [10]-[13] as illustrated in Figure 1(a), to use piezoelectric
force to control the resistivity of a piezo-resistive channel. The input voltage between “Gate” and
common terminal is applied across a piezoelectric element (PE), which acts as an actuator, transduc-
ing the input voltage into an acoustic (or mechanical stress) pulse. The acoustic pulse gates a contin-

uous insulator-to-metal (IMT) phase transition in the “channel” of the device, which consists of a
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highly pressure-sensitive piezoresistive (PR) material, enabling the conductive path between the

“Sense” and the common terminal. This chain of action is summarized in Figure 1.2 [4].
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Figure 1.2 — The action procedure of a piezoelectronic transistor.

This novel type of electronic switch has been modelled to combine and realize all of the logic func-

tions employed in CMOS circuits [10], [13].

From the materials aspects, a strong yoke of high yield strength medium (HYM; e.g. SiN) is needed
to support the whole structure and compressing the PR layer sufficiently. Besides, PET devices re-
quire high performance PE and PR materials. The PR part requires a resistivity change of several
orders of magnitude to fulfil adequate Jon//orr ratio at low applied pressure. According to the model,
it was predicted that with a supply voltage of 0.1 V (Vbp), an ON/OFF ratio of 4 orders of magnitude
could be reached for the resistance variation within 2 GPa stress, as shown in Figure 1(b). Possible
IMT candidates are found in rare earth mono chalcogenides such as SmSe studied by IBM. Other
group reported epitaxial films of the Mott insulator Sr2IrO4 as a viable oxide for piezoelectronics,
showing a pressure-induced, fully reversible, orders of magnitude modulation of giant piezoresistance

at room temperature [14].

As for the PE material, a high piezoelectric coefficient d33, which must be stable at high strain levels,
is required to yield the high stress applied onto the piezoresistor at a given applied electric field [15].
Notice that the contact area difference between PR and PE parts could also help on this matter, via an
effect similar to the relationship between a hammer and a nail. As can be seen from the schematic
view of the device, the contact area of PE is much larger than the PR part, to ensure amplifying the

pressure applied on the PR.
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The recent breakthrough of materials synthesis and structuration techniques make it possible to inte-
grate piezoelectric materials into microsystems structures [16]-[19]. One of the most notably piezo-
electric material is Pb(Zr,Ti)O3 (PZT), in both thin-film and bulk ceramics form [18], [20], [21].
Despite that polycrystalline materials dominate thin-film forms, epitaxial films offer a number of
advantages, such as the possibility of lower leakage due to the absence of grain boundaries and im-

proved piezoelectric properties (see Figure 2) [22], [23].
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Figure 1.3 - Piezoelectric properties d33 taken from different forms of PZT film showing the im-

portance of film orientation [22].

The proposed PE material for PET is (1-x)[Pb(Mg1/3Nb2/3)O3]-x[PbTi03] (PMN-PT) owing to its gi-
ant piezoelectric properties. PMN-PT is a solid solution of relaxor (PMN) and normal ferroelectric
(PT). It excels with particularly high dielectric and piezoelectric constants [24]. This is in part due to
the compositional choice of x = 0.32 at a morphotropic phase boundary in (001) oriented PMN-PT
with its shallower minima for the spontaneous polarization [19], [25] (see Figure 3), and in part due
to the contribution of nano-polar regions (PNR) formed by the statistical disorder of Mg?* and Nb**
ions centering the oxygen octahedra [26]. The piezoelectric coefficient and giant strain levels (~1.7%)
could be 5 to 10 times those of best textured PZT ceramics [19]. The larger piezoelectric response of

PMN-PT for PE would enable further miniaturization. In fact, the PET devices need to scale down
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the piezoelectric material to 20 nm or below. The challenges are not only the difficulties in the syn-

thesis of high-quality epitaxial PMN-PT thin films, but also in fabricating small 3D structures.
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Figure 1.4 - (a) Schematic phase diagram of giant piezoelectric relaxor-ferroelectrics. The solid and
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dotted blue lines represent the longitudinal piezoelectric coefficients in (001) and (111) relaxor-fer-
roelectric single crystals, respectively. d33, a longitudinal piezoelectric coefficient, is the mechanical
displacement along the applied electric field direction. (b) Schematic illustration of electric-field in-
duced phase transition via polarization rotation from rhombohedral to tetragonal structure as an origin
of huge strain level (=1.7% in bulk single crystals). The red arrow represents the polarization direction.

Figures are taken from Reference [19].

There are several conditions which must be satisfied for obtaining giant piezoelectric properties in

PMN-PT [19].

First, the phase of PMN-PT should be pure perovskite phase. It is quite often the pyrochlore phase of
PbaNb207 that appears in PMN-PT thin film synthesis. This is because it is more stable than perov-

skite phase. The piezoelectric properties would be decreased with the non-piezoelectric second phase.



Ch. 1 - Introduction

Second, as in other solid solution of piezoelectric materials, the piezoelectric response depends on
composition and is largest near morphotropic phase boundary (MPB). In the temperature versus com-
position phase diagram, this phase boundary separates the rhombohedral (PMN-rich side) and tetrag-
onal symmetry (PT-rich side). For bulk PMN-PT, the optimal concentration is 2/3 PMN and 1/3 PT.
As shown in Figure 3, the piezoelectric response of PMN-PT is largest in the rhombohedral symmetry

close to the MPB.

Third, PMN-PT should be a single crystalline and (001)-orientated. The giant piezoelectricity is nor-
mally explained by the polarization model. The large strain levels in bulk single crystals originate
from the electric field induced phase transition. For PMN-PT with composition in the vicinity of the
MPB, such polarization rotation toward [001] easily destabilizes the rhombohedral ground state, re-
sulting in a phase transition to the tetragonal structure. When the tetragonal phase is driven by an
electric field from the rhombohedral ground state, additional room for further strain is provided, in-

creasing the maximum strain level, as shown in Figure 3b.

Finally, PMN-PT must be exact in the stoichiometry. Particularly at high growth temperature, lead
oxide (PbO) is likely volatile and leads to off-stoichiometry film. This results in electrical leakage in

thin film as well as formation of lead-deficient second phases and detrimental grain boundaries.

PMN-PT thin films can be grown by sputtering, pulsed laser deposition (PLD) and by chemical so-
lution deposition technique, and are studied since a number of years. The main difficulty in the syn-
thesis is the extreme sensitivity of thin film properties to the growth parameters. Among these depo-
sition techniques, numerous features make PLD attractive including stoichiometric transfer of mate-
rial from a multicomponent target regardless of the chemistry, generated energetic species and com-

patibility within a wide pressure range (high vacuum — 1 Torr chamber pressure) [27], [28].

The aim of the thesis is to study the downscaling of PMN-PT. Patterning PMN-PT nanostructures is
important for both theoretical and applications aspects. Firstly, nanostructures of tens of nanometers
would offer a platform to study the hypothesized PNRs thought to have a size of a few nanometers
[16], [29]. Secondly, nanostructures and ultrathin films of PMN-PT might be of interest for nanoe-

lectronic devices, such as PET, and nano-electromechanical systems (NEMS).
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1.2  Outline of the thesis

The main techniques of processing and characterizations employed in the thesis are briefly discussed

in Chapter 2. This background chapter also includes material property of PMN-PT.

The developed deposition process of high-quality epitaxial PMN-PT on (001) oriented SrTiOs sub-
strate by PLD is discussed in Chapter 3.

Most often, the patterning of PMN-PT is realized with ‘top down’ approaches through wet etching
with strong acids or plasma-based dry etching processes. However, both methods have been reported
to induce defects and impurities at interfaces and at the side walls. [30], [31]. These defects critically
degrade the piezoelectric and ferroelectric properties of thin films. In this work, we develop a process
that employs a lift-off technique to pattern PMN-PT/SrRuOs heterostructures. A sacrificial layer of
amorphous aluminum oxide (AIOx) [31] and high-resolution electron beam resist of hydrogen
silsesquioxane (HSQ) were utilized. After exposure, HSQ has an amorphous structure similar to SiO2
and becomes relatively insoluble in alkaline hydroxide developers. AlOx can be isotropically etched
with alkaline solutions such as NaOH or TMAH. As a result, TMAH etches AlOx through the open-
ings in the developed HSQ. An undercut structure is formed, which is suitable for lift-off processes.
After having formed the lift-off mask, an epitaxial PMN-PT/SRO layer stack was deposited by pulsed
laser deposition at a temperature of 575°C and 625°C respectively. In this temperature range, AlOx is
stable. It does not crystallize and remains soluble in alkaline solutions. We neither observed a chem-
ical reaction with PMN-PT. Chapter 4 of this thesis presents the fabrication process of patterned
PMN-PT/SrRuOs3 heterostructures with down to 50 nm diameter features on (001) SrTiOs substrates.

The crystalline and microstructures of the heterostructures were characterized in detail with X-ray
diffractions (XRD) and transmission electron microscope (TEM) techniques. The XRD results reveal
the successful growth of SrRuO3 and perovskite phase of PMN-PT in both the plane film sample and
the patterned film sample. No traces of a pyrochlore phase of PMN-PT were found. Reciprocal space
mapping (RSM) of the samples was carried out to characterize also the in-plane lattice constant[32]
of the plain and the structured film. The film exhibited a tetragonal symmetry. The SrRuOs layers
were found to have grown coherently on the SrTiO3 substrate. A combination of TEM and energy
dispersive spectroscopy (EDS) was used to analyze the heterostructure chemical composition and its
spatial distribution. From one typical sample, the ratio of PMN and PT was about 64/36, which is
slightly lower than the value of 67/33 of the target. The ratio between Pb and the total amount of Nb,
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Ti and Mg was measured as 0.87, indicating a lead deficiency due to lead loss during deposition. The
ratio between Nb and Mg was obtained as 2.11, which deviates only by 5 % from the expected value
of 2. The obtained composition indicated that the film was in the tetragonal state. This confirms the

XRD data.

Chapter 5 is designated to the ferroelectric properties of PMN-PT film and nanostructures studied
using piezoresponse force microscopy (PFM). The patterned PMN-PT nano platelet exhibited good
ferroelectric behavior, as the polarization could be defined by the tip, complete regions could be
switched, and rewritten in films that are only 12 nm thick. The coercive voltage amounted to about

4.0V.

Realizing the proposed PET device requires deeper understanding of the PMN-PT piezoelectric re-
sponse, especially at the nano patterned structures. This thesis address process and fundamental ques-
tion in scaling of ferroelectrics and contribute to the PET technology. Recommendations and outlook
for processing and characterizations of ferroelectric thin films are presented in Chapter 6. The poten-

tial application of lift-off method in NEMS is also addressed.



Chapter 2  State of the art and experimental

techniques

This chapter gives an introduction to ferroelectric materials, as well as to some experimental tech-
niques. In section 2.1, a brief overview on ferroelectric materials, and on the evolution of ferroelectric
technology are presented. Section 2.2 introduces the perovskite material PMN-PT, the ferroelectric
of interest in this thesis. The review covers the perovskite structure, relaxor ferroelectrics, the phase
diagram of PMN-PT, and explains why PMN-PT is the material of choice. Section 2.3 discusses
epitaxial thin film nucleation and growth, followed by an introduction to PLD techniques in section
2.4. Section 2.5 presents the technique to prepare atomically flat SrTiOs substrates, which is essential
for epitaxal growth. In this thesis, the grown thin films are structurally and chemically characterized
by scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy dis-
persive X-ray spectroscopy (EDS). These techniques are briefly described in sections 2.6 and 2.7.
The surface morphology is imaged by atomic force microscopy (AFM). An extension of this tech-
nique, the piezoelectric responsive AFM is used for functional characterization (section 2.8). Finally,
the techniques and instruments employed for patterning, i.e. electron beam lithography are presented

in section 2.9.

2.1 Thin-film ferroelectric materials: overview and their applica-

tions

Ferroelectricity was discovered at the (already known) piezoelectric crystal of Rochelle salt
(KNaC4H40Os+4H20) by Valasek in 1920. He discovered, that there is a spontaneous, internal electric
polarization that can be switched by applying an external electric field. The phenomenon is called
ferroelectricity in analogy to the spontaneous magnetization in ferromagnetic materials. It is notable

here that a ferroelectric does not need to contain iron, in spite of the prefix “ferro”.

The modern era of ferroelectricity is closely related to the development of new piezoelectric and high

dielectric constant (high-K) materials. Much progress was made during the Second World War, which
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accelerated the development of functional materials for submarine detection (sonar sensors with Ro-
chelle salt and later BaTiO3), and BaTiOs3 as high-K ceramics for RF applications. BaTiO3 was the
first synthesized perovskite ferroelectric oxide. Initial studies of ferroelectric thin films were triggered
to develop non-volatile memories already in the 1960s [33]. However, difficulties in the synthesis of
high-quality films and their integration limited the attempts until the 1980s. The exploration for better
piezoelectric and ferroelectric materials resulted in the discovery of lead zirconate titanate (PZT) in
1952. This compound is a solid solution of PbTiO3 (PTO) and PbZrOs3 (PZO). It has outstanding
piezoelectric properties and a relatively high Curie temperature (7¢), making it the most widely em-
ployed piezoelectric material to date. On the theoretical side, the physicists Landau, Ginzburg and
Devonshire managed to describe the phase transitions in ferroelectric crystals in terms of the internal

electrical polarization as order parameter in the 1950’s.

In 1997, S. E. Park and T. R. Shrout reported relaxor based ferroelectric single crystals, such as
Pb(Zn13Nb2/3)03-PbTiO3 and Pb(Mg1/3Nb2/3)O3-PbTi03 with ultrahigh strain up to 1.7% and a large
electromechanical coupling coefficient of £, = 0.9. These crystals show an order of magnitude larger
piezoelectric response than PZT. This is in part due to the compositional choice of x = 0.32 at a
morphotropic phase boundary with its shallower minima for the spontaneous polarization [25], and
in part due to the contribution of nano-polar regions (PNR) formed by the more or less statistical
disorder of Mg?" and Nb>* ions centering the oxygen octahedra [26]. In 2011, a very large transverse
piezoelectric coefficient was also observed at epitaxial PMN-PT thin films integrated onto silicon

cantilevers [34].

Nowadays, in thin film form, ferroelectrics are finding a wide spectrum of applications in non-volatile
memories and radio frequency (RF) microwave devices. Components based on ferroelectric thin films
are also being investigated for various sensor and actuator applications and for many other systems

[351, [36].

2.2  PMN-PT and relaxor ferroelectrics

2.2.1 Ferroelectric materials and domains

Ferroelectricity is related to crystal symmetry. The characteristic properties of ferroelectric materials

is firstly a non-zero spontaneous electric polarization, and secondly that the latter is switchable by an
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external electric field [37]. The first condition means that the material is polar, i.e. it contains no
symmetry element that would invert the polar axis, particularly no inversion center. This allows for
the existence of a permanent electrical dipole moment. All these materials show a pyroelectric effect
and are also piezoelectric for which the absence of an inversion center is a sufficient condition. The
switching of polarization by an external electric field requires a displacement of ions, or groups of
ions like the oxygen octahedra in perovskites. The crystalline structure must be such that there is not
too much an obstruction when doing this displacement. Thus, all ferroelectric materials are both py-
roelectric and piezoelectric. The relationship between ferro, pyro and piezoelectric materials is sche-
matically shown in figure 2.1. For instance, PMN-PT possesses spontaneous polarization and is ferro-,

pyro- and piezoelectric simultaneously.

Piezoelectric
(e.g. quartz)

Pyroelectric
(e.g. AN, Zn0O)

Figure 2.1 - The relationship between piezo-, pyro- and ferroelectric materials, with some representa-

tive materials presented for each class.

Most ferroelectric materials exhibit a structural phase transition from a high-temperature non-ferroe-
lectric phase into a low-temperature ferroelectric phase, necessarily requiring a lowering of crystal-
line symmetry. In perovskites, the high-symmetry phase is usually cubic, and the lower symmetry in
the ferroelectric phase may form a tetragonal (one 4-fold axis remains) or rhombohedral (one three-
fold axis remains) structure. Figure 2.2 gives as example the perovskite structure PbTiOs. The critical

temperature of the phase transition is called the Curie temperature, 7c. As the ferroelectric material

11
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is cooled through the structural phase transition, the onset of the spontaneous polarization at 7c leads
to the formation of surface charges. The depolarizing field, as produced by surface charges, exhibits
an orientation opposite to the spontaneous polarization. In order to minimize the electrostatic energy,
a ferroelectric crystal may split into various regions with uniform spontaneous polarization orienta-
tion. These regions are called ferroelectric domains, and the region between two distinctive domains
is called domain wall. In case of mechanical stress on a ferroelectric material, multi-domain state can
also exist to minimize the elastic energy (due to spontaneous strain) [38]. In the tetragonal cell, the
spontaneous polarization has the same chance to arise along six directions (including positive and
negative directions along the three possible ac axes). The developed polarization direction will rely
on the electrical and mechanical boundary conditions applied on the ferroelectric crystal. The regions
with uniform direction of polarization are called domains (fig 2.3). In absence of constraints and
electrical fields, all 6 domain types will be realized and the macroscopic polarization of the crystal
can be zero. In order to reach a maximal macroscopic polarization, the ferroelectric material must be
poled, i.e. a relatively large electric field (larger than the coercive field) is applied, often at higher

temperature (as e.g. 150 °C) in order to allow as well for the migration of charged defects.

tetragonal ferroelectric

phase
cubic paraelectric phase

Figure 2.2 - The perovskite structure ABO3 with atom locations, shown here for PbTiO3, which has a
cubic structure in the paraelectric phase and tetragonal structure in the ferroelectric phase. Image

taken from Ref. [38].
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creation of 90° walls
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creation of 180° walls

Figure 2.3 - Schematic formation of 90° and 180° (where the separated domains have perpendicular
and opposite polarizations) ferroelectric domain walls in a tetragonal perovskite ferroelectric, such as

PMN-PT. Image taken from Ref. [38].

2.2.2 PMN-PT

Lead magnesium niobate - Lead titanate (PMN-PT) studied in this thesis is a solid solution of the
disordered, relaxor type lead magnesium niobate (PMN) and the ordered ferroelectric lead titanate
(PT). The Lead magnesium niobate (Pb(Mgi1/3Nb2/3)O3), or PMN, is a classical relaxor with a macro-
scopic pseudocubic structure at room temperature. It shows appealing functional properties such as a
very large dielectric constants, huge electrostrictive coefficients and an ultrahigh electrocaloric effect

[39].

When mixing PMN with PT to form a solid solution PMN(1-x)PT(x), a longer-range order becomes
dominating, leading to a spontaneous polarization and thus to ferroelectricity. For x = 0.1 to 0.33 the
symmetry is rhombohedral, and from about 0.35 to 1.0, the symmetry is tetragonal. Close to this
morphotropic phase transition, a monoclinic phase was observed. Single crystals of PMN-PT are

known for their giant piezoelectric properties. They are on one hand due to the compositional choice
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of x = 0.32 at a morphotropic phase boundary on the rhombohedral side (P//<111}>) with its shal-
lower minima for the spontaneous polarization [19], [25]. Polarization rotation toward [001] easily
destabilizes the rhombohedral ground state, resulting in a phase transition to the tetragonal structure.
When the tetragonal phase is driven by an electric field from the rhombohedral ground state, addi-
tional room for further strain is provided, increasing the maximum strain level. With the recent pro-
gress on understanding the origins of high piezoelectric response in MPB systems, the experimental
results and ensuing findings of first principle proves that a monoclinic (M) phase forms in MPB region.
This narrow monoclinic phase serves as ‘structural bridge’” between rhombohedral (R) and tetragonal
(T) phases [40]. In PMN-PT, monoclinic phase exists in the PT composition range of around 0.3 -
0.36 prior to the tetragonal phase [41], as shown in the PMN-PT phase diagram of Figure 2.4. Polar-
ization in monoclinic structures lies within a mirror plane, allowing easy rotation of polarization,

which has a direct impact on large electromechanical properties [40].
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Figure 2.4 - (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 phase diagram. From Ref. [15]
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Ferroelectric compositions near an MPB provide considerably superior functional properties. One of
the well-known example is PZT system where Pb(Zr0.52Ti0.48)O3 (or PZT 52/48) is utilized for en-
hanced piezoelectric properties. The measured piezoelectric coefficient ds3 as a function of PbTiO3
composition fraction in PZT and PMN-PT systems is present in Figure 2-5. For PMN-PT system, the
ds3 shows two local peaks near the MPB region arising from the R = M and M = T phase transitions.

Notice that the second transition of M = T yields a lower ¢33 maxima [42].
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Figure 2.5 - Piezoelectric coefficient d33 as a function of PbTiO3s composition fraction in PZT and

PMN-PT systems. From Ref. [15]

Another reason for enhanced piezoelectricity is due to the contribution of polar nanoregions (PNRs),
a feature formed in the relaxor PMN. In normal perovskite solutions, such as in PZT systems, the B
sites are taken by Zr*" and Ti*" ions, which have the same valence states. However, Mg?" and Nb>*
ions centering the oxygen ocatahedra in PMN are characteristically non-isovalent, and thus lead a
certain charge disorder. These PNRs are of nanometers in size and are developed upon cooling
through the Burns temperature, Ts, which is ~347°C for pure PMN [43]. The relatively large differ-

ence in valence of B site cations results local charge fluctuations. The large polarizability of the PMN
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lattice is ascribed to growing and shrinking of PNRs, contributing essentially to the anomalously
high dielectric permittivity and electrostrictive response [44]. Relaxors typically exhibit a frequency-

dependent dielectric permittivity with a broad maximum [45].

2.3 Nucleation and growth of epitaxial thin films

The term epitaxy is derived from two Greek words epi (placed or resting upon) and taxis (an ordered
manner). In many thin film growth processes, it is desired that the deposited material forms a mono-

crystalline film with defined orientation with respect to substrate topmost crystalline layer.

Depending on the substrate template material and the deposited film, epitaxy can be divided into
homoepitaxy and heteroepitaxy. In homoepitaxy, film and template layer are of the same material.
Homoepitaxy is widely used in semiconductor industry, particularly to grow a silicon thin film on top
of a single crystal silicon wafer. In contrast, heteroepitaxy refers to the situation where the deposited
film is a different material from the template layer. In this work, we work on PMN-PT and/or SrRuO3
depositions on SrTiOs single crystal substrate, which are of heteroepitaxial growth. Heteroepitaxial

growth is very much applied in III/V technology for photonic and opto-electronic devices.

a, (1) Coherently strained (2) Strain relaxed
a=a, y
¢ alt a”>aA al=aA
a, + a <a, Edge dislocation
a
B & B

Figure 2.6 - Schematic view of the two extreme cases of heteroepitaxy structure (1) coherently

strained to (2) fully relaxed.
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In homoepitaxy, there is a perfect lattice match between the film and substrate, i.e there is no misfit
strain at the interface (provided that the process does not create defects). As for heteroepitaxy, the
lattice parameters between the heterojunction constituent materials are not the same and the differ-
ences in the lattice constants is referred to as lattice mismatch. The mismatch with respect to the

substrate is thus defined as in equation 2.1,

f Gr — Qs (2.1)

where af and a, are the unstrained lattice constants of film and substrate. This mismatch must be
accommodated by (i) tensile/compressive strain, (ii) formation of structural defects (edge dislocation),
or (iii) a combination of both [46], [47]. As the mismatch gets larger, the film material may get
strained to accommodate the lattice structure of the substrate. This happens during the early stages of
film formation (pseudomorphic growth) and between materials of the same lattice structure. In case
that strain accommodation is not possible, then dislocation defects at the interface may form leading
to fully relaxed epitaxy and the film returns to its original lattice structure above the interface. A
schematic view of the two extremes of coherently strained and fully relaxed films is presented in
Figure 2.6. Note that the difference in thermal expansion coefficients and film-substrate chemistry

have significant influence on the interface as well.
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Layer-by-layer growth Layer plus island growth Istand growth
(Frank-van der Merve) (Stranski-Krastanov) (Volimer-Weber)
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Figure 2.7 - Schematic view of the three main growth modes: (a) layer-by-layer (Frank-van der Merve,
FM) growth mode; (b) layer-plus-island (Stranski-Krastanov, SK) growth mode; (e) Island (Vollmer-
Weber, VW) growth mode. From Ref [48].

Crystalline thin films deposited on a substrate with a growth process must first nucleate the crystalline
phase, if it is not yet as phase of the substrate [49]. At the initial stage of growth, adatoms play an
important role. These are atoms (or molecules such as PbO) that have arrived from the vapor, but are
not yet strongly bound to the solid, and migrate easily. They may combine with one another to form
clusters as a result of attraction. After reaching a certain critical size, the clusters become stable. The
process of the stable cluster formation is called nucleation, and extremely important in case of het-
eroepitaxy at higher temperatures where thermodynamic phenomena dominate (capillarity theory).
As the growth proceeds, more and more clusters (nuclei) are nucleated. The stable clusters grow,
coalesce and form a continuous film on the substrate surface. Three principal modes of film growth, also

named after their original investigators, are typically distinguished (Figure 2.7) as follows:

e Layer-by-layer, or Frank-van der Merve (FM) mode. In this mode the film atoms are bound
more strongly to the substrate than to each other. Small stable cluster coalesce in two dimen-
sions only to form planar sheets. As a result, the subsequent layer only starts growing after
previous layer is fully completed. In other words, two-dimensional growth takes place. This
is typically the case in homo-epitaxy, and heteroepitaxy with small lattice mismatch.

e Island, or Vollmer- Weber (VW) mode corresponds to the case where small clusters nucleate
in the form of three-dimensional islands on the substrate surface. In this case, film atoms are

more strongly bound to each other as compared to the substrate. In terms of the capillarity
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theory, the condensate/vapor and condensate/substrate interface energies are too high in com-
parison the vapor/substrate interface energy.

e The Stranski-Krastanov (SK) mode refers to an intermediate situation between FM and VW
modes. The film grows first in a layer-by-layer mode, followed by the growth of three-dimen-
sional islands. Originally explained by a strong adatom-substrate bond, this mode is now often
described as a consequence of epitaxial strain (e.g. Ge/Si1). After reaching a certain number
of layers, the strain energy (compressive only) in the film starts to be released by modulating
the height of the following layers, combined with a voidening of the atomic positions in the
depressions where the interatomic distances would shrink. This then leads as well to an island

morphology.

2.4  Pulsed laser deposition

2.4.1 Principle of PLD

Pulsed laser deposition (PLD) is a physical vapor deposition technique. The principle of PLD is pre-
sented in Figure 2.8. It utilizes short, high power laser pulses to evaporate (ablate) material from a
target surface and eject it in the form of a luminous plume, or ‘ablation plume’. Atoms, ions, and

molecules from the plume condensate on a substrate, where thin film is grown [27], [50], [51].
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Figure 2.8 - A schematic of the principle of PLD.

2.4.2 PLD system

For this work, a PLD system from “SURFACE systems + technology” (Figure 2.9) was employed
for the fabrication of PMN-PT/SrRuOs heterostructures on SrTiOs3 substrates. The deposition system
consists of a KrF Excimer laser (Lambda Physics) with a wavelength of 248nm. The maximum en-
ergy per pulse and repetition rate of the laser from the source can be tuned. Typical values are 400
mJ for the pulse energy and 2 — 3 Hz for the repetition rate (maximal 5 Hz). The laser then passes
through rectangular slit to cut off the beam border region, and to let pass the central part with uniform
energy density. Afterwards, the laser pulses are directed to the chamber with two mirrors (in our case),
pass a focusing lens, and enter into the chamber. Inside the high vacuum chamber, the beam hits a
rotating target. The substrate is facing the target in a distance of some cm’s. The substrate is heated
from the backside with an IR laser diode to a given deposition temperature. The threshold power
density needed for ablation (plume formation) depends on the target material, the morphology and
laser pulse diameter, energy, and wavelength. After laser radiation is absorbed, the electromagnetic
energy of the laser pulses is immediately converted into electronic excitation and bond breaking, and
afterwards into thermal, mechanical and chemical energy which result into formation of supersonic
jet of plume. The ablation plume may contain not only atoms, molecules, electrons, ions, stable clus-

ters, but also micro-sized solid particles and molten globules. The physics behind the processes of
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PLD is rather complex and interrelated, and strongly related to the properties of target materials and

laser pulse characteristics. These are explained in depth in some review literatures [27], [50].

Substrate manipulator

KrF laser beam

Gas inlet

Tube connected
to Pumps

Vacuum gauges

Figure 2.9 - A photo of the deposition chamber of employed PLD system.

2.4.3 General features of PLD

There are many advantages of the PLD technique making it attractive [27][50], such as: (i) wide
selection of target materials as almost all condensed materials can be ablated; (ii) high flexibility in
terms of target materials use and geometrical arrangements in the setup since the energy source is
outside the deposition chamber; (iii) high flexibility to control growth rates over big range due to
pulsed nature of the laser beam; (iv) after the deposition conditions are optimized, the stochiometric
transfer of the elemental components from the bulk to the film can be preserved, even for chemically
complex systems; (v) the target material is only ablated in the region to which the laser beam is
focused; (vi) the kinetic energy of the atomic and ionic species is smaller than 1 eV, which is not
enough to damage the growing film. It is clear that high energy atoms and ions have much less energy
than in the case of sputter deposition, where negative oxygen ions may reach several 100 eV of kinetic

energy.
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On the other hand, PLD also has technical and fundamental disadvantages, for instance (i) impurities
in the target material; (ii) ablated plume flux is inhomogeneous and has an angular energy distribu-
tions; (iii) particle formation during the ablation process, risking to ruin the film; (iv) high mainte-
nance effort due to coatings on the UV glass window for the laser beam, and recharging of the laser

with the Kr-F gas mixture.

2.5 SrTiO; substrate preparation

The usage of atomically flat single terminated oxide substrates is one of the critical requirements for
high quality epitaxial film deposition [52]-[55]. The growth of overlying film and the achieved struc-
ture and properties are determined by the atomic arrangements and the chemical reactions of the top
surface of substrate layer. After proper surface treatment procedures, the surface should have the
desired structural flatness and chemical termination. The former one is revealed by AFM, as shown
by the example given in Fig. 2.10: The surface of as received ABOs3 substrate (001) surface is not
atomically flat (Figure 2.10 b), while after the treatment, the sample surface presents a step-terraces
profile (Figure 2.10 d) and the step height is identical to the out-of-plane lattice constant c. The atomic
structures models of as-received and treated ABO3 samples are illustrated in Figure 2.10 a and 2.10
c respectively. After treatment of the ABO3 (001) substrates, the surface layer would be either AO or
BO: terminated [53]. In case of Sr*'Ti*'O3, both planes are neutral, which facilitates atomic flatness

(in contrast to LaAlOs, where both planes are charged).
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Figure 2.10 - Modeled ABO; (001) atomic structure and corresponding AFM topography image of: (a)-

(b) an as-received surface and (c)-(d) an atomically flat single surface. From Ref [53].

Strontium titanate (SrTiO3) single crystals are by far the most widely used substrates in complex-
oxide research. The as-received polished SrTiO3 samples exhibit (100)-oriented surfaces with both
SrO and TiO2 terminated regions. SrO makes up around 25% of the area. For epitaxial depositions of
PMN-PT and SrRuO3, TiO2 terminated surfaces are required. Atomically flat single terminated sur-
faces are typically achieved by employing an acid based etching and thermal-annealing process. For
example, the method based on buffered-hydrofluoric acid (BHF) etching, which is the same chemical
etching procedure used in silicon semiconductor research and industry for removing SiOz, resulted in
atomically flat SrTiO3 substrates. The technique is based on the recipe firstly published by Kawasaki

et al [52] that was developed to remove any SrO termination.

2.6 Electron microscopy

Electron microscopy techniques exploit high energy electron beams, exhibiting much shorter wave-
lengths than visible light, and is able to image small size structures with much higher resolution than
optical microscopes [56], [57]. Electron microscopy is divided into two types of techniques, namely

Scanning Electron Microscopy (SEM) and Transmission electron microscopy (TEM).
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Figure 2.11 - Generated electrons and photons in forward and backward direction when a high-energy

beam of electrons interacts with a thin specimen. From Ref. [58].

When the sample interacts with a high energy electron beam in high vacuum, a number of signals can
be captured. The SEM collects secondary electrons of a few eV emitted from the atoms when hit by
high energy electrons. The detector might also be reached by backscattered primary electrons result-
ing from mainly inelastic scattering. The SEM is a fast, flexible and non-destructive approach used
to study surface morphology, film thickness (by examining a cross section), and also the morphology
of a film cross-section. The chemical composition can be measured by Energy Dispersive Spectros-
copy (EDS) of the ejected X-ray photons generated by a collision of (mainly) primary electrons with
the atoms of the specimen. These photons have very characteristic energies for each atom, corre-

sponding to the energy difference of electron states on the atom.

A thin specimen called TEM lamella is prepared by focused ion beam (FIB) milling prior TEM ob-

servations. The lamella region is first positioned precisely to the object of interest by means of the
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SEM imaging capability of the FIB tool. The region of the cut is covered by a protecting material
(carbon and/or platinum), the lamella is finally separated from the sample by milling holes on both
sides of the lamella. The lamella is then lifted out by a manipulator, and eventually thinned further

afterwards.

Figure 2.12 - TEM lamella preparation. (a). FIB milling from a sample. Lamella region covered by a

protecting material. (b). Lamella after thinning. Adapted from Ref. [58].

The lamella is irradiated with electron beam at energy ranging from 100-300 keV, and the transmitted
electrons are studied (fig. 2.11). Different TEM imaging modes are available: bright field, dark field
or high-resolution transmission microscopy (HRTEM), depending on the selection of objective aper-
ture. In bright field imaging mode, the aperture selects unscattered and non-diffracted, thus directly
transmitted electrons and blocks the other ones. The most valuable feature for the investigation of
crystals is the possibility to observe diffracted electrons. This allows to analyze the crystalline phases
present in the sample, and their orientation with respect to the beam and sample, as for instance the
texture of a polycrystalline film. In the dark field mode, the imaging is made with diffracted electrons
of a defined crystalline plane meeting Bragg’s law. This technique highlights regions with identical
orientation of the same crystalline phase. In the bright field mode, crystalline regions appear some-
what darker as the direct beam lost diffracted electrons. Amorphous regions will appear in conse-
quence more brightly. In HRTEM, an interference pattern is formed by the interference of several
diffracted beams both with each other and the transmitted beam, which is selected by a large objective
aperture. Overall, TEM can be used to study the crystal lattice, lattice defects, dislocations, domain

patterns, interfacial defects as well as film thickness.
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In either SEM and TEM, an electron beam is focused on the sample and generates characteristic X-
rays, which correspond to the energy differences of deeper lying electronic states of the present atoms.
As these transition energies are very specific for a given atom, the X-rays can thus be used to analyze
the chemical composition of the sample, usually applying a technique called Energy Dispersive Spec-
troscopy. The spectrum giving the photon counts of the detector against their energy allows the ele-
ments to be identified, while the corresponding peak intensities allow the concentrations of the ele-
ments to be quantified. For PMN-PT thin film composition analysis, care must be taken to select
suitable peaks not overlapping with others. Since certain elements (e.g. Pb, Nb) have quite close
characteristics, their x-rays peaks from the M-shell are difficult to separate. A high energy level (~18
keV) is needed to excite the L-shell characteristic x-rays to distinguish elements. This approach works
well for TEM-EDS, but not so well for SEM-EDS. The reason is that high energy electrons penetrate
deeper into the SrTi0O3 substrate, and consequently a large part of the signal of Sr and Ti is from the

substrate and not from the PMN-PT film or SRO film.

2.7 X-ray diffractions

X-ray diffraction (XRD) is a non-destructive analytical technique for the characterization of the crys-
talline structure. The versatile technique is widely used to study structural properties of crystals, such
as lattice parameters, strain level, grain size, epitaxial mismatch, preferred orientation, percentage of
phase composition, and thermal expansion [59]-[61], etc. The structural investigations described in
this thesis are performed on Bruker D8 Discover XRD. The X-rays are generated from Cu- Ko emis-

sion source and have a wavelength of 1.54056 A.

The XRD technique is based on interference of the scattered X-rays from the atomic planes. Con-
structive interference at equidistant, parallel planes produce diffraction peaks at the condition de-

scribed by Bragg’s law:
nA = 2dsin0 (2.2)

where d is plane spacing, A is the x-ray wavelength, 6 is the incident angle and # is an integer

defining the order of diffraction.

The diffracted X-ray intensity is typically recorded as a function of 26 values, which is the angle

between diffracted X-ray beam and the incident beam. This is also usually called #-20 scans. These
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out-of-plane measurements offer much information, such as out-of-plane lattice constants (d-spacing),

phases purity, strain (shifting of peak positions) and out-of-plane crystallographic orientation.

Reciprocal Space Maps (RSMs) are mapping a two-dimensional region of the reciprocal space [62].
These maps around reciprocal lattice spots provide additional information beyond that obtained from
single line scans such as high-resolution rocking curves. RSMs are typically used to aid the interpre-
tation of peak displacement, peak broadening or peak overlap. The procedure of RSM is carried out
by performing an Omega scan for a given length of the scattering angle and then employing a 2theta-
Omega mode to change the length of the scattering vector by small amount and repeating the process.
Both in-plane and out-of-plane lattice parameters can be extracted from RSM results and thus strain
between thin film layers is then deduced. Overall, RSM provides detailed information about the film

growth, domain structure, film orientations, rotations, tilting and defects.

2.8 Electron beam lithography

Electron beam lithography (abbreviated as e-beam lithography or EBL) is a lithography technique by
using a focused electron beam to directly write nano patterns on resists [63]. The process allows
patterning of very small dimensional features, usually in submicrometric size down to a few nanome-

ters. A thin layer of EBL resist is exposed by scanning a precisely controlled electron beam.
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Figure 2.13 - Vistec EBPG 5000+ ES electron beam lithography system at center of micro nano
technology (CMi), EPFL.

After development, the patterns will appear. Like photo lithography, depending on positive or nega-
tive tone of the resist, the desired pattern can be either the same as the area of exposed resist or
opposite to it. The exposed structure is used either to create a mask for etching, or for template thin-
film deposition (masking the deposition). Because of the much shorter wavelength of accelerated
electrons (e.g., 0.005 nm at 50 keV) compared to that of ultraviolet (UV) light used in traditional
photolithography, EBL has the obvious advantage that it is not limited by diffraction as the photo
lithography. In fact, the resolution is limited by the phenomena depicted in Fig. 2.11: electron
backscattering and other secondary electron and X-ray emission. On the other hand, EBL is hampered
by slow speed, low throughput due to direct writing of patterns. Nevertheless, EBL is widely used for
preparing direct writing of small-area, low-volume nano-size features for research purposes, and

mask fabrication for optical lithography.

The EBL tool employed for this thesis is the one of the center for micro and nanotechnology at EPFL,
shown in Figure 2.13, a model Vistec EBPG 5000+ ES. The system features a 100keV thermal field

emission gun, Gaussian beam geometry, and a SOMHz pattern generator.
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Figure 2.14 - Schematic view of the molecular structure of HSQ: (a) cage structure (b) random-size

structure of the resist solution. From Ref [64].

The ultimately desired PMN-PT nanostructure for PET device has a feature size about 20 nm. EBL
process to achieve patterns in sub-20 nm range is inevitable sensitive to a lot of factors, starting from
the choice of resist material, together with resist exposure and development process, and the density
of heavy ions in the substrate. Although, very fine features (as small as 3 nm) have been obtained
with standard EBL resist PMMA [65] on silicon substrate, the difficulties of low etching resistance
and instability of this polymer resist are encountered. Hydrogen silsesquioxane (HSQ), as a relatively
new EBL resist, shows clear advantages in the sub-20 nm range applications [64], [66]. HSQ is an
attractive negative-tone electron resist that allows direct writing of etch-resistant silicon oxide
nanostructures with low line-edge roughness. The cage-like structure of HSQ is shown in Figure 2.13

(a). Various number of the cages could bound together in HSQ solution (see Figure 2.13 (b).). Without
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exposure, the resist solution has the general formula (HSi1O3/2)2n. During exposure to a high-energetic
electron beam, Si-H groups of HSQ are cracked, inducing crosslinking and leading to an amorphous
microstructure similar to glassy SiO2. In this state, it is relatively insoluble in alkaline hydroxide

developers, which attack well the Si-H groups of the undeveloped resist.

2.9 Piezoresponse force microscopy

First introduced in 1992, piezoresponse force microscopy (PFM) was used to investigate local cou-
pling between an electrically biased probe and a consequent mechanical sample deformation in a
ferroelectric polymer film by Giinther and Dransfeld [67]. It has become a key instrument to advance
understanding and to optimize ferroelectric materials over the last 2 decades. PFM is the instrument
that detects the local piezoelectric deformation by applying an electric field to a sample. Due to the
capabilities of measuring deformations in the picometre scale and mapping ferroelectric domain pat-
terns with a lateral resolution of several nanometres, PFM has become the main technique for explor-
ing ferroelectric domain patterns [68]. Moreover, PFM has the merits of versatility, convenience of

handling, non-invasive characteristic and the need of relatively simple sample preparation procedure.

In PFM, a conductive AFM tip is contacted with the surface of a sample, and an additional oscillating

voltage is applied to the tip,
Viip = Vac + Vac - cos(wt) (2.3)

where w is the modulation frequency, V. is an optional dc offset and V. is the “small” signal exci-
tation provoking an ac deformation at the surface of a piezoelectric material. The resulting vibration
of the sample surface will be detected by the motion of the AFM cantilever or probe. This motion is
monitored by the oscillating reflection spot of a reflected laser beam produced on a photo diode array
and then demodulated via a lock-in amplifier. In this way, topography (low frequency response) and
piezoelectric response (ac) can be imaged at the same time. The outstanding contribution of this tech-
nique is to visualize ferroelectric domains on the nano scale, particularly at thin films. The schematic

view of PFM working principle is shown in Figure 2.15.
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Figure 2.15 - A schematic view for piezoelectric force microscopy setup [68].

Driving the tip at the resonance frequency of the AFM probe has the benefit of amplifying the re-
sponse by the factor of 10 to 100. However, due to the fact that the resonance frequency strongly
depends on the local environment of tip-sample interactive region, the orientation of polarization and
the topography features, the resonance encounters a frequency drift and thus maintaining frequency
is not straightforward. To mitigate this problem, Asylum Research Corporation developed the Dual
AC Resonance Tracking (DART) method [69]. Except for tracking the resonant frequency, this tech-
nique enables the additional model parameters such as the tip-sample dissipation to be measured [70].
The principle behind DART is illustrated schematically in Figure 2.16. Rather than driving the tip
with the peak resonance frequency, two frequencies with a fixed distance—one slightly above and
the other slightly below the highest frequency, are employed. The resulting cantilever movement is
digitized and separately sent to two lock-in amplifiers (Figure 2.16 (a)), which allows to calculate the
corresponding amplitudes and phases. When there is a change in the contact stiffness, a frequency
shift is also expected, as referring to Figure 2.16 (b). The corresponding amplitudes also changed
(saying A; — A}, A, = A}) and then difference is sent to the system as feedback signal to maintain
the two drive frequencies bracketing the resonance frequency. The technique measures a valid vibra-
tion amplitude as a good measure of the surface amplitude on the sample. In this way, the measure-
ment can be done at considerable speed with enhanced signal. The DART overcomes the limitations
of strongly position dependent phase response. The PFM amplitude signal in DART mode remains
free of topographic effects.
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Figure 2.16 - (a) Schematic view for PFM DART mode working principle. (b) The dual-frequency

excitation based resonant-amplitude tracking. From Ref. [69].

In this thesis, we mostly use the technique Dual AC Resonance Tracking (DART) [69] to investigate

the domain patterns. A superimposed DC field was used to locally pole and to measure the ferroelec-

tric hysteresis.

The technique is available on Cypher PFM from Asylum research, as shown in Figure 2.17.
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Figure 2.17 - (a) Cypher PFM from Asylum Research. (b). A photo of the PFM stage with a sample
loaded.
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Chapter 3  Deposition of PMN-PT, SrRuOs and
LaNiOs

The growth process of the material of interest, i.e. lead magnesium niobate — lead titanate (PMN-PT)
thin films by a pulsed laser deposition (PLD) technique was optimized. Epitaxial PMN-PT/SrRuOs3
films were grown on SrTiO3(001) single crystals. This includes preparing atomically flat substrates
with step-terrace profile, optimizing the deposition conditions (temperature, laser energy and repeti-
tion rate, target-substrate distance, bottom electrode, Oz pressure, etc.). Highly (100)-oriented, phase
pure, crystalline PMN-PT films with a composition near the morphotropic phase boundary (MPB)
were successfully grown. The films exhibit an extremely low surface roughness, which is beneficial

for piezo-response force microscopy (PFM) studies.

Alternatively, PMN-PT film was planned to be deposited by sputtering. In the first step, we have
deposited high quality metallic oxide LaNiO3s (LNO) electrode by sputtering on 4-inch (100) silicon
wafer. The deposition of PMN-PT was abandoned due to a long-time breakdown of the sputtering
tool. To test nevertheless the LNO thin film as seeding layer for PZT, we applied a sol-gel route for
Pb(Zro.52Ti0.48)O3 (PZT) growth. The results confirmed that the LNO texture was passed to PZT film.

3.1 Introduction

Over the past three decades, the development of microelectromechanical systems (MEMS) has been
advanced and is now widely used in a range of devices and applications, e.g. inkjet printers, accel-
erometers, RF filters, energy harvesting and ultrasonic transducers etc. It is also foreseen that MEMS
and sensors will be essential components for the ongoing Internet of Things (IoT) technology. As the
field of MEMS advanced, the driving force for the integration functional materials other than silicon-

based compounds into micro systems has emerged.

Piezoelectric materials are of great interest for MEMS applications due to their intrinsic electro-me-

chanical coupling. Piezoelectricity implements a change of polarization under mechanical stress and
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vice versa. By shrinking the sizes, piezoelectric micro- nano- devices require much lower working
voltages while providing weaker force and higher resonance frequencies. Piezoelectric materials ex-
hibit high energy density and can be scaled favorably with miniaturization. Extensive research work
has been done on many piezoelectric materials and has led to industry applications. Among them,
PZT and AIN are the most widely used ones. Alternatively, relaxor ferroelectrics like PMN-PT
demonstrated dramatically superior piezoelectric response over PZT, and thus has the promising po-
tential for further miniaturization in next generation of MEMS sensors and actuators or novel nano

devices, such as PET [10], [13].

As known in many ferroelectric solid solutions of two compounds, large piezoelectric coefficients
appear around a compositional phase boundary between rhombohedral and tetragonal phases. For
PMN-PT, this morphotropic phase boundary (MPB) is around 33% PT concentration. Since PMN-
PT solid solutions contains multicomponent systems of PbO-MgO-Nb20s-TiO2, exhibiting complex
pathways when get crystallized upon cooling from melt or solution, the growth of single crystal and
high-quality thin films is the primary challenge [71]. One of the problems is the widely-observed
formation of pyrochlore impurities in both the bulk and thin films of the PMN-PT system. The per-
ovskite phase has a relatively poor thermodynamic thermal stability at off-stoichiometric conditions,
as compared to prominent, stable pyrochlore phases. Some common pyrochlore phases include cubic
Pb3sNb4O13, thombohedral Pb2Nb202 and tetragonal Pb3Nb20s [72], etc. Such non-piezoelectric
phases result in significant degradation of the functional properties of grown films [73], [74]. Fur-
thermore, all the five elements stoichiometry influence the properties of PMN-PT. On one hand, off
stoichiometry degrades the film properties. On the other hand, it is also responsible for the formation
of impurity phases (pyrochlore phases). The main cause for off- stoichiometry is lead loss because of
the high volatility of Pb and PbO when films are deposited at high temperature. Lead loss may not
only promote the formation of lead deficient pyrochlore phases, but also lead to higher leakage current.
A further problem is the magnesium loss. It is found that a correct concentration ratio of the two B

site elements, i.e. [Mg]/[Nb], is essential for growth of perovskite phase pure PMN-PT films [73].

In literature, the breakthrough of deposition high quality epitaxial PMN-PT films have been realized
with several different techniques, such as metal-organic chemical vapor deposition, PLD and sputter-
ing [75]-[77]. The first successfully deposited epitaxial PMN-PT (70/ 30) thin films was reported in
1998. The film was grown with pulsed laser deposition (PLD) on LaAlOs substrates with carefully

controlled process conditions [75].
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Therefore, a set of optimal processing conditions must be found to obtain phase-pure perovskite,
(001)-oriented PMN-PT thin films. In our work, pulsed laser deposition (PLD) was employed. The
PMN-PT thin films were grown on SrRuOs3 buffered (001) SrTiOs (either intrinsic or doped with 0.7
wt.% Nb) substrates. A further development goal was a low surface roughness, which is necessary

for PFM studies.

Table 3.1 - In-plane lattice constant a or pseudocubic lattice constant a of substrate and films.

Layer Crystal struc- Lattice constant @ Mismatch with TCE (x 1076 K')
ture /e (A) previous layer (%)

SrTiOs substrate Cubic 3.905 ) 1

SrRuOs orthorhombic  3.93 -0.64% 10.3 [78]

PMN-PT 67/33 Rhombohedral 4.02 [79] -2.22% ~10
Tetragonal 3.99/4.046 [32] -1.5%(a),-29%(c) ~10

PMN-PT 64/36

The thin films were deposited on (001)-oriented SrTiOs single crystalline substrates. SrTiO3 has a
cubic perovskite unit cell with a lattice parameter of 3.905 A, which matches well with commonly
used perovskite oxide electrodes, such as LaNiO3, SrRuO3, LaxSr(1—x)CoO3, LaxSra-xMnOs3, etc [39],
[80]. Baek et al demonstrated when PMN-PT (67-33) film is integrated directly on silicon, a thin
layer of STO film is capable as template for incorporating such oxide films [80]. The buffer layer
SrRuO3 we use here is endowed with remarkable features. First, it is a good conductive oxide that
can be used as bottom electrode; second, as its lattice constant is falling between SrTiO3s and PMN-
PT, the epitaxial growth of PMN-PT is improved [81] due to a lower lattice mismatch, which reduces

the dislocation formation. The literature values of the lattice constants are given in Table I.

It is noticed here, the thermal expansion coefficients of STO, SRO and PMN-PT are all close to 1.05 X
1075 K°!. This small margin is in favour of relatively small thermal strains mismatching when the

devices are cooled down from deposition temperature to room temperature.
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In this chapter we describe the conditions of the growth of high quality epitaxial PMN-PT thin films
on SRO buffered STO substrates by varying the PLD parameters and present a very narrow process

window for phase-pure (001)-oriented film growth.

We also planned to deposit PMN-PT film by RF magnetron sputtering. In this case, film can be grown
on a large size substrate, i.e. usually 4-inch or 6-inch Si wafer in lab. Pt or Pt-based metal films are
often used as electrodes for ferroelectric thin-film devices [17]. However, they have the problems of
week adhesion to the Si substrates, deterioration of ferroelectric properties by the interdiffusion from
the interposed adhesion layers of Ti, and unsatisfactory performance against fatigue _. In recent years,
metallic oxides having been investigated as promising alternatives for solving the above problems
because they have a better crystallographic compatibility with the ferroelectric layer as compared to
the Pt electrode. Among them, pseudo-cubic perovskite lanthanum nickel oxide, LaNiOs (LNO),
with a lattice parameter of 3.84 A, is a very good candidate. It exhibits a good metallic conductivity
in a wide temperature range, and its composition is relatively simple to control [82], [84]-[92]. The
LNO film resistivity at room temperature is typically in the 0.3 to 2 mQ-cm range. It has been reported
that properties of ferroelectric oxides are significantly improved with the use of lattice-matched LNO

bottom electrodes [86], [89]-[93].

We first successfully developed high-quality metallic LaNiOs by a sputtering tool in Center of Mi-
croNanoTechnology (CMi) on silicon wafer. We have another sputtering tool from industry partner
in our lab, which was used to develop PZT deposition. After a failure, their tool could not be repaired
anymore in due time, and we were not able to continue the process. Instead, we tested the LNO as a
seed layer for sol-gel Pb(Zro.52Ti0.48)O3 (PZT) growth. The results confirmed that bottom electrode
LNO texture was passed to PZT film.

3.2 Experiments and results of PLD PMN-PT and SRO

All films of PMN-PT and SrRuO3 have been deposited with PLD using a KrF excimer laser operating
at 248 nm wavelength, using commercial targets on pre-heated SrTiOs substrates. The deposition
parameters are given in table 3.2. For each sample, the deposition time of SrRuO3; was 20 minutes,
yielding 20 nm thick film. PMN-PT films were deposited subsequently at different conditions to avoid

any undesired contaminations, without breaking the vacuum of the chamber. After deposition the
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films, the samples were cooled down at a rate of 15 °C/min to room temperature under high O2 pres-
sure. The latter serves to avoid a too high oxygen vacancy concentration. A detailed list of deposition

parameters for SRO and PMN-PT are given in Table 3.2.

Table 3.2 - PLD process conditions of SRO and PMN-PT films growth on (001) STO substrates.

(values in brackets are the optimized ones)

Parameter SRO PMN-PT

Base Vaccum (mbar) 2.0 x10® 2.0 x10%®

Oxygen flow (sccm) 8.0 30 and 70 (70)

Oxygen pressure (mbar) 0.15 0.25 and 0.50 (0.50)
Substrate temperature (°C) 625 550 — 650 (575)

Laser fluence (J/cm?) 1.0 1.0

Laser pulse rate (Hz) 2 3

Target-substrate distance (mm) 65 60

Deposition rate (nm/min) 1.0 1.2 (at 575°C, 0.50mbar)
Deposition time (min) 20 20 -90
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3.2.1 Substrate preparation

High quality, (001)-oriented strontium titanate (SrTiOs) substrates were purchased from Crystec
Gmbh and SHINKOSHA CO., LTD. Besides the intrinsic non-conductive SrTiOs substrates, 0.7 wt. %
niobium doped SrTiOs substrates with a conductivity roughly 0.30 Q=cm were used. The STO sub-
strates were pretreated to TiO2 termination using a method which employs etching followed by an-
nealing, as first reported by Kawasaki ef al [52]. The etchant is buffered HF, comprising a 7:1 volume
ratio of 40% NH4F to 49% HF in water. The method was optimized to treat the as-received STO
substrates. The influence of etching time, annealing temperature and time on the substrate surface
profile were compared. The AFM images of the substrates surface treated under different conditions
are shown in Figure 3.1. The results clearly reveal that substrates annealed at 1100 °C favors a more
step-like profile. Moreover, annealing at 1100 °C for 3 hours provides much lower roughness than
annealing for only 1 hour, as can be seen from the table 3.2. Overall, the substrates etched for 30 sec
and annealed at 1100 °C for 3 hours exhibit an atomically flat, step-terrace profile. The step height
was found to be about 0.4 nm, close to the unit cell height of STO lattice.

Figure 3.1 - AFM images (1 x 1 um? square) and corresponding to representative line profiles on
different SrTiO3 substrate surfaces after treated at different conditions: (a) and (d) BHF etch 15 sec
and anneal at 900 °C for 1h; (b) and (e) BHF etch 30 sec and anneal at 1100 °C for 1h; (c) and (f)
BHF etch 30 sec and anneal at 1100 °C for 3h;
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Table 3.3 - Average roughness of SrTiO3 substrates treated under different conditions.

Sample 1 Sample 2 Sample 3
BHF etch time (sec) 15 30 30
Annealing T (°C) 900 1100 1100
Annealing Time (h) 1 1 3
Ra 0.295 nm 0.276 nm 0.094 nm

Furthermore, it was found that the SRO and PMN-PT thin film microstructures did not depend on the
Nb doping of the STO substrates.

3.2.2 Targets and ablation

We investigated the PMN-PT system with two compositions of nominally 0.67PMN-0.33PT and
0.60PMN-0.40PT. Two stoichiometric targets and two additional targets with 5 mol.% PbO excess
were purchased from the Fraunhofer Institute for Ceramic Technologies and Systems. Together with
PMN-PT targets, a stoichiometric SrRuQOs3 target was mounted on the same target carousel. The car-
ousel has 5 target positions, which can be automatically rotated to the ablation position. Additionally,
the carousel can be switched to special position between two targets, letting pass the laser beam to
the opposite chamber wall where an energy sensor is mounted, measuring the total energy of the laser
pulse. Knowing the area of the laser spot on the target, the energy density of the 248 nm UV laser
beam can be determined. For the ablation of targets, we used a laser focus with an energy density of
1.0 J/cm?, consistent with the typically used values found in literature for growth of PMN-PT and
PZT films [72], [94]-[96].
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The target surface after deposition was controlled by SEM. Droplets of PbO and cones were found to
cover the target surface after ablation. From the EDS analysis, the laser-target interaction sites had a
about 10% lower concentration of lead than that of untreated sites. Therefore, a polishing step is
necessary before each deposition in order to grow the film from a fresh target surface. Additionally,

a preablation step at pulse rate of 5 Hz for 2 minutes was performed prior to each deposition.

3.2.3 SRO film on STO substrate

Figure 3.2 shows a SEM image of a 40 nm thick SuRuOs film grown on a SrTiO3 substrate. The
surface of SrRuO3 has a very uniform and smooth appearance. The TiO: termination on the flat (100)
surface leads to wetting conditions that are suitable for layer-by-layer growth. The only visible fea-
tures are the steps of the STO substrate. It is reported that wetting at the steps is less good because Sr
is terminating the side wall [81], leading to a kind of trench along the step line. However, our SEM

images do not give a clear evidence for this.

200 nm WD = 2.9mm Aperture Size = 30.00 um Chamber = 0.00e+00 Pa
Image Pixel Size = 2.233 nm Stageat T= -00° Date :18 Sep 2018

Mag= 50.00K X EHT = 3.00 k¥ Signal A = InLens Chamber Status = at HY @

Figure 3.2 — SEM image of 40 nm SRO film on STO substrate.
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Figure 3.3—XRD theta-2theta scan of 40 nm SRO film sample on STO substrate.

In Figure 3.3, atheta-2theta scan for a 40 nm thick SRO film grown on STO(100) is shown. It clearly
showed a pure (00/) orientation. The close matching of lattice constants between SrTiO3 and SrRuO3
promotes coherent growth of SrRuOs. In addition, the scan reveals the very high degree of crystallin-

ity of the SRO by the existence of periodic fringes. The out-of-plane lattice parameter was found to

be 3.94 A.

3.2.4 Substrate temperature influence on crystalline phase formation

The substrate temperature is one of the most important parameters influencing the phase composition
of the grown films. The first parameter exploration started with a wide range of sample temperatures
between 550°C and 650°C, in combination with a stoichiometric PMN-PT (67/33) target and a fixed
Oz pressure of 0.25 mbar. XRD 6-26 scans of PMN-PT films are shown in Figure 3.4. For compari-
son, scan results of an uncoated STO substrate, and an SRO/STO sample are also included in this
figure. We observe that the PMN-PT film deposited at 550°C is not crystallized. The films deposited
at 575°C and 600°C show a single phase pattern with only (00/) PMN-PT reflections. At an even
higher temperature of 650°C, a significant amount of the pyrochlore phase PbsNb4O13 was formed.
The high diffraction peak at around 34.3° is attributed to the {400} family of planes, and a small peak
at approximately 28° can be identified as the (222) diffraction peak of the same pyrochlore phase
Pb3Nb4O1s.
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We then focus on the (002) diffraction peaks of PMN-PT (67/33). A closer look of XRD 6 — 26
scans of films grown at different temperatures is given in Figure 3.5. The position of (002) peaks of
PMN-PT is observed to decrease monotonically with increasing temperature. For film deposited at
575°C, the (002) PMN-PT diffraction peak corresponds to an out-of-plane lattice ¢ = 4.028 A. This
is very close to the literature value of the pseudo-cubic lattice constant of PMN-PT with a =4.022 A.
The other values of calculated out-of-plane lattice constants are given in Table 3.4. The film deposited
at 600°C has a lattice ¢ = 4.040 A, while the broad shoulder at the left side of (002) peak indicates
that a part of the film is compressively strained in the plane of the film. This local maximum of the

shoulder resulting from the strained layer reveals ¢ = 4.081 A.
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Figure 3.4 - XRD theta-2theta scans of different samples. (a). STO substrate; (b) SRO film on STO;
from (c) to (f): PMN-PT (67/33) deposited at 550°C, 575°C, 600°C, 650°C with SRO film on STO
substrate. Layer thickness for all the samples: PMN-PT 40 nm and SrRuO3 20 nm.

44



Ch. 3 - Deposition of PMN-PT, SrRuOs and LaNiOs

STO

PMN-PT | SRO

Intensity (log scale)

1 1 | 1 1 1

42 43 44 45 46 47 48
2theta (degree)

Figure 3.5 - XRD theta-2theta scans of different samples showing (002) diffraction peaks of different
layers. From top to down: PMN-PT (67/33) films deposited at 575°C, 600°C, 625°C, 650°C respec-
tively with SRO film on STO substrate. Layer thickness for all the samples: PMN-PT 40 nm and

SrRuO3 20 nm.
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Table 3.4 - Summary of deposition conditions of PMN-PT (67/33) films (with 20 nm SRO buffer

layer) and out-of-plane lattice constants.

Sample Deposition T (°C) O pressure Thickness Roughness c(A)

(mbar) (nm) (RMS.) (nm)
sl 575 0.50 40 0.072 4.028
s2 600 0.25 40 1.532 4.040
s3 625 0.25 40 1.439 4.050
s4 650 0.25 40 1.653 4.074

3.2.5 O;pressure

The optimization of the substrate temperature resulted in a high-quality, phase pure perovskite thin
film growth with (001) orientation. The surface morphology, especially the surface roughness is a
further parameter to consider. SEM images of some samples are shown in Figure 3.6. For films de-
posited with an Oz pressure of 0.25 mbar, in Figure 3.6(a), (b) and (d), the samples exhibit rough
surfaces with many small sized grains. The root mean square (RSM) roughness measured by AFM,
as shown in Table 3.4, has a typical value of 1 to 2 nm. Such rough surface would be difficult for

PFM measurements, due to too much crosstalk between piezoresponse and topography information.

As can be imagined, one solution for improving surface smoothness is to increase the process pressure.
At higher pressure, the species from the plume will have lower velocities due to increased scattering.
As a consequence, the incoming particles arriving at the substrate surface would have reduced ener-

gies, diffuse less far as adatoms, and form a smoother film.
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Figure 3.6 - SEM images of surface morphology of PMN-PT/SRO films on STO substrates. Deposi-
tions temperatures are: (a) at 550°C; (b) at 575°C; (c) 600°C; (d) 650 °C. Other conditions identical,
except for (b) for which an Oz partial pressure of 0.50 mbar was used, and not the 0.25 mbar as for

the other samples (a), (c) and (d). All scale bars are 200 nm.

We only tested the depositions at another pressure of 0.50 mbar with 70 sccm Oz flow. The perovskite
phase pure (001) oriented film state was maintained. The SEM image of one representative sample
(Figure 3.6 (b)) revealed that this film had a smooth surface. The root mean square roughness was

only around 70 pm, which is ideal for PFM measurements.

Figure 3.7 presents the XRD theta-2theta patterns of two PMN-PT 67/33 samples deposited at 0.25
mbar and 0.50 mbar. Both samples are 40 nm thick with 20 nm SRO on STO substrate. Compared
with PMN-PT film deposited at 0.50 mbar, the film deposited at 0.25 mbar exhibit a broader peak,

likely due to the small crystals on the surface (similar with the surface as shown in Figure 3.4). The
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lattice constant of PMN-PT also slightly reduced from 4.04 A to 4.03 A when the deposition pressure
changed from 0.25 mbar to 0.50 mbar.

intensity (a.u)

20 (degree)

Figure 3.7 — Two XRD scans of 40 nm PMN-PT 67/33 film deposited at 0.25 mbar and 0.50 mbar.

The influence of the Oz pressure on PMN-PT microstructure appears to be rather complex. In ref. [96]
the process pressure was varied between 0.07 mbar and 0.27 mbar. At a rather low pressure of 0.07
mbar, a large amount of pyrochlore was observed. Upon increasing the pressure to 0.13 mbar, the
pyrochlore phase disappeared, while the splitting of the (00/) diffraction peaks became evident in the
XRD patterns. Increasing the pressure further to 0.27 mbar, the splitting of peaks disappeared. Scat-
tering in the gas has different effects on atoms with different masses. Possibly too much Pb was lost
at low pressure — leading to pyrochlore — and too much Ti was lost at higher pressure, leading to a
transition from tetragonal to rhombohedral PMN-PT. Besides, the energies of arriving species was

reduced by a higher pressure.

3.2.6 Target compositions

It is widely observed that lead is usually deficient in PMN-PT films deposited from a stoichiometric
target. As described in section 3.2.2 for target ablation, we observed lead deficiency at the laser-target
interaction sites, indicating lead is quite easy to evaporate. To compensate this loss, PMN-PT targets

of 5 mol.% excess of PbO were used later for both 67/33, and 60/40 composition. Keeping all the
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other conditions the same (575 °C, 0.5 mbar) we compared two samples deposited with a stoichio-
metric PMN-PT target (67/33) and a target with 5 mol.% lead excess. The SEM EDS analysis results
indicate the ratio of Pb/Nb was increased by 6.25% by using the lead excess target. In contrast, the
XRD spectra did not show any difference.

3.2.7 Other conditions

Being a versatile technique, the PLD offers also other process parameters than temperature and oxy-
gen pressure to be adjusted for optimal results: the laser energy per pulse, the pulse repetition rate,
the substrate-target distance, and in principle also the substrate inclination. The substrate-target dis-
tance affects deposition rate, uniformity, and the energy of the deposited species. The species in the
plume have a mean free path of the order of a millimeter and start from the target with energies of
around 1 eV. The oxygen gas is much colder, as k7 "is only around 50 meV. Multiple scattering during
the flight causes the energy loss. A longer distance will thus reduce the energy of the incoming species.
This will reduce the diffusion distance of adatoms, and reduce the faceting of films. Often a smoother

surface is obtained with less energetic species.

To summarize this section, phase pure, (001)-oriented perovskite PMN-PT (67/33) and PMN-PT
(60/40) thin films, having a low roughness, were deposited at optimized process conditions: Oz pres-

sure 0.50 mbar, temperature at 575°C, and a laser fluence of 1 J/cm?.

3.2.8 Example of one film sample and crystal structure analysis with HRXRD

A sample of PMN-PT (60/40) deposited with a 5 mol.% PbO excess target was studied with high-
resolution XRD (HRXRD). According to the deposition rate and time, the layers thickness is expected
as 50 nm for PMN-PT and 20 nm for SRO. The Theta-2theta scans including (001) and (002) diffrac-
tion peaks are shown in Figure 3.8. The additional satellite peaks, called ‘thickness or Kiessig fringes’,
appear around the PMN-PT (001) peak. The fringes are from constructive interference from X-rays
reflected from the top and bottom of the film. Such thickness fringes can only be observed from very
homogenous film, indicating the excellent flatness of the film interfaces [59], [60]. More importantly,

the periodicity of the fringes can be used to determine the thickness of the layer t in an equation given

as follows [60],
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o A (3.1)
~ 2(sin @, — sinB,)

where, ¢ is the thickness, A is the incident X-ray wavelength, 8; and 6, are the Bragg angles for the

consecutive interference fringes maxima/minima respectively.

By substituting the corresponding values to equation 3.1, the thickness is calculated as 48 nm, which

is consistent with the expected value of 50 nm.
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Figure 3.8 - XRD theta-2theta scans of a PMN-PT (60/40) film sample showing (001), (002) diffrac-
tion peaks of different layers. Sample layers: 0.60PMN-0.40PT (52 nm)/SRO (20 nm)/(001) STO.

To reveal the structure and strain states of the grown films, the reciprocal space maps (RSMs) results
around STO (002) and (103) reflections are presented in Figure 3.9. The RSMs results are shown in

contour plots of intensity with respect to Q. In reciprocal lattice unit (r.L.u) Q is given as
Q=14 3.2)

From asymmetrical RSM on (103) reflections, we find that the StRuO3 bottom electrode has grown

coherently on the (001) STO substrate. Its Ox value is the same as the one of STO, and the Q- value
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is slightly increased as compared to the theoretical value, indicating a compression in the plane that
is expected in this case. PMN-PT (60/40) film was found to be structurally relaxed (at about 50 nm
thick). Both the in-plane a and out-of-plane lattice constants ¢ can be calculated from equation 3.2,
by extracting the corresponding Ox and Q- from the peaks. The calculation accuracy can be improved
by calibrating from the lattice parameter of SrTiOs, which has a cubic phase with a = ¢ =3.905 A.
Thus, the lattice constants of PMN-PT (60/40) film are found to be @ =4.001 A and ¢ =4.031 A. The
a corresponds quite exactly to the expected a constant of the tetragonal structure with 35 % PT (4.000
A in [32]), whereas the c is somewhat shorter than the expected ¢ constant for the same composition

(4.044 A in [32)).
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Figure 3.9 - Reciprocal-space maps results around the (a) (002) and (b) (103) STO reflections of
sample 0.60PMN-0.40PT (52 nm)/SRO (20 nm)/(001) STO. The red color in the scale bar corre-
sponds to highest intensity, while blue color corresponds to lowest intensity. The scale was adapted

from logarithmic scale (base 20) to show maximum contrast between different level of intensities.

Figure 3.10 presents the extracted lattice constants of PMN-PT film compared with bulk material
constants from Ref. [32]. The values of PMN-PT (67/33) film come from a patterned sample, pre-
sented in detail in Chapter 4.
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Figure 3.10 — Comparison of lattice constants of PMN-PT. Measured data (in big dots) is extracted
from XRDs of 50 nm PMN-PT(60/40) film sample and a PMN-PT (67/33) nanostructured sample.
Bulk material data (in small dots) from Ref. [32].

3.3 Experiments and results of sputtering LNO

This section is adapted from a conference proceedings [97] with permission of the publisher:

- Xiao Di, Paul Muralt, Highly (100)-oriented metallic LaNiO3grown by RF magnetron sputtering, 2017
Joint IEEE International Symposium on the Applications of Ferroelectric (ISAF)/International Workshop
on Acoustic Transduction Materials and Devices (IWATMD)/Piezoresponse Force Microscopy (PFM),
May 2017. © 2017 IEEE.

LNO films have been grown on many materials by various methods, i.e. RF sputtering [98], pulsed
laser deposition [99], chemical solution deposition [100]. RF sputtering has the advantage to produce
low resistivity, dense films on large area substrates. Sputtering atmosphere and temperature are im-
portant parameters for the process. LNO films are almost amorphous when deposited below 150 °C.
Above this temperature, the film grows in crystalline form, often with (100)-oriented or textured mi-
crostructure. A critical issue is Ni evaporation above 300 °C, leading to Nickel deficiency, and the

formation of a parasitic phase of La2NiO4 [84], [98].
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3.3.1 LNO and PZT film deposition and characterization methods

The LNO films were deposited by RF magnetron sputtering (Balzers BAS 450 PM). The
composition of the 5x10 inch ceramics target was the stoichiometric one with a purity of
99.9%. Sputtering was carried out at a power of 1.5 kW (density 4.6 W/cm?) with a high purity
gas composed of 100 sccm Ar and different Oz flows (5, 15, 33, 67, 100 sccm). Two different
substrates on 4-inch Silicon wafers were used: SiO2(500 nm)/Si and Pt(100 nm)/Ti(2
nm)/Si02/Si. The sputtering system base pressure was maintained at ~2.3x10 mbar before
the introduction of sputtering gas. The detailed process parameters are summarized in Table

3.5.

After film deposition, the film resistivity was measured at room temperature (RT) by a four-point
probe sheet resistivity measurement system (KLA-Tencor OmniMap® RS-75). Film microstructure
and thickness were assessed in a Zeiss Merlin Field Emission Scanning Electron Microscope (SEM).
Quantification of compositions were analyzed by Energy-dispersive X-ray (EDX) spectroscopy in
the same instrument (Oxford instruments Xmax 150 EDX). Phase identification was performed by x-
ray diffraction (XRD) using a Bruker D8 Discover diffractometer (Cu-Ka = 1.5406 A). Some samples
were annealed in a rapid thermal annealing (RTA) tool at 700 °C in 1 atm. Next, 250 nm
Pb(Zro.52Ti0.48)O3 (PZT) films were grown by sol-gel following the route as explained in [16] includ-

ing a rapid thermal annealing at 650 °C in oxygen during 1 minute.
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Table 3.5 - Summary of deposition and annealing parameters.

Parameters Values

Background pressure (mbar) 2.3x10°

Working pressure (mTorr) 6;6.4;7.5;10; 12

Atmosphere Ar (sccm) 100

Atmosphere Oz (sccm) 5;15;33;67; 100

Substrate temperature (°C) 300

Power density (W/cm?) 4.6

Process time (minute) 180

Annealing conditions 700 °C for 1 minute in 100 sccm O2

54



Ch. 3 - Deposition of PMN-PT, SrRuO; and LaNiOs

3.3.2 Crystallinity and microstructure development
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Figure 3.11 - X-ray diffraction patterns of LaNiO3 films deposited on S102/Si(100) substrates at var-
ious total and Oz partial pressures as indicated in the figure. The red lines show the single crystal

positions of LNO (100), (110) and (200) Bragg peaks.

Figure 3.11 depicts 6-26 scans of XRD for a series of LNO films deposited on SiO2/Si substrates
at different O partial pressures. The (100), (200) and (110) peaks of LNO were observed. When
deposited at 6.4 mTorr with 13% Oz atmosphere, the film was almost purely (100)-oriented. At higher
total and oxygen partial pressures, a mixed film texture was obtained which included the (110) ori-
entation. At a low Oz or pure Ar environment, the as-deposit film showed quite weak diffraction
peaks, indicating that it was not crystallized (Fig. 3.12). By annealing, the peaks became stronger,

sharper and shifted to higher diffraction angles, indicating better crystallization and smaller lattice
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parameters. The lattice parameter after annealing, as calculated from (100) peak, is close to the LNO
bulk lattice parameter of 3.84 A. Apparently, tensile strain of the as-deposit LNO film was relaxed

during annealing.
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Figure 3.12 - X-ray diffraction patterns of LNO film on Si02/Si substrate grown at 25% O2, 7.5 mTorr
working pressure: as-deposit (upper) and annealed (lower curve). The blue lines show the single crys-

tal positions of LNO (100) and (200) Bragg peaks.

The LNO films exhibited smooth surfaces as revealed by SEM images (Fig. 3.13). The micro-
structure is dense and uniform without cracks. The average LNO grain size was measured as 40+10
nm on the surface. The LNO film displays a columnar microstructure with corresponding thickness

of 310 nm. The deposition rate was determined as 0.29 A /s.
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Figure 3.13 - SEM surface image of LNO thin film on SiO2/Si substrate obtained at 7.5 mtorr in 100

sccm Ar and 33 scecm Oz.

Compositional analysis of the same film was checked using EDX spectroscopy. Two different
sites in the center of the sample were investigated. The results are summarized in Table 3.6. In both
sites the ratios of La/Ni of the film were almost 50:50, which proved that a stoichiometric LaNiO3

film was realized.
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Table 3.6 - Ratio of La/Ni in LNO film at two sites in the center of the sample.

Element Atomic Site 1 Site 2
weight
Weight % Atomic % Weight % Atomic %
Ni 58.6934 30.12 50.49 29.87 50.19
La 138.9055 69.88 49.51 70.13 49.81
Total - 100 100 100 100

3.3.3 Electrical characterization of LNO thin films

The electrical sheet resistance of the LNO thin films on SiO2/Si substrates was mapped over the whole
wafer area at room temperature (Fig. 3.14). The LNO film had a low and uniform sheet resistance of
around 88.7 Q/square. Knowing the film thickness of 310 nm, a resistivity of 2.75 mQ-cm is derived.
All the measured resistivity results are shown in Table 3. The relatively much higher resistivity of
LNO film deposited at 5 sccm O2 atmosphere indicated that the film was not crystallized, which was
confirmed by XRD results. Deposited at 15 sccm Oz atmosphere, LNO film had the lowest resistivity
of 1.92 mQ-cm. After rapid thermal annealing at 600 °C for 1 minute in 100 sccm Oz, the resistivity
became 0.41 mQ-cm. These resistivity values are consistent with those reported by other authors [82],
[84], [85], [98]. The higher resistivity values of obtained with higher oxygen pressures (33, 67, 100
sccm) can be ascribed to the presence of (110)-orientated grains. Annealing at high temperatures lead
to significantly higher conductivities, showing that crystallinity is enhanced and oxygen stoichiome-

try is improved.
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Figure 3.14 - Sheet resistance map of as-deposit LNO film (7.5 mTorr, Ar/O2 100/33 sccm) on a 4-

inch wafer. Mean value 88.7 /square and standard deviation 6.7 Q/square.

3.3.4 LNO as a seed layer for sol-gel PZT

The same LNO deposition processes were employed to test LNO as seed layer for PZT when using
Pt(111) bottom electrodes. The XRD patterns of PZT on LNO-coated Pt/Ti/Si02/Si and SiO2/Si sub-
strates are shown in Fig. 3.15. Both LNO films were deposited at 33 sccm O2 atmosphere (7.5 mtorr
total pressure). The chosen process showed the same mixture of orientations on both substrates. It is
not clear whether a pure (100) texture is possible on Pt(111). The PZT 52/48 thin films grown on
LNO showed a mixed orientation of 36 % {100}, 48 % {110}, and 16 % {111}. The LNO film had
a mixture of 54 % (100) and 46 % (110). This could mean that the mixed LNO orientation seeded
about the same mixture for the PZT growth. The {111} orientation of PZT, however, seems to nucle-
ate independently of the LNO seed layer. TEM investigations show at least punctually that grain

orientations are passed from LNO to PZT.
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Figure 3.15 - Sol-gel PZT on LNO coated Pt/Ti1/Si02/Si and SiO2/Si substrates (LNO process of 7.5

mtorr).

3.4 Conclusions

In PLD technique, the growth of PMN-PT (67/33) and PMN-PT (60/40) thin films on STO (001)
substrates with 20nm-thick SRO bottom electrodes was optimized. The main objective was to obtain
a pure perovskite phase and a low roughness. This goal was accomplished by a treatment of substrate
surface and optimization of the deposition conditions, most importantly process temperature, and

oxygen partial pressure. A sample with a PMN-PT (60/40) film was characterized with HRXRD. The

film of 50 nm thickness seems structurally relaxed.

In sputtering technique, LNO film were grown on Pt/Ti/Si02/Si and SiO2/Si substrates at 300 °C by
RF magnetron sputtering. The preferred (100)-orientation could be obtained on SiO2 at relatively low

Oz partial pressure. This film exhibited the lowest specific resistivity of 1.92 before, and 0.41 mQ-cm
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after annealing in oxygen. A thin film of Pb(Zro.52T10.48)O3 (PZT) was subsequently grown by a sol-
gel method on some of the LNO-coated substrates of both types. The XRD patterns of the various
samples show that the film textures of the derived PZT films are to a large extent predetermined by
the seeding function of the LNO films because of local epitaxy. The crystallized LNO will serve not
only as a bottom electrode but also as a seed layer for the growth of highly textured ferroelectric thin

films, i.e. PZT [82], [97], [98] and also PMN-PT [101].
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Chapter 4  Fabrication of PMN-PT/SRO na-

noscale heterostructures

The integration of high performance piezoelectric materials into micro- nanosystems needs to be de-
veloped. The patterning technique must be able to create precise structures. The most employed tech-
nique for patterning perovskite piezoelectric materials like PZT or PMN-PT is either based on wet
or on dry etching [105]-[107]. However, both methods have been reported to induce defects and
impurities at interfaces and at the side walls, which critically degrade the piezoelectric and ferroelec-
tric properties of the structures. In this chapter, we demonstrate a lift-off technique to pattern PMN-
PT/SrRuOs heterostructures. The lift-off mask consists of a bilayer of amorphous aluminum oxide
(AlOx) and hydrogen silsesquioxane (HSQ). AlOx serves as the sacrificial layer and mold. HSQ is a
high resolution, negative tone electron beam resist. After precise nanoscale patterns are defined by
electron beam lithography, HSQ is kept on the surface to form the top mask layer of the HSQ/AIOx
lift-off mask. HSQ is mechanically stable at the high PMN-PT growth temperatures. AlOx does not
react with PMN-PT. Tetramethylammonium hydroxide (TMAH) solution used as developer for HSQ,
and etches in the same process step the AlOx layer isotropically. As a result, HSQ/AIOx bilayer forms
an undercut profile, which is a good feature for the lift-off technique. The lift-off mask was then used
as a mold for PMN-PT/SrRuOs local growth. The lift-off step, i.e. the removal of the mask was
performed in one step in a NaOH solution. PMN-PT as well as StTRuO3 were grown by PLD at roughly
600 °C. The patterned heterostructures have a minimal lateral dimension of 70 nm. The thickness of
the heterostructures grown inside the opening is related to the width of the opening and is less than
the plain film thickness. The epitaxial growth of the PMN-PT nanostructures and their crystalline
were then verified by TEM and HRXRD studies.
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4.1 Introduction

The technique to fabricate well-defined structures on the surface of substrates is essential for device
processing. Integrated circuits, MEMS and NEMS devices depend on the perfection of such tech-
niques. Miniaturization of piezo/ferroelectric devices requires patterning of piezoelectric thin films
into features on the scale of micro or nanometers. One of the key challenges is to maintain or recover
large piezoelectric properties or good ferroelectric switching characteristics of the functional materi-
als like PZT and PMN-PT during or after the patterning process. Over the past decades, a lot of efforts
have been made on processing of PZT thin film devices and has lead to successful applications in
numerous electromechanical devices. Most often, the patterning of PZT is realized with subtractive
approaches through wet etching or dry etching processes, i.e., the unwanted parts are removed be dry
or wet etching while the parts that should remain are protected by a mask, which is often a photoresist.
The wet etching process typically uses mixtures of strong acids including hydrochloric acid (HCI),
nitric acid (HNO3) and a buffered solution of hydrofluoric acid (HF) [31], [102]-[104], [108]. Plasma
based dry etching techniques can be either pure physical ion-beam etching (IBE) [109] or reactive
ion etching (RIE) [110], [111]. However, both processes suffer some drawbacks. For wet etching
with aggressive acid solutions, problems like formation of lead-rich residues, large under-etching and
heavy edge damages are encountered. Dry etching has a low etch rate of PZT and poor selectivity
between PZT and masking materials. Often hard masks must be applied as photoresists do not with-
stand the temperature increase during sputtering. In addition, the hydrogen produced during etching
reduces PZT and causes oxygen vacancies and formation of OH-groups inside the perovskite. A high-
temperature anneal in oxygen is needed to cure this problem, i.e., to recover ferroelectric switching.

A schematic view of etching process is shown in Figure 4.1(a).
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Figure 4.1 - Schematic view of different types of patterning processes: (a) subtractive (etch) process
with dry etching; (b) classical Lift-off process and (c) Lift-off with undercut (usually with so-called
lift-off resist (LOR). (Adapted from Ref. [112])

The newer material PMN-PT, relaxor-based ferroelectric, has attracted considerable interest due to
superior piezoelectric properties. Micromachining techniques for PMN-PT films and bulk single crys-
tals are not fully studied yet. A lot can be learnt from patterning PZT, due to the similarities in their
crystalline structures and chemical properties. Peng at al reported firstly the wet etching of PMN-PT
single crystals with 10 HCI:10 H20O: (1-x) HF mixture solutions [113]. At various concentration of
HF with x ranging from 1 to 5, etch rates were found to be 400 to 800 nm/min. the reactive ion etching
(RIE) of PMN-PT uses gas mixtures of Cl2 and CF4 or BCls [30], [114]. Etch rate for PMN-PT thin
films was reported to be 180 nm/min with BCl3/Cl2 gas mixture [114]. A hard mask, such as Ni, is
required during reactive ion etching. After etching, the Ni mask was removed and the films were
annealed to recover degradations in properties from processing [30]. The etched structures have side-

walls with angle of 70°~80°. However, as in dry etching of PZT, the stichometry deviation caused by
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etch-byproduct, poor etch selectivity between piezoelectric oxide and resist mask, reductions of films
properties due to bombardment caused local stress and redepositions at sidewalls remain challenging
for miniaturization PMN-PT. The desire to achieve a high etch rate, vertical sidewalls and a high

selectivity of PMN-PT with respect to resist or electrode material is still not accomplished.

Alternatively, focused ion beam etching was used to pattern ferroelectric film into discreate nano
islands [115], [116]. Such a ‘subtractive’ method does not need a pre-defined mask. The PZT nano
islands were directly delineated by removing the surrounding region of an island by a Ga" focused
ion beam with beam size 5-10 nm. Since the ion beam had an energy as high as 50 keV, severe ion
damage induced loss of lead and oxygen, and accumulation of gallium impurity [115]. A significant
modification of elements stichometry was observed at the ion damage layer. Although precise in

submicron size, this method has an extremely low productivity.

Another possibility of patterning is offered by the lift-off technique. The material is deposited in a
sacrificial mold, masking the sites where the film should not be deposited [31], [117]. In microelec-
tronics, this technique was very much used in the past employing photoresist as masking or mold
material. As the mask has to be stable during the subsequent film deposition at high temperature,
polymer masks cannot be used in our case. Lee et al. [117] utilized high-temperature stable self-
ordered nano-porous ultrathin anodic aluminum oxide (AAQO) membranes as masks during growth of
PZT. The discrete PZT nano islands were found to exhibit a high piezoelectric response and were
proposed for high-density storage components [117]. However, the lateral size of the achieved ferro-
electric nano islands and the pitch are solely defined by the self-ordered AAO and cannot be aligned
to a following mask. Recently, Banerjee et al. reported a method using a single layer of AlOx as high
temperature oxide hard mask for the lift-off method. The mask pattern was defined by e-beam lithog-
raphy with the positive resist PMMA [31], [118], followed by removal of AlOx in an alkaline solution.
The PMMA resist layer was subsequently removed in a solvent before the high temperature film
growth step, just leaving the AlOx mask. Since films were also deposited on sidewalls of mask during
PLD, the lift-off step was hampered by difficulties inherent to the one-layer mask. This simple tech-

nique leads also often to fence-like structures at edges [112].

To enable efficient lift-off, undercut profile of the mask layer is desirable. For example, in double
layer lift-off or bilayer lift-off method, Lift-off Resist (LOR) 5A is used beneath the top imaging

resist [119]. LOR 5A, as sacrificial material, is underetched with standard photoresist developer and
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undercut resist profile is obtained. The differences between lift-off process with and without undercut

is shown in Figure 4.1(b) and (c) respectively.

Inspired by the bilayer lift-off method, we developed a novel technique by creating an inorganic
HSQ/AIOx bilayer hard mask. Here, HSQ is a high resolution negative-tone e-beam resist [120]. HSQ
enables precise patterning of nano-features with the potential to reach dimensions below 10 nm [121].
After exposure, HSQ turns to an amorphous structure similar to SiO2, which is relatively insoluble in
the alkaline hydroxide developers, such as TMAH, applied to HSQ (negative resist). Since AlOx is
soluble in TMAH, an undercut profile is achievable in the HSQ/AIOx bilayer mask, which is favorable
for lift-off. It is noticed here, the development of HSQ and etching of AlOx can be finished in the
same step by just adding the process time, without any additional fabrication step. Another benefit of
using lift-off is the patterning of electrode and ferroelectric films can be finished in one step when
oxide electrodes are used. With this technique we have successfully patterned the epitaxially grown
PMN-PT thin films with oxide electrode down to 70 nm diameter features. To examine the crystalline
of heterostructures PMN-PT/SrRuOs, we characterized in detail with X-ray diffractions (XRD) and
transmission electron microscope (TEM) techniques. The obtained high-quality crystalline form of
epitaxial nanostructures proved that the bilayer HSQ/AIOx mask is capable for patterning ferroelectric

film into nanoscale features.
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Figure 4.2 - Schematic process flow. a. Growth of AlOx and spin coating of HSQ; b. HSQ exposure;
c. HSQ development and AlOx etching; d. growth of PMN-PT/SRO by PLD; e. lift-off in NaOH.

4.2 Experiments

4.2.1 Nano Fabrication

Figure 4.2 presents a schematic view of the process flow. PMN-PT and SRO are deposited on Nb-
doped SrTiOs substrates at a temperature of 625°C and 575°C respectively. Heterostructures of PMN-
PT/SRO were patterned using the bilayer mask HSQ/AIOx, which remains stable at deposition tem-
peratures. Following the preparation of atomically flat SrTiO3 substrates with step-terraces profile, a
thin layer of AlOxwas grown by atomic layer deposition (ALD) in a Beneq TFS200 system on sub-
strate surface. The AlOx film deposition is performed by repeating an elementary process loop, which
consists four steps. In the first step, precursor 1Tri-Methyl Aluminum (TMA) is pulsed into the reac-

tor and reacts with the hydroxylated surface of the sample, forming a chemisorbed monolayer of O-
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Al-(CHs3)2; Next, the chamber is pulsed with nitrogen, removing the excess of TMA and CH3 byprod-
uct; Then the second precursor H20 is pulsed into the reactor and reacts at the substrate surface with
already existing TMA. The reaction produces monolayer of AlOx with a byproduct. Finally, the by-
product and excess of H20 are purged with nitrogen. The two self-limiting surface reactions yielding

AlL203 are given as follows: [122]
(1) AI-OH* + AI(CH3)3 = Al-O-Al(CH3)2* + CHa
(2) Al-(CH3)2* + H20 - Al-OH* + 2CHa4

where the asterisks denote the species stayed at substrate surface. The deposition rate is 1.22 A/cycle.
The required thickness is achievable by setting the counts of loops. The deposition temperature was

200°C and 30 nm AlOx was grown.

In the next step, a 30 nm-thick HSQ resist (XR-1541-002) from Dow Corning was spun on a spin
coater at 4’000 to 5’000 rpm. Small features ranging from 20 nm to 1000 nm were written by electron
beam lithography system (Raith EBPG5000+) with an e-beam energy of 100 keV at a dose of ap-
proximately 1000 pC/cm?. After exposure, HSQ was developed for 2 minutes in 25% TMAH. The
AlOx was etched afterwards for additional 16 minutes in the same developer. The pattern on HSQ
resist layer is then transferred to the AlOx layer and the selective area on the substrate is exposed with
smooth surface, where the perovskite films can be grown at high temperature. All the procedures for
fabrication bilayer HSQ/AlOx mask on Nb-doped SrTiO3 substrates were performed in class 100

cleanroom at Center of MicroNanotechnoly (CMi), EPFL to minimize contaminations.

The Nb-doped SrTiOs substrates with patterned bilayer HSQ/AlOx were subsequently transferred to
the PLD chamber for growth of PMN-PT/SrRuOs heterostructures. The deposition conditions are the
same as deposited on plane SrTiOs3 substrates, which are discussed in details in Chapter 3. The ex-
posed region, having the same quality of surface, promoted epitaxial growth of PMN-PT and SrRuO3
films. After the high temperature growth and cooling down to room temperature, the samples were
put in 6M NaOH aqueous solution in combination with an ultrasonic bath for the lift-off step. The
solution attacked the sacrificial layer starting from the undercut. The amorphous solid AlOx dissolved
in the solution and removed the HSQ mask together with the polycrystalline material grown from the
PMN-PT vapor that was formed on HSQ. As a result, patterned PMN-PT/SrRuO3 heterostructures

were obtained.
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The process can be adapted to a design with a StTRuOs bottom electrode layer covering the complete
substrate, if SRO is grown prior the deposition of AlOx. In this case, the bottom electrode layer
SrRuOs is not involved in lift-off process, thus has not been patterned. This is useful when intrinsic
SrTiOs3 substrates were used, when a continuous bottom electrode is needed for electrical grounding.
All the other steps were kept the same as before. With this process, we ended up with patterned PMN-

PT structures on a plane SrRuO3 bottom electrode layer grown on SrTiOs substrates.

The usage of Nb-doped SrTiO3 substrates is favorable for high resolution electron beam lithography
process due to their electrical conductance. For intrinsic SrTiOs substrates, one problem encountered
during the process is the accumulation of electrons on the ebeam resist (HSQ) layer, as the electrons
cannot pass to the insulating substrate. To avoid the effect on resolution limits, we used a thin copper
foil to connect one corner of the SrRuO3 layer (grown on SrTiOs substrate) and the eBL tool holder,

providing a conduction path for electrons.

4.2.2 Characterization methods

The structures of the samples during the lift-off process are characterized with SEM (Zeiss Gemini

and Merlin) and AFM (Asylum Cypher).

For TEM investigations, a thin lamella was taken from a region with patterned squares and lines
PMN-PT structures, and prepared by focus ion beam (FIB) milling in a ZEISS NVision 40 system.
The selected region was covered by a protective coating composed of carbon and platinum. TEM
investigations were carried in a FEI Tecnai Osiris microscope at 200 kV. Scanning TEM (STEM)
and energy dispersive spectroscopy (EDS) was used to map the spatially resolved chemical compo-

sition.

X-ray diffraction (XRD) theta-2theta scans were performed with a Bruker D8 Discover diffractometer
Cu-Ka radiation. The determination of in-plane lattice parameters was done by recording reciprocal
space maps (RSMs) in a different Bruker D8 Discover diffractometer equipped with a thin film optics

using a Goebel mirror in the primary beam and narrow Soller slits on the detector side.

70



Ch. 4 - Fabrication of PMN-PT/SRO nanoscale heterostructures

4.3 Results and discussions

4.3.1 HSQ/AIOy bilayer mask

The optimal dose of electron beam lithography at 100keV for 30 nm HSQ on Nb-SrTiO3 substrates
was found to be 950 to 1050 pC/cm?. At this dose level, fine features as small as 40 nm were produced
uniformly with sharp edges. Although 20 nm-wide features were also observed, the patterns were not
uniform and not always reproducible. Figure 4.3 presents the SEM image 40 nm wide openings in a

HSQ/AIOx bilayer mask after etching of AlOx.
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Figure 4.3 - SEM image of features with 40 nm wide openings on HSQ/AIOx bilayer mask after
etching of AlOx.
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Figure 4.4 - Hard mask fabrication. (a) SEM image of developed HSQ patterns forming 100 nm
square openings on AlOx. (b) SEM image of the same pattern after additional etching in AlOx, leaving
the HSQ unchanged.

Figure 4.4 shows SEM images of the patterns after the development of HSQ only (a) and after etching
of HSQ/AIOx bilayer (b). The corresponding schematic views of the cross-section of the layers are
shown in the insets. The circular, brighter rings around the HSQ openings in Figure 4.4(b) show the
under-etched profile of AlOx underneath the HSQ mask. This is attributed to the isotropic etching of
AlOx with TMAH.

To study the dimensions of lateral undercut, a group of SEM images of HSQ/AlOx openings with
different widths were captured, as presented in Figure 4.5. The group of squares have a width D = 60,
100, 150 nm respectively. A line profile along a square in each group is plot, as shown in Figure
4.5(d). The plots indicated that the underetching into AlOx layer of about # = 35 nm and seems not
depended on the square width. The underetching depth is close to the thickness of AlOx layer. This
can be explained by the fact that the etching rate of AlOx in TMAH is about the same in the vertical
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direction as in the lateral direction. If the etching time of AlOx is increased, larger lateral underetching

is expected.
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Figure 4.5 - SEM image of fabricated HSQ/AlOx patterns with square openings of size (a) 60 nm, (b)
100 nm and (c¢) 150 nm. (d) Line profile along the opening showing the width of the opening, the size
of underetch in AlOx. The y value does not correspond to the height, but rather the brightness to give
a clue of measuring the sizes of the structure. (¢) A schematic view of the cross-section of one hole.

HSQ is in red, AlOx is in green and STO is grey.

Figure 4.6 shows AFM images of the patterned HSQ/AlOx mask on a Nb-doped STO substrate, after
etching of AlOx. Figure 4.6(a) is the 3D reconstruction of the mask from the AFM image. The walls
with near vertical edges were used to pattern an array of line structures, each line having a width of
1 um. The height profile in Figure 4.6(b) reveals a total thickness of HSQ/AlOx bilayer of 55 nm. As
we know that the initial thickness of AlOx and HSQ are 30 nm each, and since AlOx is more stable
than HSQ, the shrinkage in size is likely from HSQ due to the crosslinking during exposure [66].
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Figure 4.6 - Hard mask fabrication. (a) 3D AFM image of HSQ/AIOx bilayer mask for fabrication of
I-um-wide lines. (b) AFM image of the HSQ/AIOx bilayer mask with the substrates surface exposed

in the trenches. (¢) Zoom-in view of the SrTiO3 substrate of high quality, having TiO2-termination.

The surface quality of the opening area between the walls was characterized and a representative
AFM image is shown in Figure 4.6(c). The substrate surface is smooth and presents vicinal terraces.
The inset plotted a line profile confirmed the atomically flat surface with terraces. Thus, the smooth
substrate surface with TiOz-termination is of the same quality as before deposition of the HSQ/AIOx

bilayer mask.
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4.3.2 PMN-PT/SrRuQs; heterostructures

Figure 4.7 presents the SEM images of the sample after 40 nm PMN-PT (60/40) and 20 nm SrRuOs3
films deposited on substrates with HSQ/AIOx sacrificial mask. From the images, we clearly see that
the PMN-PT films showed two distinct kinds of surface morphology. One part of the PMN-
PT/SrRuOs films, which were grown on HSQ/AlOx sacrificial mask layer, showed polycrystalline
film with large surface roughness. This is due to the fact that HSQ, as amorphous silica, does not seed
an epitaxial growth, and had relatively high roughness (see Figure 4.6 (a)), and possibly reacted with
PMN-PT. The other part of the films, either in the widely open region or inside the openings of mask,
presented epitaxial PMN-PT/SrRuOs films with smooth surface. At least from the SEM images, the
film grown on the small exposed area of substrate showed an identical surface quality as on regions
that were free of mask layers. Some small-size pyramid like grains, which were observed on plain

films, rarely showed up on the films grown inside the small openings of the mask.
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Figure 4.7 - 40 nm PMN-PT (60/40) and 20 nm SrRuO3 grown on Nb-doped SrTiOs substrate with
HSQ/AIOx sacrificial mask. The left image shows the film grow directly on substrates for comparison.
The middle part shows a film section grown on the surface of HSQ/AIOx mask. The right part (with
a zoom-in view shown in the inset) presents PMN-PT/SrRuOs3 heterostructures grown inside the

square openings of the mask.
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Figure 4.8 - AFM image of PMN-PT/SrRuO3 nanostructures grown on Nb-doped SrTiOs substrate
after removal of the HSQ/AIOx sacrificial mask.

In the lift-off process, the AlOx dissolved in basic solutions, removing HSQ and amorphous oxides
on top of it, leaving only the pattered PMN-PT/SrRuOs heterostructures. A large area of the such
islands and lines structures was scanned by AFM and the 3D topography is shown in Figure 4.8. It
can be noticed that the nano-structures were uniform and clean, well separated from neighboring ones.
By a closer look at the surface where the substrate was covered by the mask layers, step-terraces were
observed on the AFM images, meaning that the HSQ/AIOx sacrificial mask was removed completely
without some surface modification or residual traces. The film surface was found to have a root mean

square (RMS) roughness typically 200 ~ 350 pm.

Figure 4.9 presents AFM images of a group of representative lines and islands structures grown from
squares openings with D = 200 nm. The structures have widths of about 270 ~ 290 nm and heights of
18 ~ 22 nm. The lateral size extension means that the outer ~ 35 nm of the islands were grown un-

derneath the HSQ mask. In addition to the structures shown here, several other structures with sizes
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ranging from 70 nm to micron size were successfully grown as well. The lateral dimensions were
always expanded to the limit of the sacrificial mask. This suggested high surface mobility of adatoms
and strong lateral growth, as if the matter was poured into the mold. A schematic view of the growth
is shown in Figure 4.10(a). The volume of the PMN-PT inside the mold is approximately the missing
part of the film above the opening of the square, marked with grid line. The thicknesses of the ob-
tained structures were measured with AFM and plotted as a function of the widths of openings in
Figure 4.10(b). The thickness of the nanostructures fmano started at only ~8 nm and increased to a
saturation value ~38 nm, the same as the thickness of the unpatterned film #. We developed a simple
model to explain the thickness variation. First we consider that the volume of the nanostructure is the

same as the discontinuous part of the film above it, which is

V= D% = (D + 2u)*tpane (4.1)

where D is the width of the opening, u is the underetching, tfand t,,,, are the thicknesses of the

unpatterned films and nanostructures respectively.
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Figure 4.9 - AFM topography images and line scan of nano-fabricated 200 nm wide PMN-PT lines
(a) and dots (b) as obtained after PMN-PT deposition and lift-off. Profiles along the indicated lines

are shown in (c) and (d), respectively.

We can then easily have

D
thano = (D+2u)2tf

(4.2)

The prediction results of thickness based on this model is plotted in Figure 4.10(b), in relatively good
agreement with the measured data. The remaining difference can be ascribed to the deviation from

directional impingement of the atomic flux.

78



Ch. 4 - Fabrication of PMN-PT/SRO nanoscale heterostructures

PvN-PT/sRO I HsQ
N Nb-doped STO [ AIOx

(b)

40 Plane film thickness t;

N
w

Thickness (nm)

—eo— Measured value

10
—a—Theoretical value

o+ 77

0 200 400 600 800 1000
opening width (nm)

Figure 4.10 - (a) A schematic view of the PMN-PT/SrRuO3 nanostructures grown on Nb-doped
SrTiOs substrate with HSQ/AIOx sacrificial mask. (b) Measured data (in blue) and predicted value

(in orange) of the thickness of the nanostructures.

4.3.3 X-ray diffractions results after lift-off

Figure 4.11 shows representative X-ray diffraction spectra of 40 nm PMN-PT with 20 nm SrRuOs3
sample with patterned nanostructures on Nb-doped SrTiO3 substrate. The PMN-PT film was grown
with a stoichiometric target with composition PMN-PT (67/33). Due to the limited resolution of the
X-ray beam in our diffractometer, the measurements were performed inevitably at an area containing
both patterned structures and unstructured film. The XRD results, nevertheless, reveal structural in-

formation from both parts. As can be seen, the PMN-PT/SrRuO3 oxides are pure perovskite phase
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with (00/) orientation. The intensities of the diffraction peaks of PMN-PT/SrRuOs from nanostruc-
tured films, are much lower than those from plain films of PMN-PT/SrRuOs sample. This is due to

the much smaller volume of PMN-PT/SrRuO3 material on the patterned area relative to the plain film.
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Figure 4.11 - X-ray diffraction spectrum of a sample containing 0.64PMN-0.36PT (52 nm)/SRO (20

nm) films with patterned nanostructures.

Reciprocal space maps (RSMs) measurements were performed for the same sample. The results
around STO (002) and (103) reflections are shown in Figure 4.12. It can be seen that SrRuQ3 is grown
coherently on the substrate, which is a result of a small lattice mismatch of SRO to STO (-0.64%),
the true layer-by-layer growth, and the small film thickness (20 nm). With its intermediate lattice
constant, SRO is in principle an ideal buffer layer between STO and PMN-PT, which exhibits a mis-
match of -2.1% between the tetragonal a-axis and STO. As the SRO picks up the lattice constant from
STO, PMN-PT, must nevertheless assume the complete mismatch. This relatively large mismatch
certainly contributes to the rougher morphology of PMN-PT, which appears to be rather following an
island growth mode, or eventually a Stransky-Krastanaov scenario. Both the in-plane and out-of-
plane lattice parameters can be determined from RSM results. The lattice constants of PMN-PT are

found to be e =3.985 A and ¢ =4.046 A. From TEM EDS results (as will be discussed in the following
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subsection 4.3.4), the composition of PMN-PT layer is found to be close to 0.66PMN - 0.34PT. Com-
pared to the lattice constants of tetragonal bulk 0.65PMN — 0.35PT with @ = 4.000 A and c = 4.044
A, the patterned PMN-PT sample has a smaller in-plane lattice, while a slightly larger out-of-plane
lattice. The smaller in-plane lattice constant, in combination with a larger out-of-plane lattice constant
indicates a residual strain caused by epitaxy (partially relaxed) with a compressed state. The com-
pression increases the out-of-pane strain. The lower intensity of the peaks received from the patterned
sample is compatible with the lower coverage (only 10 %) and thickness. More information could be
obtained using a high-resolution X-ray diffractometer, i.e., a synchrotron X-ray diffractometer with
a beam spot size in micron range [123]. Previous experiment findings from tetragonal 70-nm-sized
Pb(Zro.20Ti0.80)O3 patterns revealed that the nanoislands exhibited high tetragonality as expected for
this composition, with non-tilted a-domains and elongated c-domains [31], [117], [124]. In our case,
the film composition is close to the one of tetragonal symmetry. And, in addition, this symmetry is

imposed by the epitaxy on the square lattice of SRO/STO.
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Figure 4.12 - Reciprocal-space maps results around the (a) (002) and (b) (103) STO reflections of a
sample containing 0.64PMN-0.36PT (52 nm)/SRO (20 nm) films with patterned nanostructures.
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4.3.4 TEM investigation results of the nanostructures.

TEM studies were performed for the same sample of 40 nm PMN-PT with 20 nm SrRuOs sample
with patterned nanostructures on Nb-doped SrTiOs substrate. All TEM operations were performed
by Dr. Cosmin Sandu at CIME-EPFL. An electron transparent thin lamella was taken from a region
with squares and beam structures, as shown in Figure 4.13(a). This region was covered by a protective
coating composed of carbon and platinum. A side view of the prepared lamella is shown in Figure

4.13(b). Discrete nanostructures are visible.
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Figure 4.13 - (a) SEM image of the PMN-PT/SrRuO3 nanostructures grown on Nb-doped SrTiO3
substrate with HSQ/AIOx sacrificial mask. The red rectangle denotes the region is chosen for TEM
lamella preparation. (b) Side view of the prepared TEM lamella. Discrete nanostructures are visible

at the interface.
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We then characterize some of the nanostructures. TEM images of a PMN-PT/SrRuOs heterostructure
are shown in Figure 4.14. The diameter derived from the cross-section image amounts to 300 nm. It
was obtained with a mask opening of 250 nm. The outer 25 nm were grown underneath the HSQ
mask. It is noticed that this boundary region is hardly thinner than the rest of the structure, as if the
matter was poured into the mold. This is a sign of high surface mobility of adatoms and strong lateral
growth. As a consequence, the PMN-PT/SrRuOs heterostructures have a profile following the shape
of the AlOx mold, producing the obtuse angle at the edge of the nanostructure. Since the edge is

suspended, the strain state must be different, a modified domain pattern is expected.

A high-resolution TEM image (HRTEM) is shown in Figure 4.14c. The bright region around the
nanostructure consists of carbon, which is topped by a platinum layer. Together, these layers protect
the sample during focused ion etching when preparing the lamella. HRTEM confirmed that the
nanostructures consist of epitaxially growth single crystals, even at the outer border. From the fast
Fourier transform (FFT) patterns, shown in the insets, the same {100} orientation of PMN-PT and

SrTiO3 were observed, confirming the XRD results.

A combination of TEM and energy dispersive spectroscopy (EDS) was used to analyze the chemical
composition and its spatial distribution (Figure 4.15a). A very focused, narrow electron beam was
employed to measure a line scan (line 1 in Figure 4.15a). The elemental intensities are depicted in
Figure 4.15b. The intensities of region 2 (Figure 4.15a) were integrated to obtain an energy scan with
a reasonably low noise, shown in Figure 4.15c. These figures reveal that the SrRuOs layer has a
uniform thickness of 10 nm, and sharp interfaces with STO and PMN-PT. It grows nicely in a layer-
by-layer mode. In contrast, the PMN-PT thickness varies between 8§ nm to 14 nm, which can be
explained by an initial nucleation of separate grains (island growth). The resulting roughness leads to
a reduced slope of composition intensities at the PMN-PT surface as compared to the interface with
SRO. The Mg peak is relatively weak. This results in an artificially increased relative intensity inside

STO due to a relatively higher noise level from the background.
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Figure 4.14 - (a) SEM image of pattered structures for TEM invetigations. (b) PMN-PT/SrRuO3 het-
erostructures cross-sectional TEM image of the nano-lamella. (c) High-resolution TEM image of
PMN-PT, SrRuO3s and SrTi0s. Electron diffraction patterns shown in the insets prove that the PMN-

PT nanostructure is an epitaxial single crystal even inside the edge structure.

The elemental composition of PMN-PT was derived from spectrum Figure 4.16¢. The data were
obtained from the peaks that do not overlap. The quantitative analysis of all the elements is shown in
Table 1. The ratio of PMN and PT is about 64/36; this is slightly lower than the value of 67/33 of the
target. The ratio between Pb and the total amount of Nb, Ti and Mg amounts to 0.87, indicating a lead
deficiency due to lead loss during deposition. The ratio between Nb and Mg is obtained as 2.11, which
deviates only by 5 % from the expected value of 2.0. The obtained composition indicates that the film
is in the tetragonal state. This result confirms the XRD data. The observed lead deficiency motivated

as to use henceforth a target with a 5% lead excess.
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Figure 4.15 - STEM-EDS mapping of a PMN-PT nano lamella, as shown in fig. 5. (a) False-colour
elemental composition map. (b) Elemental composition line scan along line 1 in (a) shows the distri-
bution of Pb, Mg, Nb, Sr, Ru, Ti and O across the layers. (c) Labelled EDS spectrum from the PMN-

PT region marked with rectangle 2 in (a).
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Table 4.1 - EDS Quantitative Analysis of PMN-PT nanostructure

Element Line weight % atomic % Target
Mg K 1.1 4.5 4.4

O K 9.6 60 60

Ti K 3.8 8.0 6.7

Pb L 39.8 19.2 20

Nb L 8.8 9.5 8.9
Sum 100 100 100

Figure 4.16 shows the EDS maps of all the elements (except O which presents in all layers) for PMN-
PT (64/36)/SrRuQOs heterostructure grown on Nb-doped SrTiO3 substrate. They illustrate that SfRuO3
layer was uniform with clear interfaces with STO and PMN-PT, as verified by the value of intensity
of Ru shown in Figure 4.16c. The Mg, Nb intensities are weak, resulting in noisy maps. The maps of
Pb, Mg, Nb in PMN-PT follow well the shape of PMN-PT layer with variant thickness. The intensities
of Pb, Mg, Nb and Ti is slightly higher at the interface. However, the low signal-to-noise ratio, as

well as the very small thickness of PMN-PT layer, makes this observation ambiguous.
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Figure 4.16 - (a) EDS map for different elements for PMN-PT (64/36)/SrRuQOs3 a nanostructure grown
on Nb-doped SrTiO3 substrate with HSQ/AIOx sacrificial mask.
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4.4 Conclusions

In conclusion, we have developed a process to fabricate epitaxial nanostructures of PMN-PT on Nb-
doped SrTiOs substrate. The bottom electrode layer can also be patterned in the same step. The pat-
terning process utilizes a sacrificial mask consists bilayer of HSQ/AIOx, where HSQ is a high-reso-
lution negative tone ebeam resist. The formed undercut profile of the bilayer mask is favorable for
lift-off. The deposited oxides grew inside the nanostructure-confined region and expands in the mold.
The thickness of the nanostructures increased with expansion of the opening width, and becomes

finally close to the thickness of unstructured film.

A representative device was studied in detail with SEM, AFM, XRD and TEM. The minimum fea-
tures obtained are ~ 70 nm dots. From 250 nm openings in the bilayer mask, the obtained structures
have a lateral dimension of ~ 300 nm. The TEM and XRD results proved that the heterostructures
were epitaxially grown. The PMN-PT layer was deposited using stoichiometric targets with compo-
sitions 67/33, and the film composition was found to be ~ 64/36, in tetragonal side. The sample with
nanostructures and unstructured film was probed by high resolution reciprocal space maps (RSMs),
the results indicated the sample have slightly higher c. This is likely due to domains with elongated
c-axis in PMN-PT nanostructures under compressive strain on StRuQO3/SrTiOs. High resolution char-
acterization approaches are required to directly study the insights of the lift-off fabricated PMN-PT

nanostructures.
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Chapter 5 Piezoresponse force microscopy

measurements

In the previous chapters, we have developed PMN-PT thin films and a lift-off route to fabricate
nanostructures. Both, the films and the nanostructures exhibit the desired phase and composition, as
was proven by HR-XRD and TEM/EDS characterizations. However, we do not have a direct evidence
for their ferroelectricity. To answer this question, we investigated the PMN-PT films and nanostruc-
tures by means of piezoresponse force microscopy (PFM). Two compositions of PMN-PT were stud-
ied: PMN-PT 64/36 and PMN-PT 60/40. The studied film samples had a thickness of 20 to 50 nm,
while the nanostructures had a thickness between 10 nm to 22 nm. We first mapped the domain pat-
terns from the as-deposit samples, and then poled and switched polarization by applying a DC bias
on the tip. The PFM results revealed that the samples were ferroelectric. The PMN-PT nanostructures
were individually addressable, preserving ferroelectric properties. Our results show a clear polariza-
tion switching of the patterned, 12 to 15 nm high PMN-PT nanostructures with a stable piezoelectric
response that was larger than ~10 pm/V and possibly reaching even ~100 pm/V, Furthermore, short-
range (10 — 20 nm) ferroelectric domain patterns prominently appear after poling the nanostructured

ferroelectrics, indicating the coexistence of 180 © domains.

5.1 PFM experiments

The PFM measurements of out-of-plane piezoresponse were performed with the AFM Cypher from
Asylum research of Oxford instruments. The samples were attached to a conductive AFM stage with
silver paint (G3692 from Plano GmbH). A wire with magnet heads was used to connect the stage to
the ground signal. The Igor Pro v. 15.09.112 program was used for the real time control of the AFM

and the data acquisition.
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5.1.1 Probes

Two types of conductive probes were used, one type is ASYELEC.02-R2 (Asylum Research) and the
other type is HQ:NSC35/Pt (MikroMasch). For some samples, we only measured the AFM topogra-
phy with ac-taping mode using tips of type Scanasyst-Fluid+ (Bruker). Details of the tip are given in
Table 5.1.

Table 5.1 - Details of the tips used for AFM measurements [125]-[127].

Model Resonance fre- Company Tip radius Tip Spring con-
quency (kHz) (nm) Coating stant (N/m)

Scanasyst-Fluid+ 150 Bruker 12 - 0.7

ASYELEC.02-R2 285 Asylum Research 25 Ti/Ir 42

HQ:NSC35/Pt 150 MikroMasch <30 Pt 5.4

(Tip ¢)

5.1.2 Tuning of the tip

The PFM measurement were performed with the Dual AC Resonance Tracking (DART) mode [69].
After engaging the surface and the contact was made, the cantilever was tuned to find the resonance
frequency. The typical working frequencies for HQ:NSC35/Pt and ASYELEC.02-R2 tips are 800
kHz and 350 kHz respectively. One representative result of tuned resonance peak of HQ:NSC35/Pt
tip is shown in Figure 5.2. Once the resonance frequency was found stabilized, we set the drive fre-

quency close to this value. The two frequencies, f1 and f2> used in DART, had a separation of 10 kHz.
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Figure 5.1 - Tuning of an HQ:NSC35/Pt AFM tip (k= 5.4 N/m) in air. The two red lines represent
the two ac frequencies applied in DART mode.

Benefiting from resonance enhancement in DART mode, the cantilever response is essentially mul-

tiplied by the quality factor (Q) of the cantilever [69], [128].

A =d33V,0Q (5.1

The Q depends on tip’s geometry and elasticity, as well as the local contact conditions on sample
surface. Typical Q in our case ranges from 10 — 100. This implies that the measured piezoresponse

amplitude is amplified by a factor of 10 — 100.

5.1.3 Domain patterns measurements

From the output signals from the PFM measurements, the phase shift of the vibration with respect to
the excitation signal measures the direction of the polarization (up or down), and the amplitude

measures the extent of local piezoelectric vibration. The general setting for performing the DART
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measurements are: a setpoint of 0.3 - 0.5 V, a driver amplitude of 0.5 V or 1 V, a scan rate of 0.5 - 2

Hz and a scan resolution of 256 x 256 or 512 x 512.

In ferroelectrics, the polarization can be switched by applying an electric field that is higher than the
coercive field. This can be done by scanning the AFM tip to which a DC voltage higher than coercive
voltage is superimposed. The scanned area is then subject to the so formed DC field, and switches
the polarization if not already pointing in the direction of the field. The scanned area under high
voltage is thus poled by this procedure. In the ideal case, only one domain is left (0° domain). Two
types of poling processes were performed. One type is poled with scanning a region with either pos-
itive or negative DC bias. The other type is poled with firstly scanning a region followed by scanning
a smaller region inside with a opposite DC bias. The domain patterns are scanned afterwards to check

the poling effects.

5.1.4 Hysteresis loop measurements

We measured the ferroelectric samples hysteresis loops with DART Switching Spectroscopy
PFM (SS-PFM) [69]. For a local switching testing at a certain point, the AC frequency should be
determined first by tuning the cantilever contact resonance frequency. Then the tip is applied with a
mixed driving signal of a stepwise increasing DC electric bias with a superimposition of an AC
driving signal, which has been set previously by tuning. A schematic view of the drive signal as
a function of time is shown in Figure 5.2. The DC voltage should be higher than coercive voltage
to pole the sample and switch the ferroelectric domains. The ‘ON’ and ‘OFF’ correspond to the
status of DC signal. At ‘ON’ state, typical amplitude-voltage hysteresis loop is influenced by the
interference between piezoelectric resonance and electrostatic effect [129]-[131]. Here we only

considered the hysteresis loops recorded at off-state, when the DC voltage is removed.

In our work, the amplitude of DC voltage was set to be 6 ~ 9 V, the frequency of one cycle of hyste-
resis loop was 1 Hz and the period of individual pulse was 0.01 s. Most measurements were recorded

for 4 cycles. A typical waveform of the input signal is shown in Figure 5.3.
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Voltage 4

Figure 5.2 - Schematic diagram of driving signal loaded during SSPFM measurement. From Ref.
[131]

Figure 5.3 - The scan waveform for measuring in-field and remnant hysteresis loops for SS-PFM in

this work.

5.2 Results and discussion

This section presents the PFM study results of PMN-PT 64/36 and PMN-PT 60/40 samples with plane

films as well as patterned nanostructures.
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e 22 nm PMN-PT 64/36 film on 20 nm SRO/Nb:STO
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Figure 5.4 - PFM images for PMN-PT (22nm)/SrRuO3(20nm) on Nb:SrTiO3 substrate. The scanned
areais 1.5 x 1.5 um? large. (a) Topography image of the sample surface. After poling a square region

of 500 x 500 nm? with -7 V DC bias, images of amplitude (b) and phase (c) were collected. (d) Scan

along the line given in sub-figures b and c.

We first studied a film sample of 22 nm PMN-PT 64/36 on 20 nm SRO/Nb:STO. AFM topography
image shown in Figure 5.4 (a) indicates that the film is grown in step-flow growth mode. The film
showed an extremely low roughness, with a root mean square value of ~ 76 pm in the 2 x 2 um?
scanned area. The as-deposit film of PMN-PT contains very small 180° domains. By scanning with
a positive voltage, the scanned area did not show much differences in phase image. However, scan-

ning with a negative voltage of -7 V, the scanned region (500 x 500 nm?) was clearly visible in the
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phase image. According to the phase and amplitude image, the poled region had quite a stable ampli-
tude of 120 pm/V at a well-defined phase (there is an off-set of 30° form the zero-phase). Outside
this region, the phase is rather unstable and the amplitude is small. Nevertheless, one can conclude
that the as-deposit film exhibits in majority very small domains with down polarization (phase
30°+180°=210°). It is expected that with smaller thickness, the PMN-PT 64/36 film grown on
SRO/Nb:STO has a preferred downwards self-polarization, which is though not complete. This is
consistent with the experimental findings on PMN-PT 67/33 grown on Nb:STO or SrRuOs, as re-
ported in Ref. [132]. The lowest piezoelectric response occurs as expected at the boundaries between

different polarized regions, i.e. at the “written” domain walls.

Figure 5.5 - PFM images for PMN-PT (22nm)/SrRuO3(20nm) on SrTiOs3 substrate. (a) poling condi-
tions. (b) amplitude image and (c) phase image.

We performed another poling process with a ‘box in box’ scan on the same sample. Firstly, a 2.0 X

2.0 um? square area was scanned with +7 V DC and then a 500 x 500 nm? square was written with -
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7 V DC bias in the center of previously poled region. A schematic view of the poling conditions and
resulting PFM amplitude and phase images are shown in Figure 5.5. All the small domains with down
polarization were switched by applying a +7 V DC bias. The results confirm that the polarization is

switchable with both downwards and upwards electric fields.

e square structure of 12 nm PMN-PT 64/36 and 6 nm SRO on Nb:STO

We then tried to pole a patterned structure of 12 nm PMN-PT 64/36 on 20 nm SRO/Nb:STO square
structure (~ 1 um wide). The detailed condition for poling is shown Figure 5.5¢. We first scanned a
1.7-um-wide square region containing the PMN-PT square in center with 5 V. Then inside, a 600-
nm-wide square region was scanned with periodically switched bias of -5 V, +5 V and -5 V. In the
regions poled with negative and positive voltages, the PFM amplitude (Figure 5.6¢) and (Figure 5.6d)

phase images showed clear contrasts.
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Figure 5.6 - AFM topography image of a square structure (~ 1.1 pm wide and ~ 12 nm high) of PMN-
PT/SrRuOs heterostructure. After poling under conditions shown in (¢), amplitude (c¢) and phase im-

age (d) were recorded with profile along the lines shown in (b).

¢ 50 nm PMN-PT 60/40 on 20 nm SRO/Nb:STO

The 50 nm PMN-PT 60/40 on 20 nm SRO/Nb:STO sample was annealed in oxygen at 550 °C during
10 minutes to reduce further oxygen vacancies. PFM images of this sample are shown in Figure 5.7.
Regions of reduced amplitude in Figure 5.7b represent domain walls that separate ferroelectric do-
mains of opposite polarizations. From the phase image in Figure 5.7¢c, it can be seen that, two distinct

domain states with random bubble-like patterns have a phase difference of about 200°. To estimate
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the irregular domain size, we can follow a few steps to extract a characteristic in-plane length A [133],
[134], which is the domain periodicity. For regular domains, A equals to domain periodicity, while
in non-periodic system, it reveals the distance between domains of the same polarization. The first
step is to perform Fast Fourier transformation (FFT) of the raw PFM phase image using software
Gwyddion (version 2.53) 2D-FFT module [135]. The obtained image is shown in Figure 5.7e. Next,
we integrate the FFT data with respect to the azimuthal angle and symmetrize the results to have the
profile shown in Figure 5.7f. As described in Ref. [133], the curve have two symmetric peaks that
correspond to the domain separation in real space. From this method, a rough estimation of the char-

acteristic length scales of 50 nm PMN-PT film was found to be 38 nm.
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Figure 5.7 - (a) Topography image, (b) amplitude and (c) phase PFM image for a 50-nm-thick PMN-
PT 60/40 film sample on 20 nm SRO grown on Nb:STO substrate. (d) represents the histogram of the
phase in (c). (e) shows the FFT of the phase image. By integration of the FFT data with respect to the
azimuthal angle and symmetrize the results, we obtained the profile shown in (f). The distance be-

tween the shoulders was used to estimate the domain size.
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18000
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Figure 5.8 - Poling a 50-nm-thick PMN-PT 60/40 film sample on 20 nm SRO grown on Nb:STO
STO substrate with PFM. (a) topography image with poling condition. (b) amplitude and (c) phase
PFM image.

The poling results of the same sample were shown in Figure 5.8. The results indicated that the PMN-
PT film can be switched under -7 V DC bias on the tip, while certain amount of domains were not
completely switched. After switching to upward polarization, the region showed a weaker piezore-

sponse.
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e 20 nm PMN-PT 60/40 nanostructures on 20 nm SRO/Nb:STO

The 20 nm PMN-PT 60/40 nanostructures on 20 nm SRO/Nb:STO sample were annealed under the

same conditions as mentioned before (in oxygen at 550 °C during 10 minutes).

Figure 5.9 shows the first measurement results of PFM images from a nano-island, without poling
with DC bias. As seen from the phase image in Figure 5.9c, the island consisted two parts in about

the same size with opposite polarizations.

Topography

(a)

550 nm

- 12 nm PMN-PT 60/40
8 nm SrRuO3

(b) (©)
Amplitude including sign

Figure 5.9 - AFM topography image of an annealed nano-island of 0.60PMN-0.40PT (12nm) /SrRuO3
(8nm)/ SrTi03 heterostructures. The size is around 550 nm. Out-of-plane PFM amplitude image (b)

and phase image (c).
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As we kept scanning the same island up and down serval times with the same settings (Vac = 1V, fo =
780 kHz, scan rate was 0.5 Hz and resolution was 512 x 512 lines. Each scan took about 8 minutes.),
we found that the region with initial upwards polarization gradually turned to downwards polarization.
Even without the effect from an external applied DC field, this nano-island finally completely
switched to the downwards polarization after it was scanned for 7 times in about 1 hour. This is likely
due to the built-in electric field for PMN-PT/SRO which stabilizes the downward direction, thus in-

duces downward switching when the domains are shaken by an AC field.

Started Measuring
hysteresis loops
from individual

points

Figure 5.10 - Evolution PFM phase image of with continuous scanning for several times in about
lhour. After the 7™ scan, loop hysteresis loops were measured at individual points. After we came
back to the same region in 8" scan, small regions around these points were switched (by a negative
DC bias). Nano-island had a size around 550 nm with 0.60PMN-0.40PT (12nm) /SrRuO3 (8nm)/

SrTi0Os3 heterostructures.
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Figure 5.12 - Measured amplitude (a) and phase response (b) loop; (c¢) derived piezoresponse loop;

extracted coercive voltages (d) and peak piezoresponse (e) for 30 cycles from a point on a 550 nm

wide square of 0.60PMN - 0.40PT (12nm)/SrRuO3(8nm)/STO.
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Hysteresis loop measurements were performed on this individual nanoplates, after the self-polariza-
tion turned stable as shown in Figure 5.10. Typical results from one point are shown in Figure 5.11.
The measured piezoresponse was rather stable from the results recorded over 30 cycles, shown in
Figure 5.12. The amplitudes measured with the DART method are amplified by a factor of 10 to 100
[136]. The amplitudes observed as high as 1 nm/V would this correspond to response of 10 to 150
pm/V for the thickness mode piezoelectric effect. The absolute value of negative coercive voltage (~

2.6V) is slightly higher than the positive coercive voltage (~ 2.4V).

We performed a poling process on another nano-island in similar size. Figure. 5.13 shows a poled
region written into a nano platelet. Some features in the amplitude image indicate domain patterns,
having the same phase in the response, as it can be with domains having a polarization relation en-
closing an angle of 90° or less, as e.g. a/c domain patterns in tetragonal {100} films. One can identify
amplitude hills and valleys running parallel or orthogonal to the in-plane crystallographic directions,
which would correspond to a tetragonal symmetry. At some places one can identify features including
angles of 120°, corresponding to a rhombohedral symmetry. Typical dimensions of these features are
a width of 10 to 15 nm, and a length of 20 to 30 nm. These dimensions correspond to 0.5 to 1.5 times
the PMN-PT film thickness. These domain patterns do not have a larger coherence. This is rather
expected for a material that is close to a relaxor phase. Lebeau and coworkers have shown that in
PMN single crystals there are chemically ordered regions (COR) of the typically 3 nm diameter.
Although the cation diffusion during thin film growth is mainly on the surface, and not in the bulk
(see ref. [137]), one can assume that these CORs exist certainly as well, possibly even more pro-
nounced and larger. This would explain that films close to the morphotropic phase boundary may

exhibit both symmetries, even when nominally on the tetragonal side like PMN-PT 60/40.
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Figure 5.13 - (a) AFM topography image of a nano-island of 0.60PMN-0.40PT(12nm)
/StRuO3(8nm)/ SrTiO3 heterostructures, which were annealed in oxygen prior to measurements. The
size is around 550 nm. Out-of-plane PFM amplitude image (b) and phase image (c) of the nano-island
after being poled with -7 V DC bias written within a 250 x 250 nm? square in the centre of the nano-

island.

5.3 Summary and conclusions

Ferroelectric response of the developed PMN-PT films and nanostructures was characterized by pie-
zoresponse microscopy. The nanostructures were individually addressable and found to be still fer-
roelectric. With a thickness below about 20 nm, the as-deposit PMN-PT film and nanostructures on
SRO/Nb:STO tend to be self-polarized with downwards direction. Plain film areas and nano features
were consecutively switched by a negative bias applied to the tip. Hysteresis loop measurements on

a 12-nm-thick PMN-PT 60/40 nanostructure revealed high piezoresponse, roughly in a range 10-150
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pm/V. The piezoresponse was stable during a large number of recorded loops. After poling annealed
PMN-PT 60/40 nanostructure by external DC bias applied to the AFM tip, domain features corre-
sponding both rhombohedral and tetragonal symmetry were observed. Logically, the chemically or-
dered regions have some spread in composition and may manifest with tetragonal and rhombohedral
symmetry. The observations confirm the successful growth of high quality ferroelectric PMN-PT
films around the MPB. The developed nanostructuration process maintains functional ferroelectric
properties. The domain patterns in the un-poled film exhibit dimension of around the film thickness
(12 nm). Polar nanoregions of a pure PMN phase are expected to be rather in the range of 5 nm. It
would be interesting to learn whether PNRs are still present at the MPB composition, how they would

manifest in an ultrathin film, and how they would influence domains.
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6.1 Summary

The goal of this thesis was to study the ferroelectricity of (1-x)[Pb(Mg1/3Nb2/3 )O3 ]-x[PbTiO3 ]
(PMN-PT) nanostructures. At a composition around the morphotropic phase boundary (x=0.33), the
perovskite material PMN — PT provides an extremely high piezoelectric strain under an applied elec-
tric field. This remarkable behavior makes it of great interest for the application in piezo-electronic

transistors (PET).

The investigations in this thesis were carried out in serval stages: growing high quality epitaxial PMN-
PT films, fabrication of damage-free nanostructures and characterization of their ferroelectric prop-

erties by PFM.

In the first step, PMN-PT films were epitaxially grown on SrRuOs-buffered SrTiOs3 substrates by
pulsed laser deposition (PLD). We have optimized the growth conditions to obtain phase-pure perov-
skite (001)-oriented films on prepared flat SrTiO3 substrates with TiO2-termination. It was found that
the deposition temperature played the most important role for phase formation in PMN-PT layer. The
optimal deposition T for PMN-PT was 575°C, avoiding any pyrochlore phase. We improved the sur-
face roughness to ~100 pm by increasing the Oz pressure from 0.25 mbar to 0.50 mbar. By adding 5
mol.% PbO excess to the stoichiometric targets, the lead content increased by 7% in the resulting film.
From one representative sample of a 50 nm thick film of PMN-PT 60/40 on 20 nm SrRuOs, reciprocal
space maps (RSMs) produced by high resolution X-ray diffraction revealed that STRuOs3 was grown
coherently on the SrTiOs substrate, while PMN-PT was structurally relaxed with a = 4.001 A and c

=4.031 A. The a-values is practically identical to literature values of monocrystals.

Next, we developed a novel lift-off process for patterning PMN-PT into nanostructures. The process
can be adapted to pattern one layer only or to pattern heterostructures of multilayers (such as PMN-
PT/SRO) in single lift-off step. The bilayer lift-off mask consisted of high-resolution electron-beam
resist hydrogen silsesquioxane (HSQ) on top of amorphous aluminium oxide (AlOx). After exposure

to define precise patterns by means of high energy e-beam lithography, HSQ was developed in
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TMAH. In the same step, AlOx was etched isotropically in TMAH, forming an underetch in AlOx.
The lateral underetch has a width of about the same as the AlOx layer thickness. The HSQ/AIOx
bilayer mask, with exposed SrTiOs substrate surface, served as a mold for PMN-PT growth. The
removal of the bilayer mask was performed in 6M NaOH aqueous solution. The film structures grown
inside the openings follows the shape of the mold, producing the obtuse angle at the edge of the
nanostructure. The thickness of the nanostructures varied with the width of the openings, and is less
than the film thickness. The minimum features fabricated with this method have a lateral size ~ 70
nm with a film thickness of 12 nm. In order to predict the thickness decrease, we considered the fact
that the flux arriving from the opening has is distributed on a larger area. The derived value from our
model agreed well with the measured thickness. HRXRD measurements was performed on one sam-
ple with PMN-PT 64/36 after lift-off. Although focusing on an area containing both plane film and
discrete nanostructures, we observed only pure perovskite phase with (00/) reflections in PMN-PT.
The lattice constants were derived from x-ray reciprocal space mapping as a = 3.985 A and ¢ = 4.046
A. Apparently the thinner film is less relaxed. Further studies with high resolution synchrotron XRD
with beam spot size in about micron size would give more insights of the PMN-PT nanostructure. Of

particular interest would to investigate domain patterns in relation to chemically ordered regions.

Finally, the investigations of ferroelectric properties of PMN-PT samples produced a number of in-
teresting findings. The samples of PMN-PT are in composition of 60/40 and 66/34 grown on
SRO/Nb:STO. Both plane film and nanostructures of PMN-PT with a thickness under 20nm preferred
a downwards polarization due to a built-in electric field. Extended PMN-PT films show strong self-
poling, leading to a more homogeneous phase and amplitude contrast. The arrays of nanodots and
nano line structures exhibit ferroelectric properties. The features can be poled in up and down direc-
tion. The piezoelectric response cannot be quantified precisely with the applied DART method. How-
ever, it is certainly larger than 10 pm/V, and may reach 100 pm/V. The patterned PMN-PT plate
exhibited good ferroelectric behavior, in as much the polarization could be defined by the tip, com-
plete regions could be switched, and rewritten in films that are only 12 nm thick. The coercive voltage
amounted to about 4 V, and the piezoelectric thickness mode response was measured in the range of
10 to 150 pm/V. This result shows firstly that the structure is piezoelectric as required for the appli-
cation in a piezoelectric transducer for logic applications. Secondly, the elements can be poled with

low voltages if the auto-polarization induced by process and interfaces is not yet sufficient.

The overall achieved results constitute a step towards nanoscale engineering of ferroelectrics for the

advancement of efficient electromechanical device applications.
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6.2 Outlook

A few aspects can be explored to extend the studies related to this thesis.

The usage of HSQ/AIOx bilayer mask with undercut profile combines well for an efficient lift-off
technique that can be applied at higher temperatures (600 °C). However, it inevitably limits the reso-
lution of this method. The minimum PMN-PT features we achieved have a size of ~70 nm, grown
from openings of 40 nm patterns in HSQ. By reducing the thickness of AlOx, we expect less underetch,
leading to smaller lateral size of the mold, thus the nanostructures grown inside it. This was indeed
consistent with what we found when reducing the AlOx thickness from 50 nm to 30 nm. But the
thickness of AlOx cannot be too small. Otherwise, if the nanostructure thickness exceeds the AlOx
layer thickness, the lift-off process would be difficult. Moreover, the HSQ will react with PMN-PT
in the form of PbO interdiffusion.

(a) (b) som
Pl,.‘ v
- | ke
SRO . &
10, %130 nm o
$10,

Figure 6.1 - (a) schematic view of the cross section of nanostructure fabricated by lift-off process.

Compared with that of a nanostructure obtained by dry etch process (b), from Ref. [138].

As we observed from TEM images of the nanostructure cross-section, the PMN-PT/SrRuOs hetero-
structures formed an obtuse angle ~ 120° at the edge of the nanostructure. In contrast, the sidewall of
dry-etched patterns have an acute angle ~ 70°, which is often undesirable. In extreme case, the shrink-

age of size in top could make the top electrode pinch off [138].
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The structural profile at the edge may be interesting for studying size effect in ferroelectrics. Size
effect have attracted a lot of interest. Typically, this was measured on ferroelectric structures of dif-
ferent sizes. By reducing the lateral size, higher aspect ratio is obtained, leading to a higher degree of
declamping. The reduced stress constraints due to declamping provide a boost in piezoresponse, as
have been reported by other researchers [138]-[140]. In our case, the thickness of the obtained
nanostructures is 7 nm ~25 nm, which is too small compared with width (70 nm up). Thus, there is
not much variation of degree of declamping. But our developed process can be adapted to pattern
ferroelectric perovskite structures with larger thickness and aspect ratio ~ 1. Nevertheless, the edge
of lift-off fabricated structures, is even partially suspended. The strain state must differ a lot between
the free edge and the strained central region. A stronger local piezoresponse is expected at the edge.
This could be possibly proved by using careful PFM measurements with more quantitative evaluation.
The DART technique of PFM, although enhance the weak piezo response, have an amplifying factor
O that strongly depends on local conditions. Alternatively, arrays of dots, planarized by a polymer,
and equipped with a reflecting layer could be analyzed by Double Beam Laser Interferometer (DBLI).
However, this would require quite a complex device fabrication considering all the electrode connec-

tions.
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Figure 6.2 - (a) Schematic overview of the experimental setup of scanning X-ray diffraction technique
using ID01 beamline in ESRF. (b) theta-2theta scans showing inside and outside of the a Si0.8Ge0.2
structure on Si substrate. (¢c) Map of local strain extracted from RSMs results. Adapted from Ref.
[141].

High resolution synchrotron x-ray diffraction would definitely provide in-depth investigations of the
domain structures. First, a very high intensities of X-ray radiation, for example from a synchrotron
source, is required for study the nanostructures. It is evident as we observed a much lower intensity
of PMN-PT peak on a nanostructured sample than that from a plain film sample. Secondly, with a
focused beam, we could directly study insights of nanostructures in a small region, or one individual

nanostructure or even locally inside the one nanostructure. For example, the ID01[142] beamline of
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The European Synchrotron Radiation Facility (ESRF) provides a beam focus area of typically 65.0 x
56.0 nm?, with the best record of 30 x 30 nm?. The focused beam can be translated on a sample at
different position (x, y) by moving a piezo stage. At each investigated small region on the sample, 3D
reciprocal scan maps (RSMs) can be recorded by tilting another stage to reach any Bragg reflection.
This technique, called Scanning X-ray diffraction microscopy, then give the diffraction intensities as
a function of (Qx, Oy, O-, x, ), allowing comprehensive study of local structure. Figure 6.2 shows a
schematic view of the setup and one example of experimental results of extracted strain maps in a

100 x 100 pm? area [141].

With electron beam lithography technique, complex shape of the patterns can be defined. Different
shapes rather than island and lines of nanostructures can be fabricated subsequently with lift-off pro-
cess. We fabricated ring structures with width ~200 nm an inner diameter 200 - 400 nm. The rings
were proved to be ferroelectric and can be poled up and down, as shown in Figure 6.3. This might

inspire more thoughts on applications of ferroelectrics in nano devices.

(a) (b) (c)

Height ; — ~

(d) (f)

Figure 6.3 - PFM measurements on one ferroelectric nano ring structure of 13 nm PMN-PT 60/40
and 8 nm SrRuO3 on Nb:SrTiOs. (a). 3D AFM image. (b) height profile along a line. (¢) the right half
of the ring was poled with -7 V (d) amplitude and (e) phase image after poling. The profile in (f)
indicates that the successfully poled region had a phase shift ~180°.
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We only studied the epitaxial PMN-PT grown on SrRuOs3 buffered STO, having a lattice mismatch ~
2.2% between SRO and PMN-PT. By using a different substrates, like DyScOs3, or even by introduc-
ing a interfacial layer of Pb(Zr(1-nTix)O3 interfacial layer compositions (x = 0.2 - 0.8), a smaller mis-
match is expected. PMN-PT can be also grown on Si substrates, with a SrTiOs3 buffer layer. The lift-
off technique could be used to pattern damage-free SRO/PMN-PT/SRO sandwich structures. Silicon
substrate could be isotropically etched in selective area by KOH solution in the next step, releasing
free-standing structures of SRO/PMN-PT/SRO [143]. Devices containing such structures with PMN-

PT as active material could have wide applications in MEMS and NEMS for sensing or actuation.
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Appendix: Fabrication of PMN-PT nanostructures

Runcard
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Appendix

Project : PMN-PT lift-off
Operator : Xiao Di

Created : 2018.01.18 Last revision : 2019.05.10
Substrates : Nb:SrTiO3 <100> 5 x 5mm, 500um in thickness, 0.7 wt.% doping

Step N° Description Work- | Equipment Program / Parameters Target

0 Substrate Preparation

0.1 IPA clean PM lab | ultrasonic bath 30 mins

0.2 BHF etch PM lab NH4F : HF = 7:1 1 min

0.3 Clean PMlab | IPA and DI

0.3 Anneal PMlab | oven PI1 =1100°C, Pd = 3h

0.4 Check PM lab | AFM Cypher

1 ALD AlOx

1.1 ALD AIOx CMi z4 | ALD Recipe: Al203 - 30 nm 30 nm

2 EBEAM LITHOGRAPHY

2.1 Pre bake CMi Z7 | hot plate 5 mins 150°C
2.2 HSQ 1541-002 CMi Z7 | spin coater 5000 rpm 35 nm

2.3 load on stage CMi Z7 | stage 16, mi- | load sample on stage, rec-

2.4 ebeam exposure CMi Z7 | Vistec 20180123 _5mm.job dose 800 - 1000
2.5 develop and etch CMi Z7 | wetbench TMAH 25% 16 mins

2.6 Inspection CMi Z7 | optical micro- | check after etch

2.7 Check CMiz1 | LEO 1550

2.8 check PMlab | AFM Cypher check structure

3 PLD

3.1 preablation PMlab | PLD 5 Hz, 2 mins

3.2 SRO PMlab | PLD 625°C, 20 mins, 8 sccm | 20 nm

3.3 PMN-PT PMlab | PLD 575°C, 42 mins, 70 sccm | 50 nm

3.4 Cool down PMlab | PLD 100 sccm O2 20°C

3.5 Check CIME SEM Gemini surface morphology

3.6 Check PMlab | XRD theta-2theta perovskite, (00I)
3.7 Check PMlab | AFM Cypher

4 Lift-off

41 Lift-off PM lab | ultrasonic bath | 4M NaOH for 5 hours

4.2 Clean PMlab | IPA and DI

4.2 Check CIME SEM Gemini
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