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Zusammenfassung 

Zusammenfassung 

Das Hauptziel der vorliegenden Arbeit war die Entwicklung eines Abscheideprozesses 

unter Einsatz von flüssigen metallorganischen Ausgangsmaterialien (liquid delivery metal 

organic vapor deposition LD-MOCVD) für die Herstellung von ferroelektrischen Schichten 

für Anwendungen in FeRAM Bauelementen und deren Charakterisierung hinsichtlich ihrer 

strukturellen und elektrischen Eigenschaften. Zwei unterschiedliche Materialien wurden 

hierbei untersucht, Blei-Zirkonat-Titanat (PZT) und Strontium-Bismut-Tantalat (SBT). 

Mit Hilfe des MOCVD-Prozesses und nach anschließendem Ausheizen bei 520 °C 

konnten stark orientierte PZT-Schichten auf Ir/TiO2/SiO2/Si-Substraten erhalten werden. Die 

strukturellen und elektrischen Eigenschaften in Abhängigkeit von deren chemischer 

Zusammensetzung wurden systematisch untersucht. 

Der Gehalt an Blei in den PZT-Schichten spielt eine herausragende Rolle für ihre 

ferroelektrischen Eigenschaften. Die abgeschiedenen Schichten sind amorph, wenn die 

Bleikonzentration geringer als 20%, der stöchiometrischen Bleikonzentration in PZT, ist. Ein 

anschließendes Ausheizen der Schichten mit unterstöchiometrischer Bleikonzentration führt 

zur Bildung einer nicht-ferroelektrischen pyrochloren Kristallsruktur. Dabei wurden so hohe 

Leckströme in den ausgeheizten Schichten gefunden, dass die Hystereseschleife eine 

elliptische Form zeigte, die charakteristisch ist für Kondensatorstrukturen mit hohen 

Leckströmen. 

Bei einer zu hohen Bleikonzentration treten polykristalline Schichten und die Bildung 

einer zweiten Phase auf. Eine Röntgen-Diffraktionsanalyse (XRD) zeigte, dass diese zweite 

Phase aus Bleioxid gebildet wird. Im Falle eines sehr starken Bleiüberschusses ist die 

Oberfläche der abgeschiedenen Schichten aufgrund von sich bildenden blättchenartigen 

Bleioxidkristallen sehr rau. Schichten mit solcher Oberflächenstruktur sind für eine 

Herstellung von Testkondensatoren ungeeignet und wurden daher nicht hinsichtlich ihrer 

elektrischen Eigenschaften untersucht. 

Ein geringfügiger Überschuss an Blei erweist sich als erforderlich, um die gewünschte 

Perowskit-Struktur der abgeschiedenen PZT-Schichten zu stabilisieren. Wie oben erwähnt, 

führt der Überschuss von Blei zwar zur Bildung einer separaten Bleioxid-Phase in den 

abgeschiedenen Schichten. Jedoch zeigten Untersuchungen mittels Röntgen-

Photoelektronenspekroskopie (XPS) und Rasterelektronenspektroskopie (SEM), dass die 

Bildung dieser Phase nur in Inseln an der Schichtoberfläche auftritt. Nach einem Ausheizen 
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bei 520°C sind die PZT-Schichten vorrangig (101)-orientiert unter vollständiger Rückbildung 

der zusätzlichen zweiten Phase. 

Da die Flüchtigkeit von PbO bei 600°C stark ansteigt, erscheint nach Ausheizen der 

PZT-Schichten bei dieser Temperatur ein zusätzlicher Peak in den XRD-Spektren, der der 

pyrochloren Phase zugeordnet werden kann. Die pyrochlore Phase wird im Falle eines 

Bleidefizits gebildet. Ein Ausheizen bei noch höherer Temperatur führt zu weiterem 

Rückgang der Bleikonzentration und somit zu einer Erhöhung des Anteils der pyrochloren 

Phase in den Schichten. Sowohl der Überschuss als auch der Mangel an Blei in den Schichten 

führt zu einer Verschlechterung von deren ferroelektrischen Eigenschaften, so dass eine 

sorgfältige Einstellung und Kontrolle der Herstellungsparameter erforderlich ist.  

Die optimierten PZT-Schichten auf Ir/TiO2/SiO2/Si-Substraten zeigen gute 

ferroelektrische Eigenschaften. Eine remanente Polarisation Pr von 60 µC/cm2
 und eine 

Koerzitivfeldstärke Ec von 200 kV/cm wurden erhalten. Bei einer angelegten Spannung von 

150 kV/cm trat hierbei nur eine geringe Leckstromdichte von 1·10-6
 A/cm2 auf. 

Die bismuthaltige Verbindung SBT (SrBi2Ta2O9) wurde auf Iridium-beschichteten 

Silizium und auf (100)-Silizium bei geringen Temperaturen von 450°C durch LD-MOCVD 

erfolgreich abgeschieden. 

Die daraus hergestellten ferroelektrischen Testkondensatoren besitzen hervorragende 

dielektrische, isolierende und ferroelektrische Eigenschaften. 

Typische gemessene Werte von 2Pr und Ec sind 7 µC/cm2
 und 100 kV/cm bei einem 

angelegten elektrischen Feld von 500 kV/cm. Bei dieser Feldstärke ist die Leckstromdichte 

geringer als 10-6
 A/cm2. Die Dielektrizitätszahl der SrBi2Ta2O9-Schichten ist dabei im Bereich 

um die 300. Nach 109
 Umschaltzyklen der Polarisation ergibt sich eine Verschlechterung der 

remanenten Polarisation von nur 4% infolge Ermüdung. 

Die SBT-Schichten auf Ir-beschichteten Substraten zeigen eine zufällige Orientierung 

ihrer polykristallinen Körner im gesamten Bereich der chemischen Zusammensetzung. Die 

SBT-Schichten, die mittels konventioneller MOCVD auf (100)-Silizium abgeschieden 

wurden, zeigen keine ferroelektrischen Eigenschaften, wahrscheinlich als eine Folge von 

extrinsischem Stress und extrem kleiner Korngrößen. 

Geringe Abscheidetemperaturen, gute strukturelle, isolierende und ferroelektrische 

Eigenschaften der SBT-Schichten sind viel versprechende Ergebnisse im Hinblick auf eine 

künftige Integration von ferroelektrischen SBT-Kondensatoren in höchstintegrierten nicht-

flüchtigen Speicherzellenstrukturen. 
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Chapter 1 Introduction 

1.1 Purpose of Research 

The current research is an effort to tackle and to solve the problems which can be related 

to the fabrication of a ferroelectric capacitor for use in high density ferroelectric random 

access memory (FRAM) cells. In a high density memory structure, the ferroelectric capacitor 

is fabricated on the top of a plug, which in turn is connected to the drain of the transistor, as 

shown in figure 1-1. Such a configuration would result in the requirement for (a) processing 

of ferroelectric material and (b) in the choice of bottom and top electrode materials. 

 
 

Figure 1-1: Schematic cross section of a FRAM unit cell [1transistor/1capacitor]. 

 

 1.2 Requirements for the Processing of Ferroelectric Material 

1) In a high-density memory configuration, transistor is fabricated prior to the fabrication 

of the capacitor. In order to preserve the integrity of the transistor, the processing 

temperature of the ferroelectric capacitor should be as low as possible. 

2) Even at low processing temperatures, a ferroelectric capacitor should exhibit well 

defined ferroelectric properties. 

3) The ferroelectric capacitor should possess high remanent polarization so that the 

memory stored in these capacitors could be read in an unambiguous manner. 

4) Coercive field required to switch the memory from one state to the other state should 

be as low as possible. 
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5) The ferroelectric capacitor should possess reproducible properties. 

6) The ferroelectric capacitor should possess minimal fatigue while maintaining low 

leakage current density. 

 

1.3 Choice of Bottom Electrodes 

Suitable bottom electrodes should be chosen that would enable the integration of the 

capacitor on the top of the poly-silicon plug. Bottom electrode structures have to fulfill the 

most stringent requirements in order to maintain a conductive path between a transistor and a 

capacitor and preserve the integrity of the devices during the fabrication of the memory 

structures. The electrode structures which enable the integration of the capacitor on top of the 

transistor should satisfy the following conditions: 

1) Should be resistant to the formation of an insulating oxide and remain electrically 

conductive after fabrication of the dielectric. 

2) Should act as a barrier to oxygen diffusion. 

3) Should act as a barrier to silicon diffusion. 

4) Should not interact with the dielectric or with the plug material (silicon), or the 

interaction should be limited and the product of the interaction should be electrically 

conductive. 

5) Should act as a diffusion barrier to the elements in the ferroelectric materials. 

6) Should maintain interface smoothness during the fabrication process. 

7) Should maintain low leakage currents through the capacitor. 

8) Should prevent the fatigue of the ferroelectric capacitor. 

9) Should promote the crystallization of the ferroelectric material. 

 

1.4 Objectives of Research 

The objectives of this research are outlined as follows: 

1) Developing a low temperature deposition process of ferroelectric thin films based on 

the understanding of the transformation kinetics. 

2) Characterization of structural and electrical properties of the as-deposited and 

annealed layers. 

3) Investigation of the effect of compositional ratio on the structural and electrical 

properties of ferroelectric thin films. 

4) Demonstration of the compatibility of ferroelectric films to existing barrier layers. 
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Chapter 2 Fundamentals 

2.1 Ferroelectric Memories 

In the present time fourteen generally different kinds of digital memories are used for 

storage of information in computers and other devices. These memories range from slow, 

inexpensive tapes or discs used for archival storage to fast but expensive static random access 

memories (SRAMs) and dynamic random access memories (DRAMs). All kinds of memories 

can be divided into the general categories of volatile memory, which loses stored data without 

an external power source, and non-volatile memory, which stores recorded data even after the 

external power source has been switched off. For example, magnetic disks are non-volatile. 

However, magnetic disks are large and mechanically fragile, consume a lot of power and have 

the disadvantage of slow access speeds during writing and reading data. In case of a DRAM, 

the data is stored in the form of charge in a linear capacitor. In order to safely maintain the 

stored data, it is necessary to supply a constant voltage to the capacitors, which are recharged 

hundreds times per second by a refresh circuitry. If the power is interrupted, a DRAM loses 

all data stored in it; this means a DRAM is volatile. In contrast, data in ferroelectric capacitors 

are stored as remanent polarization states of the ferroelectric material itself. A ferroelectric 

capacitor has a nonlinear dielectric property with permanent charge retention capabilities after 

the voltage application. The stored data do not disappear, even though the power is turned off, 

that is, a FRAM is nonvolatile. 

To account for power turned off or outages, some of the more expensive memories use 

internal electrical erasable programmable read only memories (EEPROMs), that store data as 

electrical charges in floating-gate electrodes, back up in SRAMs or use a battery to create a 

non-volatile RAM for data backup. However, EEPROMs take long time to write data, and 

have limits on the number of times that data can be rewritten. These drawbacks can be 

completely eliminated if SRAMs, EEPROMs and flash memories can be replaced by 

ferroelectric random access memories (FRAMs) which can be tailored to possess longer 

lifetimes and higher speeds. 

In the current time, non-volatile memories, as flash memories and EEPROMs, are 

widely used. These non-volatile memories have an inherent limitation, their relatively low 

lifetime. For example, the number of times a memory bit could be written into a flash memory 

is limited to a maximum of only 105. In terms of lifetime, FRAMs have been shown to be 

potential candidates for non-volatile random access memories, where the lifetime could be 

extended to a value of at least 108
 cycles [1]. 
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When one considers all the selection requirements for a nonvolatile memory, namely 

fast read/write, radiation hardness, cost effectiveness and compatibility with currently used 

integrated circuit (IC) processing technology, high endurance and retention, and 

nondestructive readout capability, the ferroelectric memory stands out as the logical choice. 

In the current commercial world, the use of FRAMs is limited to applications which 

include low density memories in video game devices, TV sets, FAX machines, printers, 

mobile phones and fully embedded ferroelectric memories in silicon microprocessors and 

microcontrollers. Some of the state-of-art FRAMs, available commercially, are 4 Mbit RAMs 

from Samsung [2], 1Mbit RAMs from NEC and 256 kbit RAMs from Matsushita [3]. 

However, currently available commercial FRAMs are limited to low density structures, in 

which one transistor/one capacitor structures (1T/1C) are used with the capacitor being 

located adjacent to the transistor [4]. FRAMs could possess an appreciable market in the field 

of non-volatile memories, provided high density FRAMs are commercialized. In order to 

realize high density FRAM structures (in the Gigabit range), a FRAM cell is required in 

which the capacitor is on top of the transistor. Current research focuses on the fabrication of 

ferroelectric capacitors which could be integrated directly on top of the transistor. While the 

transistor in the 1T/1C memory structure acts as an access switch to the capacitor, the data bit 

is stored in the ferroelectric capacitor. 

In principle, FRAMs could replace EPROMs (erasable programmable read only 

memory), EEPROMs (electronically erasable programmable ROM), SRAMs (static RAM), 

and DRAMs. Furthermore, if high density FRAMs could be developed and the production 

cost could be reduced down to the level of magnetic cores, then FRAMs could also replace 

the hard disk as the mass storage device, due to their faster access speed and the absence of 

mechanical wear problems [5]. 

2.2 About Ferroelectric Materials  

Two families of materials, lead zirconate titanate (PZT) and strontium bismuth tantalate 

(SBT), have been widely investigated for memory applications. Their electrical characteristics 

can be modified by dopant addition (PLZT, PNZT: La or Nb doped PZT, SBTN: Nb doped 

SBT); advantages and disadvantages of both materials are listed up in table 2-1. PZT films 

grown on Pt electrodes show fatigue problems, that is, the remanent polarization value 

decreases with read/write repeating cycles [6]. This problem can be over come by replacing 

the metallic Pt electrode with a metal oxide electrode such as RuO2, IrO2 and La0.5Sr0.5CoO9 

or with a multi-electrode like RuO2/Pt. Practically, IrO2/Pt and IrO2/Ir multi-electrode systems 

are being used in FRAM industries [2]. 
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The bismuth layered structure SBT films are attractive because of their good fatigue 

properties. Therefore, the use of SBT films instead of PZT films can simplify the integration 

process. However the process temperatures are high in relation to the standard silicon process 

and, therefore, SBT films are not applicable to high density FRAM fabrication at present. 

Many efforts have been directed to reduce the formation temperature in terms of process 

optimization, precursor system, and solid-solution method [7]. 

In this thesis, PZT and SBT thin films have been selected as ferroelectric materials for 

FRAM capacitors. The three arguments for PZT are the following: 

• Remanent polarization (Pr) values in PZT capacitors are larger than in SBT capacitors. 

• The formation temperature of a PZT film is considerably lower than that of an SBT 

film. 

• PZT films show relatively stronger endurance against hydrogen-induced damage 

compared with SBT films [8, 9]. 

SBT thin film structures have also been investigated since SBT is a further promising 

material for FRAM memory applications because of its low leakage current, good fatigue and 

retention characteristics. Furthermore: 

• SBT based capacitors do not require the use of sophisticated metal oxide or hybrid-

metal oxide-metal electrodes and exhibit negligible fatigue and imprint even when the 

simpler Pt electrode technology is used. 

• SBT based capacitors do not involve chemicals, which may be related to 

contamination and hazardous problems during fabrication. 

• SBT layers maintain good electrical properties even when they are very thin        

(<100 nm). 

 

Table 2-1. Thin film properties of PZT and SBT families. 
 

 PZT families SBT families 
Crystal Structure ABO3 type perovskite Bi layered structure 

Formation temperature (°C) 600 – 700 750 – 850 
Switching polarization(µC/cm2) 30 – 60 5 – 10 

Coercive field (kV/cm) 50 – 70 30 – 50 
Dopants Nb, La Nb 

Dielectric constants 400 – 1500 200 – 300 
Fatigue (Pt electrode) Poor (oxide needed) Good 

Curie temperature (°C) 400 – 500 ~ 310 
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Ferroelectric materials are characterized by a reversible spontaneous polarization in the 

absence of an electric field. Spontaneous polarization in a ferroelectric arises from a non-

centrosymmetric arrangement of ions in its unit cell that produces an electric dipole moment. 

Adjacent unit cells tend to polarize in the same direction and form a region called a 

ferroelectric domain. The most common ferroelectrics have the ABO3 perovskite structure 

shown in figure 2-1. The perovskite structure belongs to the tetragonal crystal system with a 

preferred axis, the (001) orientation in figure 2-1. 

 

 
 

 
Figure 2-1: ABO3 perovskite unit cell. 

 

In this extended (001) orientation, the displacement of positive ions (A and B), negative 

ions and their valence electrons separates the center of gravity of the positive and negative 

electric charges, which allows an electrical polarization moment to occur. The charge amount 

of the electrical polarization moment per unit area is the electrical polarization (µC/cm2). 
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The extended (001) orientation is called the c axis, while the a axis has (100) and the b 

axis has (010) orientations. Electrical polarization only occurs along the c axis orientation. 

Above the Curie temperature, these materials have a centrosymmetric structure and, 

therefore, lose all spontaneous polarization. In this state, the material is termed paraelectric. 

When the temperature decreases below the Curie point, a phase transformation takes place 

from the paraelectric state to the ferroelectric state. The center ion is displaced from its body-

centered position and the cubic unit cell deforms to assume one of the non-centrosymmetric 

structures such as tetragonal, rhombohedral or monoclinic. 

When an alternating electric field is applied to the ferroelectric material, the polarization 

shows a hysteresis behavior in dependence on the applied field (figure 2-2).  The B atom, 

which has two thermodynamically stable positions inside the oxygen octahedra, is displaced 

relative to the oxygen atoms upward or downward, depending on the polarity of the electric 

field. This displacement generates a dipole moment inside the oxygen octahedra, which is 

called the saturated polarization Psat. In this state, the ferroelectric domains which are oriented 

favorably with respect to the applied field direction grow at the expense of other domains. 

This continues until total domain growth and reorientation have occurred. 

If the applied electric field is then removed, the B atom remains in the displaced position 

(some of the domains do not return to random configurations and orientations) and generates 

a residual polarization in the absence of an applied electric field. The polarization in this case 

is called the remanent polarization, +/- Pr. 

The strength of the electric field required to return the polarization to zero is the 

coercive field, Ec. The basic characteristics of a ferroelectric material are its ability to retain 

two stable remanent polarization values at zero field, thus providing non-volatility. The state 

of polarization can be controlled and sensed by reversing the polarization from up (1) to down 

(0) or vice versa as a function of the applied voltage. 

Although these features of a ferroelectric material could be used in a wide range of 

applications the primary focus of the recent research is directed towards the development of 

non-volatile random access memories. 

The FRAM is a memory which uses the advantage of the polarization phenomenon of 

ferroelectrics. To understand the principles of a FRAM cell operation, at first the 

characteristics of ferroelectrics or the hysteresis characteristics which exhibit a voltage 

dependency of a polarized electric charge Q, and, secondly, the correspondence of these 

characteristics with the polarization conditions of a ferroelectric capacitor have to be taken 

into consideration. 
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If the voltage applied to the ferroelectric capacitor is Vf, and the voltage level of the 

bottom electrode is plus (+) with respect to the top electrode, the charge accumulates in the 

ferroelectric capacitor. Figure 2-2 depicts the relationship between the hysteresis loop and the 

charge that accumulates in the capacitor. 

In this figure, six points are marked on the hysteresis loop, indicating the condition of a 

ferroelectric capacitor. At Vf = 0V, points A and D describe different polarization conditions 

with a remanent polarization of +/- Pr. At Vf = +/-Vc, points B and E indicate a polarization of 

0, and the points C and F describe the conditions of Vf = +/-Vcc. 

When the applied voltages vary from 0V to +Vcc, and from 0V to –Vcc, the polarization 

changes around the loop from point A → point B → point C, and from point D → point E → 

point F, respectively. At points C and F, the polarization charges are Qs and –Qs, respectively. 

This is known as the saturated polarization charge. Points C and F correspond to the material 

state, when all domains are reoriented favorably with respect to the applied field direction. 

 

 

 
 

 

 

Figure 2-2: Hysteresis loop and ferroelectric capacitor polarization conditions. 
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If the applied voltages are then changed, from +Vcc to 0V and from -Vcc to 0V, the 

polarization value also changes, moving from point C to point D, and from point F to point A, 

respectively in the hysteresis loop of figure 2-2. In this situation, the polarization charge 

decreases slightly, without reversing the direction of the polarity. Thus, applying a voltage of 

0V (power off) to the ferroelectric capacitor results a remanent polarization charge +/- Pr in 

figure 2-2 either in point D or in point A of the hysteresis loop depending on the starting 

position. Furthermore, these two states of polarization are both stable. Either of these two 

states could be encoded as a "1" or a "0" and since no external field is required to maintain 

these states, the memory device is nonvolatile. Obviously to switch the state of the device a 

threshold electric field higher than the coercive field is required. Since ferroelectric materials 

have very high coercive fields (in the order of kV/cm), it is necessary to fabricate these 

materials in the form of thin films in order to be able to switch the domains from one 

orientation to the other. 

If a voltage is applied to a ferroelectric capacitor in a direction opposite to that of 

previous voltage the remanent domains will switch, requiring a compensating charge to flow 

to the capacitor plates. If the field is applied in the direction of the previously applied field, no 

switching takes place, no change occurs in the compensating charge and hence a much 

reduced amount of charge flow to the capacitor takes place. This phenomenon can be used to 

read the state or write a desired state into a ferroelectric storage device. 

 
2.3 Writing and Reading Cell Data 

 
Writing “1” or “0” data to a cell requires the application of the voltage +Vcc or –Vcc to 

the ferroelectric capacitor. 

Figure 2-3 helps to explain the writing of the 1T/1C cell (comprising one transistor and 

one ferroelectric capacitor). The word line (WL) is selected (meaning that the transistor is 

“on”) and a voltage (Vcc) is applied between the bit line (BL) and the plate line (PL). 

Applying of this voltage to the ferroelectric capacitor causes writing of data. Writing “0” data 

is accomplished by making BL = 0V and PL = Vcc, whereas “1” data is written by making BL 

= Vcc and PL = 0V. 

After writing, data is retained even if the selected word line becomes unselected 

(meaning that the transistor is “off”). In other words, the data is non-volatile. As described 

above, the polarity remains as remanent polarization (+Pr, -Pr) even if the applied voltage is 

removed. 
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Figure 2-3: Fundamentals of writing a 1T/1C cell. 

 

The FRAM devices are divided into two categories, based on the readout technique: 

destructive read-out (DRO) FRAM and non-destructive read-out (NDRO) FRAM. In a DRO 

FRAM device, the ferroelectric thin film is used as a capacitor dielectric. This capacitor is 

connected to the drain of a complementary metal-oxide-semiconductor (CMOS) transistor. 

The basic unit of DRO FRAM devices is, therefore, 1 transistor and 1 capacitor (1T/1C). The 

stored information is read by sensing the electrical charge created by switching the 

polarization of ferroelectric materials in the capacitor. After the reading operation, the 

polarization state is changed from +Pr to -Pr or vice versa. Thus, the information must be 

rewritten for restoring the polarization state after every read operation. 

 

 
 

Figure 2-4: Reading a 1T/1C cell. 
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During reading “1” or “0” data from a cell, prior to selecting the word line, the bit line 

must be switched to 0V to retain the high-impedance condition. Next, the word line is selected 

and Vcc is applied to the plate line. By applying a voltage to the ferroelectric capacitor, the 

data can be read out (see figure 2-4). 

As figure 2-5 indicates, if the cell holds “0” data, the polarization is not reversed but the 

relatively slight movement of the electric charge (j0) causes the bit line to charge up to a 

certain value. Since the value of voltage induced by charging of the bit line is relatively low, 

the value of the bit line is marked with VL. 

 

 
 

 

Figure 2-5: Behavior of the hysteresis loop during reading a 1T/1C cell. 

 

If the cell holds “1” data, polarization is reversed, causing a major movement of the 

electric charge (j1). 

The flow of the high charge current j1 corresponds to a high value VH of the bit line. 

The sense amp, which holds the reference voltage (Vref) adjusted to a value between VL and 

VH, is connected to the bit line. In this manner, VL – which has a lower voltage level than Vref 

– can be further reduced to 0V, and VH – which has a higher voltage level than Vref – can be 

raised further to Vcc. 

The post amplification bias states of the ferroelectric capacitor are: when reading “0”,  

Vf = +Vcc (the same state as for writing “0”) with VBL = 0V and VPL = Vcc. When reading “1”, 

Vf = 0V, meaning that the cell has a 0 (zero) bias, with VBL = Vcc. 
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Since no reversal of polarity occurs, during reading of “0” data, the data is not destroyed 

and a value of “0” is retained. 

During reading “1” data, the reversal of polarity causes destroying of the data and a “0” 

data state is created. The “1” data needs to be written again to restore the data to its correct 

value before the next reading. 

 

 
Figure 2-6: Rewriting a 1T/1C cell. 

 

After reading of “1” data, the bit line voltage level is Vcc (see figure 2-6). At this time, 

the plate line voltage level becomes 0V, causing rewriting of “1” data. When the word line is 

turned off, the bias of the ferroelectric capacitor becomes “0”, and the “1” data is stored. In 

this way, the stored data returns to the original “1” data. Thus, a reset procedure is required to 

restore the switched polarization state to the original position and secure the stored 

information. Even though this DRO FRAM needs a reset pulse, it has the advantage of a very 

fast access speed in comparison to the NDRO FRAM. 

On the other hand in the NDRO FRAM the ferroelectric thin film is used as the gate 

material in the transistor, and thus, no additional capacitor is needed. The basic unit of a 

NDRO FRAM device is one transistor. Figure 2-7 shows how a NDRO device stores and 

reads information. 

Since the surface conductivity of the silicon depends on the direction of the remanent 

polarization, an “on” or “off” channel region is generated at the surface of the silicon. If the 

ferroelectric film is prepared on p-type Si, and a positive voltage is applied to the films, the 

direction of the polarization is directed downwards (see figure 2-7) and induces negative 

charges at the surface of the silicon (inversion layer of electrons) giving rise to a conductive 

channel (“on”). Even though the applied voltage is removed, the “on” channel is maintained 

due to the remanent polarization of the ferroelectric film. In case of applying a negative 

voltage positive charges (accumulation state) are induced at the surface of the silicon, 
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generating a non-conductive (“off”) channel. These “on” and “off” channels work as binary 

“0” and ”1” in the memory logic. 

 

 
Figure 2-7: Schematic view of a NDRO FRAM structure. 

  

The reading operation is thus carried out by identifying whether the current flows from 

source to drain or not. This reading method provides a privilege of non-destructive readout 

and eliminates the reset procedure. Therefore, the information can be read over and over again 

until the next write operation. 

 

2.4 Reliability of Ferroelectrics 

The ferroelectric materials used for FRAM cells have three main characteristics which 

affect the reliability of data retention. 

2.4.1 Data Retention Characteristics 

Figure 2-8 depicts the data retention characteristics. As time t elapses, the polarization 

charge Q decreases. This characteristic determines the data retention capability of a non-

volatile memory. It can be acceleration tested by increasing the temperature of operation and 

is predominantly affected by material properties. From the view of circuit design, this 

characteristic can be improved by optimizing the write voltage value of the ferroelectric 

capacitor. 
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Figure 2-8: Data retention characteristics. 
 

2.4.2 Fatigue Characteristics 

The fatigue characteristics refer to the tendency of the polarization charge Q to decrease 

as a result of repeated polarization reversals, as can be seen in figure 2-9. The horizontal axis 

of this graph indicates the number of times the polarization is reversed, while the ordinate 

shows the polarization charge. Fatigue characteristics are reported to be highly dependent on 

the operating voltage value, with deterioration occurring faster at higher operating voltages 

[10]. For a FRAM a data rewriting is necessary not only when writing but also when reading; 

this results in an increase in the number of polarization switching cycles. Considering the 

retention described above as a FRAM operating mode, ideally write/read should be operated 

with a voltage as low as possible. 

 
 
Figure 2-9: Fatigue characteristics. 
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2.4.3 Relaxation Characteristics 

Up to now, a hysteresis characteristic of a ferroelectric capacitor has been considered to 

be ideal and its time dependency has been neglected. A real hysteresis characteristic follows 

the curve depicted in figure 2-10 [10]. At Vf = 0V, the point of remanent polarization, the 

polarization charge decreases a little bit in dependence of time, this means, Pr decreases from 

“F” to “A” and from “C” to “D” in figure 2-10, respectively. This is a short term decrease in 

Q while the retention characteristics describe the loss of Q over a long period of time. 

 

 
 

Figure 2-10: Hysteresis loop. 

 

2.5 Crystal Structure of Pb(Zr,Ti)O3 (PZT) Films 

In the 1950s the solid solution system lead zirconate titanate Pb(Zr,Ti)O3 (PZT), which 

has a perovskite crystal structure, was found to be ferroelectric. Lead zirconate titanate of 

various compositions are now the most widely investigated of all piezoelectric ceramics [11].  

The solid-solution PZT has a wide range of ferroelectric phase transition temperatures 

(Curie-temperatures) and two different ferroelectric structures, depending on the Zr/Ti 

composition ratio [12]. Figure 2-11 shows the triangulation lead zirconate – lead titanate of 

the ternary system PZT. If the Ti content is higher than 0.47 and the Zr content lower than 

0.53, PZT transforms from the cubic structure to the tetragonal structure at temperatures 

ranging from 370 to 490 °C. If the Ti content is lower than 0.47, there is a cubic to 

rhombohedral transition with Curie-temperatures ranging from 230 to 370 °C. 
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Figure 2-11: Crystal structure of PZT films in dependence on temperature and zirconium 

content x of Pb(ZrxTi1-x)O3. 

 

The crystal phase diagram clearly shows that the Curie-temperatures of PZT increase 

with an increase of the Ti content. A ferroelectric memory needs to have a wide range of 

operating temperatures within which the electrical properties are maintained constant. 

A significant feature of the phase diagram of figure 2-11 is the presence of the 

morphotropic phase boundary (MPB). The MPB denotes an abrupt structural change with 

composition at constant temperature in the solid solution range. The MBP composition range 

has believed to be quite narrow, but in practice the MPB has a wide range of compositions 

over which the tetragonal and rhombohedral phases coexist in ceramics [13-16]. Both the 

dielectric constant and the piezoelectric coefficients near the MPB are enhanced due to the 

metastable coexistence of tetragonal and rhombohedral phases resulting in a maximum poling 

efficiency and electromechanical activity. Also, the mixture of the tetragonal and 

rhombohedral structures in MPB region gives good ferroelectric properties to the PZT films at 

Ti = 0.47.  

Since all properties take extreme values near MPB (see figure 2-12), the width of the 

MPB has been investigated by many authors and found to be related to the heterogeneous 

distribution of Zr4+ and Ti4+ cations on the B-site of the perovskite lattice (ABO3) [13].  
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Figure 2-12:  Coupling coefficient kp and permittivity εr values in dependence on zirconium 

content x of Pb(ZrxTi1-x)O3. 

 
The coexistence of two phases over a range of compositions close to the MPB was 

demonstrated by S. Zhao et al. [14]. 

The lattice parameters of the tetragonal structure of Pb(Zr1-xTix)O3 films are changed as 

a function of the titanium content x too. It was observed that the c/a lattice ratio decreased as 

the Ti content x increased [15]. 

 Figure 2-13 shows the dependence of the lattice parameters on the titanium content x in 

Pb(Zr1-xTix)O3 films. The corresponding thin films and bulk data are given for comparison. 

The a-axis and b-axis lattice parameters of lead zirconate titanate thin films almost correspond 

to those of the bulk ceramics, whereas the lattice constants of the c-axis are slightly smaller 

than those of the bulk. This difference might be attributed to the orientation of the PZT thin 

films and/or to the stress caused by the difference in thermal expansion coefficients between 

the films and Pt substrate rather than to the deviation of composition [15]. The Ti-rich PZT 

films show a tetragonal structure whose unit cell distortion, i.e. the c/a ratio, increases as the 

Ti content increases. A transition from the tetragonal to the rhombohedral phase has been 

observed as the Zr/Ti ratio increases [14,16]. Moreover, the polar axis changes from the [001] 

to the [111] direction if the crystal structure changes from tetragonal to rhombohedral. 



Chapter 2  18 

Fundamentals 

 
Figure 2-13: Lattice parameters of Pb(Zr1-xTix)O3 bulk and thin films in dependence on 

titanium content. 

 

The PZT oxide system is a solid solution of the perovskite ferroelectric PbTiO3 and the 

anti-ferroelectric PbZrO3. Lead zirconate titanates with Zr/Ti ratios of about 92/8 up to 0/100 

show ferroelectric phases. Principally, lead zirconate titanate with Zr/Ti ratios in this range 

can be used in ferroelectric applications. 

A lot of research work has been carried out on PZT films with various Zr/Ti 

composition ratios [17-22]. But practically, as the ferroelectric properties strongly depend on 

the composition, it is necessary to find the optimum composition for every special application. 

In general, the PZT films with a 53/47 Zr/Ti ratio (MPB region) have been intensively 

investigated for memory application, because these films exhibit the largest values of 

remanent polarization (Pr) and the lowest values of coercive field (Ec), which are very 

important for FRAM application [23-25]. 

The Ti-rich lead zirconate titanate films are also considered to be very attractive for 

process integration due to their low crystallization temperatures. Therefore, an objective of 

this work is to prepare Ti-rich PZT films which can be annealed at lower temperatures and to 

investigate their structural and electrical properties after various annealing treatments. 
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2.6 Strontium Bismuth Tantalate as an Alternative Material for FRAMs 

The necessity of the investigation of new materials for memory devices is briefly 

described in the first chapter of this work. For memory applications, the development of 

optimum ferroelectric thin film fabrication techniques which are compatible with the latest 

ULSI manufacturing technologies is of crucial importance, especially in the low-temperature 

range. Low-temperature growth of ferroelectric thin films can prevent the degradation of the 

ferroelectrics/metal/semiconductor interfaces or ferroelectrics/insulator/semiconductor 

interfaces caused by thermal damage and mutual diffusion. 

The layered perovskite materials are attractive for memory application because of their 

low leakage current, good fatigue, retention, and electrical characteristics [1,26,27]. Bismuth 

oxide layered ferroelectric thin films have attracted considerable attention for application to 

non-volatile ferroelectric random-access memories because of their good fatigue and retention 

characteristics comparable with the lead based ferroelectrics [1]. 

 

 

 
 

Figure 2-14: Unit cell structure of bismuth layered oxide (shown SrBi2Ta2O9). 
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SrBi2Nb2O9 (SBN), SrBi2Ta2O9 (SBT), Bi4Ti3O12, and SrBi4Ti4O15 are part of so-called 

Aurivillius phases with general formulas: 

 

(Bi2O2)2+(Am-1BmO3m+1)2-                                               (1) 

 

where 

A = mono-, di-, or trivalent ions, 

B = Ti4+, Nb5+, Ta5+
 etc., single or in combination, 

m = 2, 3, and 4 [28,29]. 

Recently such films have been found to show very high fatigue resistance, especially 

when applied together with conductive oxide electrodes [30-32]. 

SBT has a highly anisotropic orthorhombic or pseudotetragonal structure with lattice 

constants a = 5.5306 Å, b = 5.5344 Å, and c = 24.9839 Å at room temperature [33]. In this 

structure, perovskite Sr-Ta-O octahedral blocks are stacked between non-ferroelectric Bi-O 

layers (figure 2-14). The remanent polarization of this oxide is negligible along the c-axis due 

to the presence of the non-ferroelectric Bi2O2
2+ layers in the structure, which means that the 

direction of maximum remanent polarization lies within the a-b plane [33]. This dependence 

of the ferroelectric properties on the anisotropy makes it essential to study epitaxial SBT films 

of different crystallographic orientations. Besides, material and electrical properties of the 

SBT films are known to be sensitive to composition, especially to the content of bismuth in 

the deposited films [34,35]. 

At present, the main limitations for the use of SBT films in FRAMs are the limited value 

of the remanent polarization, the high crystallization temperature of about 800 °C, and the low 

Curie temperature. These properties make the direct integration of SBT in high density 

CMOS devices extremely difficult. 

The advantages and disadvantages of PZT and SBT based capacitor technologies are: 

• PZT based capacitors have a larger switchable polarization (40–60 µC/cm2) than the 

polycrystalline SBT-based capacitors (~10 µC/cm2). 

• PZT layers with a pure perovskite structure and good electrical properties can be 

generally produced at lower temperatures (600-700 °C) than SBT layers (750-850 °C) 

(depending on the particular film deposition technique). 

• PZT based capacitors require oxide or hybrid-metal-oxide electrode technologies to 

yield negligible fatigue and imprint two important electrical properties for FRAMs. 

Such electrodes are more complicated to fabricate than pure metal electrodes. 
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• PZT based capacitors involve Pb, which may represent a source for contamination and 

hazardous and environmental problems. 

• SBT based capacitors exhibit negligible fatigue and imprint using the simpler Pt 

electrode technology. 

• SBT layers maintain good electrical properties even when they are very thin (< 100 nm). 

 

The major problems which have to overcome in order to realize high density 

ferroelectric memory devices are: 

• SBT based capacitors have lower polarization values than PZT based capacitors. 

Intrinsic high polarization values may be necessary to further scaling down capacitors to 

submicron dimensions. 

• The growth of SBT layers with the appropriate layered perovskite structure requires 

high temperatures (750-800 °C) depending on the film deposition technique. The 

processing temperatures are rather high as atoms of the electrode metal may diffuse into 

the bulk silicon giving rise to reduced minority carrier life times. 

• The Curie temperature of SBT is low (about 310 °C). A higher Curie temperature is 

desired for memory applications as the ferroelectric properties are strongly dependent on 

the Curie temperature. When the operating temperature approaches the Curie 

temperature the ferroelectric polarization decreases rapidly. Therefore, the Curie 

temperature should be much higher than the operating temperature to ensure a stable 

constant polarization. 
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2.7 Electrode Materials for Ferroelectric Capacitors 

Platinum (Pt) films are widely used as electrodes for the evaluation of ferroelectric thin 

films because Pt does not readily form an oxide, also not in an oxidizing ambient. However, 

platinum has some serious drawbacks with respect to its application. Lead can diffuse into the 

platinum during the PZT fabrication process [36]. This leads to deviations in the film 

composition and to a contamination of the integrated circuits of the device. Platinum normally 

contains the radioactive isotope Pt190 with a concentration of 0.01%. This Pt190 isotope emits 

an alpha particle with a kinetic energy of 3.18 MeV. By local ionization an α-particle can 

change the charge stored in a DRAM capacitor, thereby inducing soft errors [37]. The Pt190 

isotopes can be removed to obtain non-radioactive platinum.  

 Recently, iridium (Ir) has become a promising candidate as ferroelectric capacitor 

electrode material. In the case of PZT formed on an iridium substrate, lead can not diffuse 

into the iridium layer [36]. The barrier effect has been explained by the formation of iridium 

oxide at the surface. A radioactive isotope of iridium does not exist. As no α-radiation is 

emitted, the probability of soft errors occurring in DRAMs with ferroelectric materials is 

expected to be reduced drastically by using Ir electrodes. 

Furthermore, Ir electrodes improve endurance properties (switching of the polarization 

(see section 2.4)) of ferroelectric structures in comparison to platinum electrodes by about two 

orders of magnitude [38]. 

Thus, iridium appears to be superior to platinum with regard to its application as 

electrode layer in ferroelectric storage devices. 
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Chapter 3 Liquid Delivery Metalorganic Chemical Vapour Deposition 

Technique 

In this chapter the experimental equipment used for the deposition of thin ferroelectric 

PZT and SBT films and the main principles of the liquid delivery metalorganic chemical 

vapor deposition (LD-MOCVD) are described. 
 

3.1 Introduction 

Ferroelectric thin-film technology has been investigated intensively since the 1960s 

because of the promising properties of ferroelectric materials for the application to nonvolatile 

memory devices. In particular, PZT based destructive readout ferroelectric random access 

memories (DRO FRAMs) have received great attention because of their low operating 

voltage, their radiation hardness and their high-speed. Currently, mega-bit density FeRAMs 

have been successfully fabricated on a research level; low-density FeRAMs (below 256 kbit) 

are already commercially available [39-41]. 

In order to be compatible to the generally used semiconductor processes, the PZT 

processing temperature should be decreased below 550 °C. But typical annealing 

temperatures of PZT films with a ratio of Zr/Ti of about 53/47 are ranging from 650 °C to  

750 °C. At an annealing temperature lower than 550 °C, PZT films usually do not exhibit well 

pronounced hysteresis loops as the formation of the perovskite phase is insufficient [42]. 

Thus, it is desirable to develop a low temperature processing which improves the integration 

of PZT films in high density CMOS devices. 

For the deposition of ferroelectric thin films, a plenty of techniques, such as activated 

reactive evaporation [43], sputtering (ion-beam, RF diode, RF magnetron) [44], laser ablation 

[45], sol-gel [46], metalorganic decomposition (MOD) and metalorganic chemical vapor 

deposition (MOCVD) [47] have been reported. Among these techniques, the MOCVD 

method has an excellent potential because of its good compositional control, its high film 

density, high film uniformity, high deposition rate, possibility of low processing temperature 

and its good compatibility to Si ultra large scale integration (ULSI) processes. Moreover, 

MOCVD can offer good step coverage characteristics, which are very important for 

deposition on three-dimensional surfaces. 

Unlike conventional CVD, PZT MOCVD has the fundamental problem that a stable 

delivery of precursors is hard to achieve with conventional bubbler technology [48-51]. 
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The volatility of precursors can be enhanced by elevating the temperature of the delivery 

system to about 200°C. Precursors, however, tend to degrade gradually at elevated 

temperatures for extended periods becoming nonvolatile. Furthermore, the vapor pressure in 

the bubbler varies with time, and, therefore, a constant delivery is hard to achieve [52]. In 

order to overcome these limitations, liquid delivery has been suggested and exhibits 

promising results, although it still requires a higher reproducibility for mass production [53-

55]. In order to realize a reliable PZT film deposition process, the impact of process 

parameters on deposition was investigated in this study. 

Over the years, various deposition techniques for preparing SBT films have been studied 

including sputtering, laser ablation, metalorganic deposition (MOD), liquid source misted 

chemical deposition (LSMCD), and metalorganic chemical vapor deposition (MOCVD) [56-

60]. Although SBT films prepared by MOD method have shown excellent properties, it is 

essential to study the MOCVD technique in order to improve the integrability into a silicon 

device process. MOCVD offers the advantages of good conformability, excellent step 

coverage, and thickness uniformity. However, most of the MOCVD-grown SBT thin films 

suffer from a composition of Bi, Sr, and Ta atoms which is not the desired one. This is due to 

the complexity of this ternary system. 

To solve this problem, liquid delivery systems such as the TriJet system have been 

studied (TriJet is a system of Aixtron AG). The structure of Bi-layered ferroelectrics has the 

general formula (Bi2O2)2+(Am-1BmO3m+1)2-. This means, SBT films consist of SrTa2O7 

perovskite and Bi2O2 layers. A new precursor, strontium-bis[tantalum(pentaethoxide)(2-

methoxyethoxide)] Sr[Ta(OEt)5(OC2H4OMe)]2, has already the desired ratio of Sr and Ta 

atoms within itself; this may assist the formation of the perovskite structure (SrTa2O7) in the 

SBT films. 

 

3.2 Experimental Equipment 

The film deposition was carried out in an AIXTRON Tricent MOCVD system. 

Conventional CVD processes using gaseous precursors generally offer easy composition 

control, uniform deposition over large areas and good step coverage. Unless appropriate 

gaseous precursors are available – as for the metals of ferroelectric materials – solid/liquid 

metalorganic compounds are used as sources (MOCVD). Many of them are characterised by 

low volatility, low thermal stability and instability in air. 
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In classical MOCVD, the precursors are stored in containers, which are heated to a 

precisely controlled temperature. The vapour obtained is then transported by a carrier gas 

through heated gas lines to the heated substrate in the reaction chamber. However, many 

complex precursor sources, e.g. those for PZT, SBT or bismuth lanthanum titanate (BLT), 

change their evaporation rates if heated over an extended period of time, leading to 

irreproducible process results. 

Liquid precursor delivery systems have been developed in order to overcome this 

deterioration problem. It was proved that such thermal instability issues were overcome by 

direct introduction of liquid precursors or precursor solutions (dissolved in an appropriate 

solvent) kept at ambient temperature prior to injection into a heated vaporiser. However, most 

of the commercial vaporiser concepts rely on evaporation via direct contact to a heated 

surface, often leading to undesirable particle formation and memory effects. Therefore, non-

contact evaporation seems to be a key element to ensure reproducible film formation. 

The Aixtron MOCVD system uses a delivery and evaporation unit (TriJet™), developed 

by the French company J.I.P.ELEC, which has proved to give a stable performance over time. 

The module enables highly repeatable film depositions that satisfy the stringent requirements 

of full-scale production. In contrast to other commercial systems which have been thoroughly 

evaluated by AIXTRON, the TriJet™ system offers repeatable performance which is 

primarily based on a contactless evaporation of the precursor materials completely avoiding 

residual material on a hot (evaporating) surface. It has been observed that residual material 

may give cause to the creation of particles and to "memory effects", negatively affecting the 

repeatability of results. In the TriJet™ system, the precursors are injected into the evaporator 

in precisely controlled doses and are efficiently evaporated without any residue. The amount 

of liquid injected into the evaporator is precisely controlled by fine adjustments of the opened 

valve. The opening time of the injectors can be varied from 0.5 to 10000 ms and the opening 

frequency from 0.1 to 50Hz, respectively. The TriJet Liquid Precursor Delivery and 

Evaporation System module is part of the AIXTRON Tricent MOCVD System. 

Aixtron’s Atomic Vapour Deposition (AVD) is a unique MOCVD based deposition 

concept. Non-surface-contact evaporation is achieved by controlled injection of small 

quantities of (diluted) liquid precursors into the heated carrier gas prior to entering the cold 

wall Tricent® reactor chamber (figures 3-1 and 3-2).  
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Figure 3-1: TriJet™ 

injector. 

Figure 3-2: Photo of Tricent® reactor (AIXTRON AG). 

 

3.2.1 Equipment Advantages 

The used 150 mm single wafer MOCVD reactor system offers the following features: 

• atomic precision of layer composition by controlled micro-droplet injection of 

metalorganic precursor solutions; 

• long term process stability by direct evaporation of droplets in the heated carrier gas, 

avoiding particle and memory effects of hot surface-evaporation systems; 

• effective utilization of the precursors by cold wall design and by room temperature 

storage of precursor solutions; 

• availability of a manual wafer load lock or a high throughput cluster tool (for 

production) in order to avoid contact to room ambient. 

 

3.2.2 Equipment Setup 

For PZT and SBT growth, three independently controlled precursor injectors were used, 

one for each metal, i.e. in the case of PZT one for lead, one for zirconium and one for titanium 

and in the case of  SBT one for strontium-tantalum and one for bismuth precursor (figure 3-3). 

In this way, the important lead (Pb) content in the PZT-layer could be optimized for the 

best electrical performance as well as the bismuth (Bi) content in the SBT films. 

A dual-flow, temperature-controlled showerhead, shown in the figure 3-4, was used for 

separate and highly reproducible introduction of precursors and oxide agents. Thus, the metal 

precursors can react with oxygen only on the substrate surface and the formation of unwanted 

products can be neglected. 
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Figure 3-3: Block diagram of process module. 
 
 

 
 
 

 
 

Figure 3-4: Dual-flow showerhead. 
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3.3 Selection of the Precursors for PZT Film Deposition 

 

Promising characteristics of metal organic chemical vapor deposition (MOCVD), such 

as better step coverage, easy scale-up, and easy control of composition and thickness, have led 

to the conclusion that the MOCVD technique may be the best suited for the commercial 

production of thin ceramic films. This technique, however, relies largely on the availability of 

precursors of high volatility, low toxicity, and adequate stability. The list of most utilized 

precursors for MOCVD and their properties are listed in Table 3-1. 

A lead alkyl such as tetraethyllead, Pb(Et)4 (figure 3-5), has been used as the lead source 

because of its high volatility and its high vapor pressure. Furthermore, Pb(Et)4 is not sensitive 

to light, air and moisture. Lead alkoxides and carboxylates are known to hydrolize easily. 

Lead β-diketonates are rather stable and less toxic, but also less volatile. 

Zr-precursors used for MOCVD of Pb(Zr,Ti)O3 include zirconium alkoxides, zirconium 

β-diketonates and fluorinated β-diketonates. Although many of the problems associated with 

the vapour-phase transport of these low vapour pressure precursors can be solved by the use 

of liquid injection MOCVD, there remain a number of drawbacks associated with their use. 

 

Table 3-1. Representative volatile MOCVD precursors used in PZT thin-film deposition and 

their vaporization properties. [53] 

 
Compound 
 

Phase Melting point ( °C) Vapor pressure 

 
(C2H5)4Pb 
 

Liquid -136 2.00 torr at 50 ° C 

Pb(TMHD)2 
 Solid 126-128 0.05 torr at 180 ° C 

(C6H5)4Pb 
 Solid 229-230 0.05 torr at 230 ° C 

Ti[OCH(CH3)2]4 
 Liquid 19 5.00 torr at 92 ° C 

Ti[OC(CH3)3]4 
 Liquid  0.20 torr at 70 ° C 

Ti[OC(CH3)3]2(TMHD)2 
 Solid 220 1.00 torr at 240 ° C 

Zr[OC(CH3)3]4 

 
Liquid  1.00 torr at 65 ° C 

Zr(TMHD)4 
 Solid 308 0.10 torr at 180 ° C 
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For example, the β-diketonates Zr(acetylacetonate)4 and Zr(trifluoroacetylacetonate)4 

lead to carbon or fluorine incorporation into the film, respectively [54]. Although higher 

purity ZrO2 can be deposited from Zr(thd)4 (thd = 2,2,6,6,-tetrametyl-3,5-heptanedionate) 

[55,61], the high thermal stability of the precursor demands substrate temperatures higher 

than 600 °C in order to obtain a diffusion controlled oxide growth. Such high deposition 

temperatures are incompatible with the low growth temperatures (lower than 500 °C) required 

for the majority of microelectronics applications. 

The high thermal stability of Zr(thd)4 relative to Pb(Et)4 can also lead to problems 

during the growth of Pb(Zr,Ti)O3 by liquid injection MOCVD. The high substrate 

temperature required to optimise oxide deposition from Zr(thd)4 results in a loss of lead in the 

film by desorption. The use of a higher Zr precursor flow rate or an increased evaporator 

temperature in order to enhance Zr incorporation at lower substrate temperatures leads either 

to the blocking of the reactor lines with Zr(thd)4 or the decomposition of Pb(Et)4 in the 

evaporator. 

Alternative zirconium oxide precursors are required, which are more volatile than 

Zr(thd)4 and which also have a lower thermal stability, more compatible to Pb(Et)4. Zirconium 

alkoxides (figure 3-6), Zr(OR)4 (R=Pri, But), mostly satisfy these requirements because of 

their significantly lower thermal stability and higher volatility in comparison to Zr(thd)4. 

 

 
Figure 3-5: Molecular structure of tetraethyllead. 
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Figure 3-6: Molecular structure of zirconium tetrabutoxide. 

 

Only their high sensitivity to air and moisture which may also result in a reduced shelf-

life (the length of time for which a precursor may be stored without becoming unsuitable for 

use) must be taken into account in solution-based liquid injection MOCVD applications. 

The MOCVD of TiO2 has been studied using a variety of precursors, focusing primarily 

on titanium tetrachloride (TiCl4) plus water or titanium alkoxides [Ti(OR)4, where R=ethyl or 

isopropyl] [62]. 

Besides the contamination of the deposited films with Cl, titanium tetrachloride is very 

irritating to the eyes, skin, mucous membranes, and the lungs. Breathing in large amounts can 

cause serious injury to the lungs. The formation of hydrochloric acid during hydrolysis of 

titanium tetrachloride is an additional drawback of this precursor: 

 

TiCl4 + 2H2O → TiO2 + HCl                                                      (1) 

 

As it can be seen in a Table 3-1, the vapor pressure of the Ti(OBut)4 is not high enough 

for MOCVD in comparison to Pb- and Zr-precursors. 

Alkoxide precursors, such as the titanium tetra isopropoxide (TIP) (figure 3-7) which is 

used in this study, are very volatile at low temperature and the contamination from TIP is 

small. 
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Figure 3-7: Molecular structure of titanium isopropoxide. 
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Figure 3-8: Dependencies of the vapour pressure on the ambient temperature of different 

precursors. 
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Air- and moisture-sensitive precursors require an inert atmosphere for their handling. 

TIP decomposes into solid metal oxide TiO with water and isopropanol as vapor by-products 

[63]. 

The important properties of the precursors such as melting-points and molecule masses 

can be determined from the “vapor pressure-temperature” dependencies which can be seen in 

figure 3-8.  

This figure shows the process parameters which are required to transfer the precursors 

from the liquid to the gas phase. TIP (green) and Zr(OBut)4 (red) coincide in the figure. The 

vapor pressure of the Pb(Et)4 at a fixed temperature is definitively higher than those of the 

shown Ti- and Zr-precursors. This fact indicates that the phase transfer of tetraethyllead needs 

to be performed at lower temperatures.  
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Chapter 4 Experimental Procedure 

This chapter describes in detail the deposition parameters of PZT and SBT films and the 

main techniques used for structural and electrical characterization of the deposited films. 

 

4.1 Deposition of Single-Metal-Oxide Films 

Before starting the deposition of the ferroelectric films consisting of three-metal oxides, 

the pressure and the temperature dependencies of the deposition rates of each single metal 

oxide component were investigated. Deposition of the single-metal-oxide films was carried 

out in order to get more insight into the deposition processes and to find a common process 

window. 

Single metal oxides PbO, ZrO2 and TiO2 films were deposited by LD-MOCVD using 

tetraethyllead - Pb(Et)4, zirconium tetrabutoxide - Zr(OBut)4 and titan isopropoxide – TIP 

precursors, respectively. Deposition rate and homogeneity across the wafer of the PbO, ZrO2 

and TiO2 films were investigated as a function of deposition temperature and pressure in the 

reactor. 

In order to estimate the SBT deposition rate and elemental composition, the MOCVD 

process was investigated for the Bi precursor and the Sr-Ta precursor in different runs. 

Triallylbismuth, triphenylbismuth, or tributylbismuth, and strontium bis[tantalum (pentan-

ethoxy)(2-methoxyethoxide)] (Sr-Ta) were used as Bi precursors and as Sr-Ta precursor, 

respectively. 

Investigation of the temperature and pressure dependencies of the deposition rates of 

bismuth oxide and strontium tantalate oxide was made using the MOCVD system shown in 

figure 4-1. 

A liquid delivery system (LDS) was used to supply and to vaporize the precursor into 

the reactor. The flows of the precursors were adjusted using liquid flow controllers (LFC). 

The temperature of the evaporator was varied from 140 °C to 180 °C. 

The precursor vapors were carried by nitrogen gas set to a flow rate of 50 sccm to the 

hot-box that was heated to 160 °C where they were mixed with the oxygen which was 

supplied with a flow rate of 50 sccm. The flows of the gases were controlled by mass flow 

controllers (MFC). The connecting lines between the evaporator, the hot-box, and the reactor 

were heated to 160 °C in order to prevent the condensation of the precursor. 
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Figure 4-1: Schematic diagram of MOCVD system. 

 

The deposition zone was resistively heated to the deposition temperatures ranging 

from 350 to 650 °C. The MOCVD reactor was equipped with a vacuum pump system and a 

motor driven pendulum valve to adjust the pressure during the deposition process in a range 

between 0.35 and 7 mbar. During the film deposition, the reactor wall temperature was kept 

between 60 and 80 °C. The deposition conditions are summarized in table 4-1. 

 
Table 4-1. Deposition conditions of bismuth oxide and strontium tantalate oxide thin films. 
Bi-1 (0.05 M) precursor Triphenylbismuth Bi(C6H5)3 in toluene(0.05mol/l) 
Bi-2 (0.05 M) precursor Triallylbismuth Bi(CH2CH=CH2)3 in toluene (0.05 mol/l) 
Bi-3 precursor Tributylbismuth (Bi(C4H9)3)) pure 

Sr-Ta (pure or 0.05 M) precursor Strontium bis[tantalum(pentan-ethoxy) (2-methoxyethoxide)] 
Sr[Ta(OEt)5(OC2H4OMe)]2 pure or in toluene (0.05 mol/l) 

Deposition temperature 350 – 650°C 
Deposition pressure 0.35 – 7 mbar 
Vaporizer temperature 140 – 200°C 
Carrier (N2)gas flow rate 25 – 250 sccm 
Reactant gas flow rate 25 – 250 sccm 
Precursor flow rate 0.1 – 2 g/h 

 

In result, the optimum conditions for the deposition of PZT films as well as SBT films 

were determined. 
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4.2 Deposition of the Ferroelectric Thin PZT Films by LD-MOCVD 

Film deposition was carried out in a Tricent® CVD reactor (AIXTRON AG). The 

MOCVD apparatus is equipped with a precisely controllable TriJet™ system, which allows 

carrying out a "flash"-evaporation of a liquid precursor. Using of a non-contact evaporation 

system and a temperature-controlled twin-flow-showerhead allows the Tricent® equipment to 

provide a separate and highly reproducible supply of precursors and oxidation agents. 

Organometallic compounds, such as tetraethyl lead (Pb(C2H5)4), zirconium tert-butoxide 

(Zr[OC(CH3)3]4) and titanium isopropoxide (Ti[OCH(CH3)2]4) were used as precursors. They 

were diluted by toluene as solvent with a concentration of 0.1M, 0.05M and 0.1M (M=mol), 

respectively. The precursors were stored in separate containers and not mixed. All these 

precursors are in the liquid phase at room temperature; the evaporation temperature of each of 

these is relatively low. A liquid delivery system (LDS) was used to supply the precursor to the 

vaporizer, the Trijet system. The precursor solution was vaporized in the evaporator, which 

was gradually heated from 110 °C at the inlet up to 150 °C at the outlet. Then the vapor 

passed the showerhead and was delivered into the reactor. In the presence of oxygen gas, 

adsorption and dissociation of the precursors at the substrate surface took place and the metal 

oxide film grew on the hot surface. The use of a showerhead supports to obtain an uniform 

distribution of the precursors across the wafer surface. 

The short piping between evaporator and reactor was heated to 150 °C in order to 

prevent the condensation of the precursors. Since the temperature difference between 

condensation and dissociation of the precursor molecules is very small, the susceptor and all 

others surfaces of reactor, like top plate, reactor walls and showerhead, are precisely 

temperature controlled. 

To obtain PZT thin films with high homogeneity the substrate was rotating during the 

process with 8 rounds per minute. 

The substrate was heated to a temperature of 450 °C and the pressure in the reactor 

during deposition process was adjusted to 0.5 mbar up to 1.5 mbar. As the highest film 

thickness homogeneity across the wafer surface was obtained at a pressure of 0.5 mbar, this 

pressure was chosen for most of the deposition experiments. 

PZT films were deposited on an Ir/Ti (100/10 nm) electrode which was evaporated on a 

150 mm oxidized Si(100) wafer using PVD. Typical experimental conditions and introduction 

sequences of metalorganic sources for PZT thin film fabrication at the substrate temperature 

of 450 °C are shown in figure 4-2. 



Chapter 4                                                                                                                                                36 

Experimental Procedure 

 
 

 

Figure 4-2: Typical experimental conditions and introduction sequence for PZT film 

deposition. 

 

To obtain a suitable stoichiometry of PZT films, the injection parameters, such as 

impulse frequency and duration of the impulses, were varied. 

 

4.3 LD-MOCVD of the Ferroelectric Thin SBT Films 

First SBT films were deposited using the laboratory MOCVD system described in 

section 4.1. Triphenylbismuth (Bi-1), triallylbismuth (Bi-2), or tributylbismuth (Bi-3), and 

strontium bis[tantalum (pentan-ethoxy)(2-methoxyethoxide)] (Sr-Ta) were used as Bi 

precursors and as Sr-Ta precursor, respectively. These three different bismuth precursors   

(Bi-1, Bi-2, or Bi-3) were used together with the same Sr-Ta precursor for three different SBT 

(SBT-1, SBT-2, and SBT-3) depositions. SBT thin films were deposited on 150 mm silicon 
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(100), Pt/TiOX/SiO2/Si or Ir/TiOX/SiO2/Si substrates by liquid-delivery MOCVD. A TiOx 

layer improves adhesion and electrical contact to the underlying silicon [64]. 

The flows of the precursors were adjusted using liquid flow controllers (LFC) with the 

aim to obtain SBT film with a suitable compositional ratio. Substrate temperature and reactor 

pressure were varied in the range between 350 °C and 650 °C and from 1.5 to 15 mbar, 

respectively. Nitrogen carrier gas was used to transport each source gas into the reactor. 

Oxygen gas was supplied with constant flow rate into the hot-box to form the three 

component oxide. The deposition conditions are summarized in table 4-2. 

 
Table 4-2. Deposition conditions of SBT thin films. 
Bi-1 (0.05 M) precursor Triphenylbismuth Bi(C6H5)3 in toluene(0.05 mol/l) 
Bi-2 (0.05 M) precursor Triallylbismuth Bi(CH2CH=CH2)3 in toluene (0.05 mol/l) 
Bi-3 precursor Tributylbismuth (Bi(C4H9)3)) pure 

Sr-Ta (pure or 0.05 M) precursor Strontium bis[tantalum(pentan-ethoxy) (2-methoxyethoxide)] 
Sr[Ta(OEt)5(OC2H4OMe)]2 pure or in toluene (0.05 mol/l) 

SBT-1 precursor Bi-1 in toluene (0.1 mol/l) and Sr-Ta in toluene (0.05 mol/l) 
SBT-2 precursor Bi-2 in toluene(0.1 mol/l) and Sr-Ta in toluene (0.05 mol/l) 
SBT-3 precursor Bi-3 pure and Sr-Ta pure  
Deposition temperature 350 – 600°C 
Deposition pressure 0.35 – 7 mbar 
Vaporizer temperature 140 – 200°C 
Carrier (N2)gas flow rate 25 – 250 sccm 
Reactant gas flow rate 25 – 250 sccm 
Precursor flow rate 0.1 – 2 g/h 
Deposition time 10 – 60 min 

 

SBT thin films were also prepared on the AIXTRON Tricent MOCVD system using the 

novel double metal alkoxide precursor, strontium-bis[tantalum(pentaethoxide)(2-

methoxyethoxide)]. Tributhylbismuth (Bi(C4H9)3)) was used as the bismuth precursor because  

the growth rate of bismuth oxide and SBT thin films deposited from triphenylbismuth and 

triallylbismuth were relatively low. Both precursors were diluted by toluene as solvent with a 

concentration of 0.1M and were stored in separate containers. 

The deposition temperature was in the range between 300 °C and 550 °C and the 

deposition pressure was varied from 0.4 to 15 mbar. The injection parameters, such as 

impulse frequency and duration of the impulses, were varied with the purpose of obtaining the 

SBT thin films with good structural and ferroelectric properties. 

Typical experimental conditions and introduction sequences of the metalorganic sources 

for SBT thin film fabrication are shown in figure 4-3. 
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Figure 4-3: Typical experimental conditions and introduction sequence for SBT film 

deposition. 

 

After deposition, the films were annealed for 15 minutes in oxidizing atmosphere at 

temperatures ranging from 500 °C to 1000 °C with the object to crystallize the as-deposited 

amorphous SBT films. 

 

4.4 Fabrication of Substrate Wafers 

Cleaning processes are one of the key factors in achieving higher yield. About 80% of 

defects are due to particles on the substrate surface, which can be removed to a high extent by 

use of special cleaning agents. Therefore, prior to a growth or deposition process step the 

wafer surface has to be treated in a wet cleaning ambient. 

Several wet cleaning steps are necessary to remove particles and contaminations from 

the substrate surface. During the last years wet chemical cleaning steps have been modified 

only slightly. It is common to these processes that water is used as solvent for the cleaning 

chemicals. 
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4.4.1 Wet Cleaning of the Silicon Wafers 

Immersion bath cleaning with Caro’s acid removes organic and metallic contaminations 

and particles, while a dip in diluted hydrofluoric acid removes the thin oxide layer on the 

substrate surface and the metallic contaminations in this oxide layer. Rinsing with DI-water 

removes the cleaning chemicals from the substrate surface. 

Wet immersion bath cleaning of the substrate surfaces, which was applied to the wafer, 

embraces the following steps: 

 

1. Caro’s acid 

Caro’s acid is a mixture of 2 parts of concentrated sulfuric acid (96%) and 1 part of 

hydrogen peroxide (30%). The resultant solution is an equilibrium composition containing 

H2SO5, H2SO4, H2O2 and H2O: 

 

H2O2 + H2SO4 ↔ H2O + H2SO5                                            (1) 

 

Caro’s acid was kept at a temperature of 120 °C. The wafers were immersed for 5 

minutes.  

Then they were taken out of the bath and rinsed in DI water until the resistance of the 

water exceeded 15 MΩ. 

 

2. HF-Dip 

After the treatment with Caro’s acid, the wafers were dipped for 1 min in diluted 

hydrofluoric acid (0.5% HF).  

This HF-dip removes the native silicon oxide and the chemical silicon oxide which was 

grown in step 1. By removing the thin surface oxide all contaminants which were 

incorporated in it were also removed. 

The reactions follow the equations:  

 

SiO2 + 6 HF → H2 [SiF6] + 2 H2O                                           (2) 

 

MeO + 2 HF → MeF2 + H2O                                               (3) 

 

After the HF-dip wafers were rinsed again in DI water until the resistance of the water 

exceeded 17 MΩ. Finally the silicon wafers were dried in a spin dryer. 
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4.4.2 Thermal Oxidation 

In the fabrication process of integrated circuits, a field oxide is used to isolate a device 

from the neighbored devices. In this work, a field oxide is used to isolate the bottom contact 

from the silicon substrate and to suppress interdiffusion between Ir and Si. An interdiffusion 

could result in the formation of an iridium silicide. The silicide formation temperature of Ir 

has been found to be 400 °C [65]. 

Wet oxidation was used to grow this field oxide in a Centrotherm hot wall oxidation 

furnace. The oxidation reaction follows the equation: 

 

Si + 2H2O → SiO2 + 2H2                                                  (4) 

 

Silicon oxide films of 200 nm thick were grown at atmospheric pressure for 10 min. A 

schematic view of the furnace is shown in figure 4-4. 

The hot wall tube reactor has three heating zones which can be controlled 

independently. For oxidation, all three zones were kept at the same temperature. 

The standby temperature of the oxidation tube was 400 °C; at this temperature the boats 

with wafers were loaded. After loading, the furnace temperature was linearly increased up to 

1100 °C in two hours. The wet atmosphere, i.e. the water vapor, was produced by pyrolysis of 

hydrogen: 

 

2H2 + O2 → 2H2O                                                          (5) 

 

 
 

Figure 4-4: Schematic view of the hot wall tube reactor used for growth of the field oxide. 
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The oxygen flow was fixed slightly higher than half of the hydrogen flow to guarantee a 

total combustion and to avoid an accumulation of hydrogen in the scavenger box. The flows 

of oxygen and hydrogen were 3 slm and 5 slm, respectively.  

 

4.4.3 Deposition of the TiO2/Ir Stack Electrode 

The deposition of iridium thin films on SiO2/Si wafers was performed by using a 

Balzers electron beam evaporation system. 

Figure 4-5 shows a schematic view of an e-beam evaporation system including e-beam, 

vacuum chamber, target and substrates, etc. 

The substrates were mounted on a substrate holder designed to hold three 150 mm 

diameter substrates which was rotated at 12 rpm throughout the deposition to improve coating 

layer uniformity. 

After the chamber was pumped down to the usual base pressure of 4·10-6 mbar with a 

cryopump (DE-208, Air Products, USA), a vapor flux of iridium atoms was generated with an 

electron beam evaporator (Baltzers, USA) and deposited on the substrates with a deposition 

rate of 1 nm/s. 

 

 
 

Figure 4-5: Schematic view of an e-beam evaporation system. 
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An in-situ quartz-crystal microbalance thickness monitor was used to measure the 

thickness of the deposited films. The quartz oscillates at a resonance frequency which is 

dependant on the thickness and the atomic mass of the film deposited onto it. If a voltage is 

applied across the surfaces of a properly shaped piezoelectric crystal, the crystal is distorted 

and changes shape in proportion to the applied voltage. At certain discrete frequencies of the 

applied voltage, a condition of very sharp and repeatable electro-mechanical resonance is 

seen. Quartz monitors are capable of measuring thickness of less than a single atomic layer 

with 0.5% accuracy. 

Conditions for the deposition of the Ir thin films are listed in table 4-3. 

 

Table 4-3. Ir thin film e-beam conditions. 

Target Ir (purity: 99.9%) 

Substrate temperature 22 °C 

Chamber pressure 4.5·10-6 mbar 

Substrate Ti/SiO2/Si 

Film thickness 100 nm 

Deposition rate 1 nm/s 

 

A 10-nm-thick titan (Ti) buffer layer was deposited onto the SiO2 film before deposition 

of the iridium film. This Ti buffer layer improves the crystallinity and the adhesion of the Ir 

bottom electrode, and also reduces the leakage current of the Ir/PZT/Ir structure [64,66]. 

 

4.5 Fabrication of Test Devices (Capacitors) 

In order to investigate the electrical properties of PZT and SBT films test devices, i.e. 

capacitors, have been designed.  

PZT and SBT films were grown on Ir coated substrate wafers. Then, a top Ir electrode of 

100 nm thickness was e-beam evaporated through a shadow mask; alternatively sputtered Pt 

was used. The area of the circular dots was ranging from 0.03 to 0.785 mm2. After that, the 

wafer was divided into chips, which were annealed for 15 min in an oxidising atmosphere at 

temperatures ranging from 520 °C to 700 °C for PZT and from 700 °C to 1000 °C for SBT 

films. The final anneal is necessary to improve the crystal structure of the deposited films. 

A cross sectional view of these test devices is shown schematically in figure 4-6. 
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Figure 4-6: Used test structure of a ferroelectric capacitor. 

 

4.6 Characterization of Grown Films 

The metrology procedures and tools which were used in this work in order to 

characterize the main material properties are briefly described below. 

 

4.6.1 Structural Properties 

4.6.1.1 Ellipsometry 

The film thickness was measured using a spectroscopic ellipsometer (SE 850, Sentech, 

Germany). It is a high performance spectroscopic ellipsometer based on a fast diode array 

detection in the UV-VIS spectral range and interferometric modulated detection in the NIR 

spectral range, featuring both, fast data acquisition and full spectral resolution. 

Figure 4-7 illustrates the basic principle of ellipsometry. The polarization state of the 

incoming light is known. This incident light interacts with the sample and is reflected at 

surface and interfaces. The interaction of the light with the sample causes a polarization 

change of the light from linear to elliptical polarization. The polarization change, or the 

change in the shape of the polarization, is then measured by analyzing the light reflected by 

the sample. 
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Figure 4-7: Geometry of an ellipsometric measurement. 

 

Ellipsometry measures two values, Psi and Delta, which describe this polarization 

change. Because ellipsometry measures the ratio of two values, it can be highly accurate and 

very reproducible. The ratio is a complex number, thus it contains the “phase” information, 

delta, which makes the measurement very sensitive. Ellipsometric measurements were 

performed in the spectral range from 248 to 869 nm; a 75W xenon lamp and a halogen lamp 

were used as light sources. The uniformity of the film thickness was evaluated over the full 

wafer size using “Wafermap” mapping software of Boin GmbH. 

 

4.6.1.2 X-ray Photoelectron Spectroscopy (XPS) 

The development and the implementation of advanced technologies require a thorough 

understanding of the effects of fabrication and processing on design and performance of a 

specific product. Measurements of the surface composition, elemental distributions, 

segregated impurity species, and interfacial chemical reactions are of fundamental importance 

in determining and understanding performance and possible failure mechanisms. X-ray 

photoelectron spectroscopy (XPS) has demonstrated its effectiveness in the solution of many 

of these technological problems. 

XPS involves the energy analysis of photoemitted electrons from a sample with energies 

characteristic for the target elemental composition and its chemical state. Photoelectrons are 

emitted from the material (solid, liquid, or gas) as a result of absorption of a photon with the 

energy E = hv. The less tightly bound valence electrons and shallow core levels may be 

photoionized by UV photons (UPS), while deeper core-level electrons may be photoionized 
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by x-ray photons (XPS). Both types of photoelectrons are emitted with a discrete kinetic 

energy Ek given by: 

 

Ek = hv – Eb – φs                                                                                         (6) 

 

where hv is the energy of the incident photon, Eb is the binding energy of the photoelectron 

relative to the Fermi level, and φs is the work function [67]. Figure 4-8 shows schematically 

electronic levels involved in the photoemission process. The Fermi level is used as the zero 

binding energy level by definition. Each photoelectron has a discrete energy characteristic for 

the element from which it was emitted, thus allowing to identify the present atomic species. 

Furthermore, the binding energy of an electron is influenced by its chemical surrounding 

resulting in a small energetic shift. This shift can be used to identify the chemical state of a 

given atom in the sample. 

In addition to core-level ionization, x-ray induces the emission of Auger electrons due to 

relaxation processes after photoemission. Therefore, an XPS spectrum contains core-level 

emission and Auger emission spectral lines and provides information on both, the elemental 

composition and the chemical state of atoms in a given sample. 

 

 
Figure 4-8: Schematic representation of the electronic levels involved in the photoemission 

process from a solid and the measurement of the electron energy by an analyser 

[68]. 
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For quantifying XPS results two methods are in use. The peak heights method is 

analogous with the procedure used for AES in which the concentrations of each element 

present in the sample can be found from: 

 

∑
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x

x

x
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height

C                                                           (7) 

 

where sensitivityi is the relative sensitivity of Auger for each element which is available in 

graphs and tables. 

The method based on the measurement of the peak area is the most accurate since this 

area exactly represents the photoelectrons emitted from a given transition. An accuracy of the 

quantitative compositional analysis of a materials is 0.5 at. %. 

In our study XPS measurements have been carried out with a Perkin Elmer PHI 5600 

ESCA system, using monochromatic Mg Kα (1253,6 eV) x-radiation with an input power of 

the excitation source of 400W. The emitted photoelectrons were collected over an area of   

800 µm in diameter and detected by an electron energy analyzer of SCA type. References for 

peak positions were taken from Moulder et al. [69] and compared with the results which were 

obtained elsewhere [70-72]. The analyzer’s axis is located at an angle of 45° relative to the 

normal of the sample surface. Wide scans in the binding energy scale from 0 to 1100 eV at   

50 eV analyzer pass energy were collected from the sample surface before and after sputter 

cleaning. The XPS depth-profiling was made by an ion bombardment with 4.5 keV Ar+ ions. 

The peaks were referenced to the C (1s) peak at 284.6 eV for electrostatic charge correction. 

 

4.6.1.3 Microstructure 

The microstructure of lead zirconate titanate films was characterized by atomic force 

microscopy (AFM). The atomic force microscope (Nanotop-206) was operated in contact and 

tapping modes. The average roughness (Ra), the root-mean-square average roughness (Rq), 

and skewness (Rsk) of a surface were calculated from the integral of the roughness profile as 

follows:  
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Rsk is a simple measure of the asymmetry of the amplitude distribution function, or, 

equivalent, it measures the symmetry of the variation of a profile along its mean line. 

Cross-sectional scanning electron microscopy (SEM) was used for the investigation of 

the surface of the deposited films. Surface morphologies and film compositions were also 

analysed by scanning electron microscopy (Jeol JSM 5900) with EDX microanalysis. 

 

4.6.1.4 X-ray Diffraction (XRD) 

Physical properties of the solids are in some way dependent from their crystal phase 

composition; therefore, an important goal of the materials science is the evaluation of the 

lattice structures. 

X-ray diffraction is one of the most important characterization tools used in solid state 

chemistry and material science for studying the atomic and molecular structure of crystalline 

substances such as ceramics, stones, sediments, etc. The sample, a single crystal, a film or 

powder, is exposed to X-rays at various angles (figure 4-9).  

 

 
Figure 4-9: Parallel rays reflected from points on neighboured partially reflecting planes are 

in phase when Bragg’s law is obeyed. 

 

The condition for constructive interference of the reflected x-rays is given by: 

 

BA’ + A’C = nλ                                                      (10) 

 

where n is an integer. 
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From figure 4-9 it can be seen that: 

 

BA’ = A’C = d·sinθ                                                  (11) 

giving: 

 2d·sinθ = nλ                                                           (12) 

 

This expression is known as Bragg’s law and it gives the permitted angles of reflection θ 

in terms of wavelength λ and the spacing of the reflecting planes d [73]. 

Reflected rays are detected by a diffractometer; the obtained diffraction patterns are then 

compared with reference standards for identification. Each solid has its unique characteristic 

X-ray powder pattern which may be used as a "fingerprint" for its identification. Once the 

material has been identified, X-ray diffraction may be used to determine its crystalline or 

microcrystalline structure, i.e. the relative orientation of atoms in the crystal or crystallite, 

interatomar distances, angles etc. Futhermore, it is possible to determine the size and the 

shape of the unit cell for any compound easily using this method. 

The crystal structure of as-deposited films and the phase change of these films after 

annealing were investigated by X-ray diffraction (XRD). The XRD spectra were recorded 

using the X-ray diffractometer DRON-3.0.  X-ray tube 2.0 BSV– 24Cu with Cu anode was 

used as X-ray source. Ni filter was used to minimize CuKβ radiation. The anode radiation 

wavelength was λ = 0.154178 nm. The phase composition of the samples was revealed using 

a Fullprof software by comparing experimentally measured interplanar distances d and angles 

of the crystallographic plane reflections in the X-ray diffractrogram with data of the JCPDS 

database. 

 

4.6.2 Electrical Properties 

The electrical properties of ferroelectric films were characterized by measuring the 

polarization vs. electric field (P-E) hysteresis loops, the dielectric constant, the leakage 

current and the polarization fatigue. To study the leakage behaviour of the films, DC current- 

voltage (I-V) measurements were carried out. The dependence of the dielectric constant on 

the applied voltage was calculated from capacitance (C-V) measurements.  

For the determination of the electrical parameters of PZT and SBT films several 

measurement system were used outlined below in detail. These systems include a chuck 

connected with a thermal bath (Haake DC10, Thermo) which allows to adjust the chuck 

temperature from 20 °C to 120 °C, and, consequently, enables the measurements of the 
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electrical properties at different, well defined temperatures. Moreover, the chuck is connected 

to a vacuum pump which fixes the sample to the chuck. 

Before electrical measurements were carried out, PZT and SBT films were etched partly 

at one corner of the chips in order to provide an electrical contact to the bottom electrode. The 

contact needles could be positioned precisely on the contact electrodes of the device under 

test by using a micromanipulator with a coaxial shielded needle. 

Chuck, device under test and micromanipulator are mounted in a metallic box in order 

to shield the sample from external electro-magnetic radiation sources which may distort the 

measurements. 

Further components of the measurement system are a Sub-Femtoampere Remote Source 

Meter (Keithley 6430, USA) and a Precision LCR Meter (Agilent 4284A, USA). A schematic 

view of the measurement set-up is given in figure 4-10. 

The Model 6430 Sub-Femtoamp Remote Source Meter combines voltage/current source 

and measurement functions and exhibits sensitivity, noise, and input resistance specifications 

superior to electrometers. The wide 20 Hz to 1 MHz test frequency range and the test-signal 

performance of the Agilent 4284A allow to test the components of the most commonly used 

test standards. 

All used measurement equipment was programmable and was connected to a PC using 

an IEEE interface bus system (IEEE-488). This allows the control of the instruments by a 

remote PC and automatic measurement procedures. Control of the measurement equipment, 

reading and evaluation of the data were realized by using the graphical programming 

environment Agilent VEE. 

 
Figure 4-10: Schematic view of the used measurements system. 
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The commonly accepted criterion of ferroelectricity is the hysteresis loop on a D-E 

display. This method was introduced by Sawyer and Tower in 1930. Up to now this method 

remains the most applied method for investigating ferroelectric properties. 

An alternative voltage is applied to the test device and the related stored charge is 

determined. In order to measure this charge a large integrating capacitor is connected in series 

to the test devices. The voltage decay across this capacitor C0 is a measure for their charge. 

This voltage decay is displayed on the vertical axis of an oscillograph. The applied external 

voltage is connected to the horizontal x-deflection. Figure 4-11 shows schematically this set-

up. The experiment is usually run at rather low frequencies of about 60 cycles/sec or less. 

 

 
Figure 4-11: Circuit for display of dielectric hysteresis (after Sawyer and Tower) [74]. 

 

This method has few drawbacks as, for example, a parasitic capacitance. Additionally, it 

neglects the phase shift of the measured voltage (y-axis) which is due to the finite 

conductivity of the ferroelectric material and the flow of leakage currents. Therefore, this 

measurement set-up was not used for the investigations of the ferroelectric properties of the 

deposited films. The measurements of the P-E hysteresis loop and of the polarization fatigue 

were realized by using a commercially available characterisation system, the TF Analyzer 

1000 (aixACCT Systems GmbH, Aachen, Germany), see figure 4-12.  

 The TF Analyzer 1000 includes a built-in function generator, an analog input board, 

and a wide bandwidth virtual ground amplifier with driving unit. This system offers hysteresis 

measurements from 1 Hz to 250 Hz bandwidth depending on the excitation voltage in virtual 
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ground mode. The arbitrary waveform generator applies the selected pulse sequence to the 

device under test. A Windows based graphical user interface ensures easy access to all 

operations. 

 

 
Figure 4-12: Schematic view of the system used for the hysteresis measurements. 

 

The measured results can be graphically presented on the screen or saved in two 

different formats. Data files of the TF Analyzer 1000 system program use a specific file 

format which allows quick access to the data. The second format is used to export 

measurement data as an user readable ASCII-file. ASCII data files can be imported into any 

data presentation program. Ahead of each data section text lines are included which describe 

the type of data, sample data and measurement conditions. 

The dynamic hysteresis measurements were performed at room temperature and an 

operating voltage in the range from –3 to +3 V. The prepolarization pulse establishes a 

defined polarization state, the negative state of relaxed remanent polarization. The 

prepolarization pulse is followed by three consecutive bipolar excitations signals, each signal 

separated by one second relaxation time. The voltage excitation signal is shown in figure 4-13 

in the case of a triangular voltage excitation. 

 

 
Figure 4-13: Excitation signal for hysteresis measurement. 
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Figure 4-14: Nomenclature used within the TF Analyzer 1000 system. 

 

The hysteresis loop corresponding to pulse no. 1 starts in the negative relaxed remanent 

polarization state (Prrel-) and turns into the positive saturation (Psat+) (figure 4-14). When the 

voltage is equal to zero the polarization reaches the positive remanent polarization state (Pr+), 

afterwards it turns into the negative saturation (Psat-) and back to the remanent polarization 

state (Pr-). This point is normally not equal to the starting point (Prrel-), because of the 

polarization loss over time. 

The second loop pushes the sample into the positive remanent state without sampling 

data. The third loop starts  in the positive relaxed remanent polarization state (Prrel+), and turns 

to the negative saturation (Pr-). 

Afterwards the sample is driven into the positive saturation (Psat+) and ends in the 

positive remanent polarization state (Pr+) when the voltage is zero. Afterwards the hysteresis 

loop is balanced respectively to the values (Psat+) and (Psat-). From the data of the first loop the 

parameters Vc-, Pr-, Prrel- are determined and from the data of the third loop the parameters 

Vc+, Pr+, Prrel+. The closed hysteresis loop (red curve) is calculated from the second half of the 

first (green curve) and the second half of the third loop (blue curve). 

The fatigue tests were performed under accelerated conditions using an externally 

generated triangle pulse with an amplitude of ± 5 V and a frequency of 100 Hz. After 

measuring an initial hysteresis the fatigue signal sequence (see figure 4-15) is applied to the 

sample. 
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Figure 4-15: Typical excitation signal. 

 

The fatigue treatment is interrupted regularly for hysteresis measurements. These 

intermediate hysteresis measurements are performed with time intervals in such a way that 

data points are depicted with an equal spacing in a logarithmic plot. 
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Chapter 5 Results and Discussion 

The structural and electrical properties of LD-MOCVD grown Pb(Zr,Ti)O3 (PZT) and 

SrBi2Ta2O9 (SBT) thin films deposited on an Ir electrode, i.e. on Ir/TiO2/SiO2/Si wafers have 

been investigated. The results of these investigations are presented and discussed in this 

chapter. The first part of this chapter deals with lead zirconate titanate films, the second with 

strontium bismuth tantalate films. Growth kinetics of the single oxide as well as of the three-

metal oxide films are described in the first sections of this chapter. The second section is 

dedicated to the morphology of the deposited films. The influence of the deposition 

parameters, such as deposition pressure, substrate temperature, and injections parameters, on 

the film structure is considered. The last section of this chapter presents the results of the 

electrical measurements. The influence of the process parameters on the ferroelectric 

properties of the PZT and SBT films is discussed. In addition, the influence of the post-

deposition annealing on the structural and electrical properties of the thin ferroelectric films is 

also lined out. 

 

5.1 Lead Zirconate Titanate 

5.1.1 Growth Kinetics 

In order to get more insight into the deposition behavior of the metalorganic sources 

which were chosen for the fabrication of lead zirconate titanate films, the growth of each 

single metal oxide was investigated in dependence on temperature. 

Figure 5-1 shows the relationship between the deposition temperature and the deposition 

rate of each single metal oxide. The pressure in the reactor was adjusted to be 1.5 mbar. 

During the deposition of the metal oxides, each metalorganic source was supplied 

intermittently with an inlet frequency of 2 Hz for lead and zirconium oxides and 50 Hz for 

lead and titanium oxides. 

The growth rate of each single oxide film strongly depends on the deposition 

temperature. In the case of  tetraethyllead (0.1 mol/l), the deposition rate of the lead oxide 

increases from 0.1 nm/min at a deposition temperature of 350 °C up to 10 nm/min at 550 °C 

(figure 5-1a). 

The increase of the deposition rate at higher temperatures is also observed for the 

titanium isopropoxide precursor (0.1 mol/l). The value of the growth rate of the titanium 

oxide changes from 20 to 80 nm/min whereby the substrate temperature has been increased 

from 400 to 500 °C (figure 5-1b). 
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Figure 5-1: Temperature dependence of the deposition rate of the single metal-oxide films 

for two parameter sets of the Trijet injection system. 
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Such dependence of the film growth rate on the deposition temperatures can be 

explained by the growth rate of PbO and TiO2 thin films being limited by the substrate 

temperature. This behavior is characteristic of a deposition process known as kinetically 

controlled deposition in which the surface decomposition of the precursor is the rate 

determining step [75,76]. A further increase growth rates of the oxides at higher temperatures 

and decomposition reaction controlled depositions have also been observed by Funakubo et 

al. [77,78] for lead oxide and by Krumdieck [79] and Kang [80] for titanium oxide. 

On the contrary, for the zirconium tetrabutoxide precursor (0.05 mol/l) the growth rate 

of the zirconium oxide decreased from 4 to 0.5 nm/min (figure 5-1a) and from 54 to 7 nm/min 

(figure 5-1b) whereby the substrate temperature has been increased from 350 to 500 °C.        

A growth rate reduction at higher temperatures has also been reported by M. Cassir et al. [81] 

and M.A.Cameron et al. [82]. M.A. Cameron has supposed that the zirconium tetrabutoxide 

surface reaction may be partially poisoned by carbon at temperatures higher than 500 °C. 

After pyrolytic decomposition of the zirconium tetrabutoxide precursor on the ZrO2 surface 

deposited carbon is unable to desorb at these growth temperatures and the carbon poisons the 

ZrO2 growth. The lower ZrO2 growth rates at higher temperatures may also be explained by a 

precursor-mediated adsorption mechanism [83,84]. In precursor-mediated adsorption, the 

zirconium tetrabutoxide reactant molecule reaches the ZrO2 surface and is physisorbed. From 

this physisorbed state, the Zr(OtBu)4 precursor can either desorbs or react with the ZrO2 

surface to become adsorbed in a chemisorbed state. At low temperatures the surface species 

may preferentially react with the surface. At high temperatures desorption of the zirconium 

tetrabutoxide precursor may be the predominant mechanism, and the precursor desorption 

may significantly reduce the ZrO2 growth rate. M. Putkonen writes in his dissertation that the 

decrease in the growth rate of ZrO2 at higher temperatures is typical only for pulsed 

deposition and, probably, can be due to the completely decomposition of reactants before 

reaching the substrate [85]. 

The decrease of the zirconium oxide deposition rate due to carbon poisoning is unlikely 

in our case because of the use of lower deposition temperatures and the absence of the carbon 

contamination in the deposited films. The absence of the carbon in deposited zirconium oxide 

films is easy to explain due to the additional introduction of oxygen in the reactor. Carbon, 

which appears after zirconium tetrabutoxide decomposition, reacts with oxygen and desorbs 

from the substrate surface. According to the theory offered by Putkonen zirconium oxide 

films should not grow on the substrate but on the reactor walls; this effect has also not been 
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observed in our case. Therefore, the decrease of the zirconium oxide growth rate with 

increased temperatures can be explained by the desorption of reactants. 

After deposition of the single oxides, a temperature of 450 °C appears to be the 

optimum temperature for the deposition of PZT thin films. At higher temperatures the 

deposition rate of ZrO2 is rather low, while at lower temperatures the deposition rates of TiO2 

and PbO are not high enough. 

The homogeneity of the deposited films plays an important role in the production of 

semiconductor devices. Therefore, the influence of the deposition pressure on the film 

homogeneity has also been investigated. Figure 5-2 shows the film thickness distribution 

across the wafer for PZT films grown at deposition pressures of 0.5 and 1.5 mbar. 

As can be seen in the figure, an increase of the deposition pressure results in an increase 

of the deposition rate. But on the other hand, the uniformity of the film thickness over the 

wafer surface decreases and the value of the standard deviation significantly increases at 

higher deposition pressures. 
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Figure 5-2: Film thickness map of PZT films deposited at different pressures: 

a) 1.5 mbar and b) 0.5 mbar. 

a) 

b) 
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Film thickness measurements reveal that a pressure of 0.5 mbar appears to be close to 

the optimum value as a high thickness homogeneity across the wafer is combined with a 

sufficiently high deposition rate. 

Film thickness measurements have been difficult to be performed on the films which are 

covered with lead oxide crystals. These films are not transparent and, thus, not usable for 

optical measurements. A slight decrease of the injection rate of the lead precursor during 

deposition, however, results in transparent and smooth surfaces. At a deposition temperature 

of 450 °C the growth rate is 5-6 nm/min; a PZT film of 100 nm can be grown in about 20 min.  

An increase of the substrate temperature up to 550 °C results in higher deposition rates 

of the PZT film but also in a higher film thickness inhomogeneity. The value of the standard 

deviation of the film thickness increases from 4-5 % at 450 °C to more than 10 % at 550 °C, 

compare figures 5-2b and 5-3. 

 

 
Figure 5-3: Dependence of the film thickness on the position at the wafer for a PZT film 

grown at 550 °C and a pressure of 0.5 mbar. 
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5.1.2 Films Structure 

The compositional analysis of PZT films was performed using X-ray photoelectron 

spectroscopy (XPS). The morphology of the films was characterised using scanning electron 

microscopy (SEM). The crystal structure of the thin films and their crystallographic 

orientation were examined by X-ray diffraction (XRD) using Cu-Kα radiation. The formation 

kinetics of PZT films was investigated by an optical method and by atomic force microscopy 

(AFM). 

 

5.1.2.1 X-ray Photoelectron Spectroscopy Investigation of the Deposited Films 

Figure 5-4 shows two XPS spectra taken from an as-deposited surface and from a 60 sec 

Ar+-ion bombarded surface of a thin PZT film deposited on a Si substrate. The spectrum 

exhibits dominant peaks of Pb, Zr, Ti, O together with a C (1s) peak which is due to the 

surface contamination with carbon. 
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Figure 5-4: XPS spectra of a PZT thin film taken from a) the as-deposited surface and 

b) the surface after Ar+-ion sputtering (60 s). 
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XPS measurements of an as-deposited film indicate that the surface layer of this film 

contains 40.6 at% carbon, 34 at% oxygen, 5.4 at% lead, 8 at% zirconium and 4.2 at% 

titanium. 

After cleaning the wafer surface from adsorbed contaminations by Ar+ sputtering for 60 

seconds the measurement has been repeated again. The results of these measurements are 

shown in figure 5-4b. The elemental composition of the PZT thin film after surface cleaning 

are as follows: C – 2.5 at%, Pb – 2.4 at%, Zr – 24.9 at%, Ti – 8.8 at%, and O – 61 at%. 

Carbon species are only present on the film surface as surface contamination. Substrate 

temperature and oxygen flow during the film growth have been high enough for fabricating 

carbon-free films. The surface adsorbed oxygen is reduced after 60 sec Ar+-ion bombardment, 

but does not disappear entirely. The increase of the oxygen concentration as well as the 

increase of zirconium and titanium concentration is related to the lack of carbon in 

comparison to the surface. 

The peaks of both spectra have been fitted using a Gauss function in order to get a better 

insight into the chemical bounding states. For the surface of the as-deposited film, the C (1s) 

peak (figure 5-5a) can be attributed to hydrocarbon species (C-H) at 284.6 eV and small 

amount of carboxylate (COO) species at 287.9 eV [72]. 

The spectrum of figure 5-4 indicates that no contamination, except for hydrocarbon and 

carboxylate, occurs during the deposition and the analysis processes. 

The O (1s) peak (figure 5-5b) can be decomposed into two components at binding 

energies of 529.4 and 532.9 eV. According to Qu et al. [87], these peaks are assigned to the 

lattice oxygen and surface adsorbed oxygen, respectively. However, a hydroxyl peak can not 

be detected. 

In figure 5-6 it is shown that the Zr and Ti signals exhibit only one spin-orbit doublet, 

i.e. Zr (3d) = 183.6 eV, Ti (2p3/2) = 457.8 and Ti (2P1/2) = 463.5 eV; this observation indicates 

that Zr and Ti in the deposited film are in the PZT chemical binding state. 

The shoulders of the experimentally found peaks in figure 5-7 a) and b) are due to two 

peaks which lie close together in energy. The fits clearly reveal these two peaks. They 

represent two spin-orbit doublets of Pb (4f). 

The observed Pb (4f) doublet at 137.7 eV and 142.6 eV (a), corresponding to Pb (4f7/2) 

and Pb (4f5/2), respectively, represents lead species in PbO while the Pb (4f) doublet with 

peaks at 135.9 eV and 140.8 eV (b) correspond to the same core levels of lead species in PZT 

[87,88]. 
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Figure 5-5: Fitted details of the XPS spectrum of a PZT thin film; a) C (1s) and  b) O (1s). 
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Figure 5-6: XPS spectra showing the Zr (3d) peak (a) and the Ti (2p) peaks (b). Included in 

(b) is a fit of the two Ti (2p) peaks. 
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Figure 5-7: XPS spectra of the Pb (4f) peak of a PZT thin film; a) before and b) after 

sputtering. Included in the figure are also fits of these peaks. 

 



Chapter 5                                                                                                                                                65 

Results and Discussion 

The top region of the surface of a PZT film predominantly contains lead species as PbO. 

This is probably due to lead atoms segregating at the surface of the PZT film which are 

oxidized to form PbO. After sputtering the amount of lead species in PbO decreases and Pb 

species in PZT become dominant. 

As lead is preferentially sputtered by Ar+ ions, a lead deficit is measured. Taking into 

account this effect a recalculation of the lead content results in a concentration of 15 at%, a 

too low concentration for a stoichiometric composition.   

PZT film grown on iridium covered substrate under different conditions shows different 

optical and structural properties in comparison to those grown on silicon. XPS analysis shows 

that these films have a lead content of more than 70 at%, figure 5-8. PZT films with a huge 

excess of lead are very rough. The high roughness of the deposited films is related to the 

formation of lead oxide on the substrate surface. This lead oxide consists of leaf-shaped 

crystals, see figure 5-9. In this case, it is not possible to measure the film thickness by 

standard optical method as by ellipsometry. 
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Figure 5-8: XPS depth profiles of a PZT film grown on Ir/TiO2/SiO2/Si substrate at 550 °C. 
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Figure 5-9: SEM picture of surface of a PZT film in the case of a huge excess of lead 

(Pb: 73 at%). 

 

In order to obtain stoichiometric PZT films and to avoid the formation of additional lead 

oxide the content of lead in the films has to be decreased. The formation of lead oxide on the 

film surface may be initiated by the increased growth of lead oxide on an Ir surface. The high 

growth rate of a PZT film on iridium and the increased concentration of lead in it is explained 

to be due to a strong surface interaction of the lead precursor with the iridium coated substrate 

[89].  

Figure 5-10 shows the elemental composition of a PZT film grown on an 

Ir/TiO2/SiO2/Si substrate at 550 °C versus the sputtering time. The injection time of tetraethyl 

lead has been lowered by a factor of 5, but it is not enough to avoid the formation of lead 

oxide at the surface. Thus, a PZT layer with only a perovskite phase has not been obtained. 

There are five zones in the PZT/Ir/SiO2/Si structure: the top surface, the PZT film, the Ir 

film, the SiO2 layer, and the underlying Si substrate. The high amount of Pb close to the 

surface is due to segregation of Pb at the surface of the PZT film; Pb oxidizes and forms PbO. 

Only a negligible amount of carbon is observed on the surface. After two minutes of 

sputtering, the concentration of the carbon significantly decreases. 

Carbon is not incorporated in the PZT film, but absorbed at the substrate surface 

probably after film deposition. 
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Figure 5-10: XPS depth profiles of a PZT film grown on a Ir/TiO2/SiO2/Si substrate 

at 550 °C.  
 

As can be seen in figure 5-10, a steady-state composition of the PZT film is reached 

after two minutes Ar+ bombardment. After ten minutes of sputtering the concentration of Pb 

decreases and iridium appears. Possibly iridium diffuses into the PZT layer at the relatively 

high substrate temperatures. 

The XPS spectra of an as-deposited PZT thin film grown on a Ir/TiO2/SiO2/Si substrate 

at 450 °C and reactor pressure of 0.5 mbar is shown in figure 5-11. The surface layer of this 

film contains 22.3 at% carbon, 46.3 at% oxygen, 16.1 at% lead, 8 at% zirconium and 7.4 at% 

titanium. 

After the wafer surface has been cleaned and the adsorbed surface contamination has 

been removed by Ar+ sputtering for 60 seconds the elemental composition of this PZT thin 

film is the following: C – 0 at%, O – 59.5 at%, Pb – 20.69 at%, Zr – 10.28 at%, and Ti – 

9.53at%. This film exhibits the lead-enriched morphotropic composition Pb1.05(Zr0.52Ti0.48)O3.   
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Figure 5-11: XPS spectra of a PZT thin film with a morphotropic composition. 

 

In a further deposition process the injection rate has been lowered by an order of 

magnitude in comparison to the sample discussed above (figure 5-8). The surface of the film 

is rather smooth. But, a second phase has been observed in the as-deposited film (figure 5-12). 

The XRD measurements presented in section 5.1.2.2 show that this second phase is crystalline 

lead oxide. 

The XPS-depth profile measurements (not shown) reveal that a high concentration of 

lead can be observed only at the surface region. This high amount of Pb near the surface may 

be due to the segregation of Pb at the surface of the PZT film. These excess Pb atoms can be 

easily oxidized to form PbO. 

Therefore, even though excess lead is necessary to stabilize the perovskite structure for 

this lead-based ceramic, a too high excess of lead in the layer may cause the formation of 

unwanted second phases. 

If the content of lead in the deposited film is lower as it is necessary to stabilize the 

perovskite structure, about 20 at%, the film will be amorphous and no crystal phases can be 

observed (see figure 5-13). 
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Figure 5-12:  SEM image of the substrate surface in the case of a negligible excess of lead in 

the film. Pb concentration is 21 at%. 

 
 

Figure 5-13:  Cross-sectional view of an amorphous PZT film deposited on a Ir/TiO2/SiO2/Si 

substrate. Pb concentration is 17 at%. 
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 5.1.2.2 Investigation of the Crystal Structure by X-ray Diffraction  

It is well-established that the apparent nucleation energy is much higher than the 

apparent grain-growth energy in PZT perovskite phase formation [90]. Peng and Desu have 

investigated the structure growth in PZT films by an optical method and have showed that the 

effective activation energies for the nucleation of perovskite are much higher than those for its 

growth [91]. In other words the nucleation energy is the primary barrier for the perovskite 

crystallization.  

In the phase evolution of PZT films, amorphous PZT films are first transformed into the 

pyrochlore phase, which is non-ferroelectric and metastable at low temperatures. The non-

ferroelectric pyrochlore phase is then transformed into the perovskite phase, which is 

ferroelectric and stable at high temperatures. Since the pyrochlore phase shows non-

ferroelectric properties, the pyrochlore phase should be minimized for obtaining high quality 

ferroelectric films. 

The perovskite phase is evolved from the pyrochlore phase by nucleation and grain 

growth [92]. The nuclei of the perovskite structure originate from the pyrochlore matrix and 

they grow until the film has completely changed to the ferroelectric perovskite phase. 

Figure 5-14 shows the X-ray diffraction patterns of as-deposited PZT films with 

different content of lead. 
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Figure 5-14:  XRD patterns of PZT films deposited on Ir coated Si substrates for different 

concentrations of lead. 
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The XRD analysis confirms our assumption concerning the phase composition of the 

deposited films in dependence on the dosage of the lead precursor. 

The presence of the perovskite phase is observed for all as-deposited films in which the 

concentration of lead is close or above 20 at%. It is generally known that the pyrochlore phase 

tends to be formed during PZT film fabrication at lower process temperature. The fact, that 

the peaks, which correspond to the pyrochlore phase, can not be detected in the XRD patterns 

of as-deposited films, proves that the thermal energy at a temperature of 450 °C is sufficient 

to obtain the perovskite phase in PZT films deposited by liquid-delivery MOCVD. 

The films with a lead concentration of 73 at% have not a preferred orientation. 

Additionally to (110), (101), (102)-textured PZT a significant peak at 29° is observed. This 

peak corresponds to lead oxide. The presence of the lead oxide phase is also observed in a 

film with 50 at% lead, and even after reducing the lead content down to 21 at%. Furthermore, 

in the film with a concentration of lead of about 50 at%, the intensity of the (102) peak is 

lower than for 73 at% lead and additionally the (100) peak appears. This shows that tetragonal 

and rhombohedral phases are present in the deposited film. The presence of these both phases 

is possible only close to the morphotropic phase boundary (MPB). The morphotropic phase 

boundary, therefore, should not be understood as a line but rather as a region in which the 

tetragonal and rhombohedral phases coexist. 

The results of XRD and SEM analyses indicate that the grown films are crystallized 

during PZT deposition and that the formation of the perovskite phase is completed without 

additional annealing. Also, the differences between the XRD-spectra of figure 5-14 indicate 

that the PbO formation depends on the deposition conditions of the MOCVD-PZT films. High 

lead concentrations may cause the formation of a lead-rich liquid phase during deposition and 

some of the liquid phase may crystallize to PbO at the surface during cooling down. Such 

formation of a lead rich liquid phase has been reported by many researchers, such as Kington 

et al (1983), Xu (1991), Kakegawa et al (1995) and Akbas et al (1995). They attributed the 

formation of this liquid phase to the low melting point of PbO [93]. 

If the concentration of lead is lower than it is necessary to stabilize the perovskite 

structure, the films are amorphous. Two peaks of high intensity near 40° are caused by the Ir-

bottom and by the Pt-top electrodes. 

Figure 5-15 shows the XRD patterns of a PZT film with a content of lead of 17 at% on a 

Ir/TiO2/SiO2/Si substrate which has been annealed at various temperatures ranging from     

600 °C to 800 °C. 
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Figure 5-15: XRD patterns of PZT films with deficiency of lead before and after annealing. 

 

As-deposited films with a deficiency of lead are amorphous and only the peaks caused 

by the Ir/TiO2 stack electrode can be observed. The PZT perovskite phase appears after 

annealing at 600 °C, and the PZT (101) peak is rather small. Additional to the perovskite PZT 

a pyrochlore phase appears at 600 °C. As the annealing temperature is increased, the (101) 

peak increases due to a further enhancement in crystallization. After annealing at 700 °C the 

increase of the peak which corresponds to the oriented pyrochlore phase confirms the 

preferred growth of the pyrochlore phase in the PZT film with an insufficient amount of lead. 

After annealing at 800 °C the (101) perovskite peak only increases very slightly while the 

pyrochlore peak grows strongly. The XRD results reveal that the films contain both, 

perovskite and pyrochlore phases, in the case of a lead lack. Post deposition annealing at 

higher temperatures can not vanish the non-ferroelectric pyrochlore phase but in contrary, it 

promotes the growth of it. 

Figure 5-16 shows the XRD patterns for a PZT thin film with 21 at% lead annealed at 

different temperatures. Already the as-deposited PZT film is crystalline and additionally to the 

(110) oriented perovskite phase a second phase of lead oxide can be observed due to the small 

excess of lead. Hendrickson et al. [94] report that a PbO layer on the top of the PZT thin films 
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results in improved properties and helps to prevent the formation of a pyrochlore surface layer 

during crystallization. After annealing the peak which corresponds to the (101) oriented 

tetragonal lead oxide has completely disappeared. Thus, post-deposition annealing can reduce 

a small amount of excess lead. The Pb1.05(Zr0.52Ti0.48)O3 films prepared on iridium layers are 

completely crystallized into the perovskite phase at the rather low annealing temperature of 

520 °C. 

Annealing of the thin films at 600°C results in the formation of the pyrochlore phase. 

The appearance of the pyrochlore phase in the annealed films is related to a significant 

decrease of lead concentration during the temperature treatment. The lead loss has also been 

observed in PZT-films fired in an air atmosphere by Torah et al. [95] and is attributed to the 

increased volatility of the PbO at annealing temperatures above 600 °C. 

The peak corresponding to the pyrochlore phase significantly increases after annealing 

the PZT films at 700 °C and 800 °C. The increase of the pyrochlore peak and the change of 

the orientation of the perovskite phase from (110) to (101) can be explained by the loss of 

lead. 
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Figure 5-16:  XRD pattern of PZT films with a composition close to the stoichiometric 

before and after annealing. 
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The shape of the XRD-pattern of the PZT film annealed at 800 °C is similar to the 

pattern of a film with a deficiency of lead. 

All XRD patterns of the annealed film in figures 5-15 and 5-16 show two strong peaks 

at 28.05° and 34.7° the height of which increases with the annealing temperature. These two 

peaks correspond to iridium oxide and indicate the oxidation of the bottom iridium electrode 

during the post-deposition annealing processes. There are two possible ways for iridium 

oxidation: thermal diffusion of oxygen from the gas ambient and thermal interdiffusion. It is 

assumed that the diffusion of oxygen through the PZT from the PZT surface is the oxygen 

source for the iridium oxidation. Molecular oxygen should be too large to diffuse in the PZT 

lattice [96]. Cross et al. report that the oxygen diffusion rate is related to the concentration of 

oxygen vacancies within the material and that the diffusion rate is temperature dependent 

[96]. Therefore one can conclude that oxygen vacancies may be present in the PZT films and 

that their density increases at elevated annealing temperatures. 

Previous studies have shown that oxygen plays a significant role in the growth of the 

PZT perovskite phase. The lack of oxygen, i.e. the movement of oxygen vacancies in the 

ferroelectric film have also been postulated to cause fatigue or polarization degradation 

[97,98]. 

 

5.1.2.3 Atomic Force Microscopy 

The surface morphology of the films has been characterized by atomic force microscopy 

(AFM) using contact and tapping modes. Figure 5-17 illustrates the surface morphology of 

PZT films with 17 at% Pb before and after annealing at 800 °C. Before annealing the films 

exhibit a dense microstructure with no cracks and voids. However, lot of the pockets of fine 

grains were observed in the PZT films annealed at 800 °C, which are attributed to the 

pyrochlore phase [92]. The number of large grains which correspond to the perovskite phase 

is very low. This confirms the predominant growth of crystals of the pyrochlore phase in the 

case of a lead deficiency. 

Figure 5-17(b) shows that two circular rosettes grow from the surrounding nanoscaled 

pyrochlore matrix and that a core exists at each rosette’s centre [99]. The respective average 

roughness (Ra) for these perovskite rosettes and the matrix are 14.96 and 1.4 nm. Formation 

of round grain structures, so-called “rosettes”, on the surface of PZT thin films prepared by a 

sol-gel process at a mole ratio Zr/Ti =52/48 have been also reported by several research 

groups [100,101]. Atsuki et al. attributed the rosette formation to a lead deficiency in the 

annealed PZT films [101].   
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a) 

 
b) 
 

Figure 5-17:  AFM images (plan view) of PZT (Pb: 17 at%) thin film surfaces before (a) and 

after annealing at 800 °C (b). 

 

The tilted AFM view of figure 5-18 indicates that the root mean square roughness (Rq) 

of the PZT film before annealing is 1.2 nm. After annealing at 800 °C the Rq-value increases 

up to 1.8 nm due to the formation of the crystalline perovskite (white area) and pyrochlore 

(dark area) phases. Crystalline perovskite appears in the AFM image as white area because of 

its large grain sizes. 

 
 

 
Figure 5-18:  AFM images (tilted view) of PZT (Pb: 17 at%) thin film surfaces before (a) 

and after annealing at 800 °C (b). 

a) b) 
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PZT thin films with a Pb content of 21 at% have also been investigated by AFM. Figure 

5-19 shows plan-view images of as-deposited and annealed (800 °C) films. The as-grown 

films show a dense structure without any rosette-type microstructures. The pyrochlore phase 

pockets can also be observed. 

It has been reported for PZT films, that the perovskite phase nucleates between the film 

and the substrate, and than grows towards the surface of the film [92,102,103]. 

However, the present films processed at 520 °C exhibit good ferroelectric properties 

(see section 5.1.3.1), indicating that the pyrochlore phase pockets are only confined to the 

surface of the films, and the bulk of the film predominantly shows the perovskite phase. As 

the annealing temperature is increased to 800 °C, a lot of fine grains which are attributed to 

the pyrochlore phase can be observed additionally to the large grains. 

 

 
a) 

 
b) 
 
 

Figure 5-19:  AFM images (plan view) of PZT (Pb: 21 at%) thin film surfaces 

before (a) and after annealing at 800 °C (b). 
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Figure 5-20: AFM images (tilted view) of PZT (Pb: 21 at%) thin film surfaces 

before (a) and after annealing at 800 °C (b). 

 

The tilted AFM view of figure 5-20 indicates that the root mean square roughness (Rq) 

of the PZT film before annealing was 1.2 nm. The Rq-value is the same as for PZT films with 

a lead deficiency. It is much lower as it should be for films with a perovskite structure [104]. 

This phenomenon can be explained by the presence of lead oxide crystals at the film surface. 

After annealing at 800 °C the value of the Rq increases up to 8.9 nm. This is due to 

disappearance of the lead oxide phase and to the formation of the crystalline perovskite and 

pyrochlore phases. 

 

5.1.3 Electrical Characterization 

The metal/PZT/metal structure was used in order to investigate the electrical properties. 

The top platinum or iridium contacts were deposited by PVD using shadow masks. After 

metallization, the wafers were divided into chips and the PZT film was etched off in one 

corner of a chip by an etch solution consisting of HNO3, HF and HCl (6%, 2% and 1%) acids. 

By doing so the Ir bottom electrode could be contacted. 

In the case of a high concentration of lead in the deposited film an electrical 

characterization could not be performed as the substrate surface of a such film was very rough 

and the top electrode metal did not adhere on the surface. 

Electrical measurements were carried out on films with concentrations of elements close 

to the stoichiometric (Pb: 21 at%) composition and on films with a small deficiency of lead 

(Pb: 17 at%). 

 

 

 

a) b) 



Chapter 5                                                                                                                                                78 

Results and Discussion 

5.1.3.1 Ferroelectric Properties 

Polarization versus applied electric field measurements have been carried out using the 

measurement set-up described in section 4.6.2. Figure 5-21 shows a typical hysteresis loop 

obtained for an as-deposited PZT thin film which shows a PbO phase additional to the 

ferroelectric perovskite phase. 

In such an as-deposited film the current due to ferroelectric switching is rather low in 

comparison to the leakage current. This explains the shape of the observed hysteresis loop of 

figure 5-21. It is severely depending on the Pb content of the film which can be adjusted by 

annealing and by the annealing temperature [105]. 

The high values of the leakage current can be understood by the presence of the 

additional PbO phase and are due to the increased length of the grain boundaries, which are 

well known as good leakage current paths. The leakage current increases linearly with the 

length of the grain boundary [106]. 
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Figure 5-21: Hysteresis loop of a capacitors with an as-deposited PZT film which exhibits 

an additional PbO phase. 
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After deposition PZT films with a lead content of 21 at% exhibit ferroelectric hysteresis 

loops as shown in figure 5-22. These films are good insulators with a leakage current density 

lower than 10-3 A/cm2 at an applied electric field of 200 kV/cm, see also section 5.1.3.2. 

A formation of lead oxide can not been observed on such a wafer. Only some small 

PbO-islands can be found on it. Therefore, good ferroelectric properties are related to PZT 

films free of lead oxide [105]. 
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Figure 5-22: Hysteresis loop of an as-grown PZT film showing no PbO phase. 
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Figure 5-23:  Ferroelectric hysteresis loop (a) and I-V characteristic (b) of a PZT film on an 

Ir/TiO2/SiO2/Si substrate after annealing at 520°C. 



Chapter 5                                                                                                                                                81 

Results and Discussion 

The Pb1.05(Zr0.52Ti0.48)O3 film annealed at 520 °C exhibits well-defined P-E hysteresis 

loops, see figure 5-23(a). This hysteresis loop has an almost rectangular shape, which is 

typical for Ti-rich PZT films. These films reveal a high remanent polarization of                    

Pr = 60 µC/cm2 and a coercive electric field of Ec = 200 kV/cm at an applied voltage of 3V. 

The well-saturated hysteresis loop of films annealed at 520 °C indicates that the films are 

predominantly in the perovskite phase. These values are much higher in comparison to those 

reported for PZT films prepared at lower temperatures by sputtering [44] or sol gel [46] 

techniques. 

Figure 5-23(b) shows a current density versus applied electric field strength 

characteristic of a PZT film annealed at 520 °C. This j versus E curve is monitored in parallel 

to the hysteresis curve of figure 5-23(a). It can be easily seen that the switching pulses 

correspond to the switching of the polarization of the ferroelectric film. 

After a subsequent annealing at 600 °C, the PZT films behave like a paraelectric with 

only a small ferroelectric contribution, as can be seen in figure 5-24. This behavior is due to a 

further phase and compositional change. 
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Figure 5-24: Typical polarization vs. applied electric field curve of a PZT film annealed 

at 600 °C. The Pb content is 21 at%. 
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Phase as well as a composition have been investigated by XRD and XPS, respectively. 

Films annealed at 600 °C show the non-ferroelectric pyrochlore phase combined with a 

deficiency of lead, see section 5.1.2.1 for XPS and section 5.1.2.2 for XRD results. This non-

ferroelectric pyrochlore phase is, therefore, responsible for these observed polarization versus 

applied electric field curves. 

The results of the ferroelectric measurements strongly differ for as-deposited PZT films 

with a too small lead content. As mentioned above in section 5.1.2.2, for as-grown PZT films 

with a concentration of lead of about 17 at% no peak which corresponds to crystalline lead 

zirconate titanate can be observed in the XRD pattern. As-deposited PZT films with 17 at% 

lead are amorphous. 

Figure 5-25 shows a typical polarization vs. applied electric field curve of an as-

deposited PZT film with 17 at% lead. It is not possible to recognize the typical ferroelectric 

loop. 

Amorphous films are, however, no good insulator; they conduct to some degree. This 

conduction is either linear, that is, proportional to the electric field, or nonlinear, then it obeys 

a power low. In the case of a linear dielectric with linear conduction, the straight line figure 

changes to an ellipse which is typical for a lossy linear capacitor. 
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Figure 5-25:  Typical polarization vs. applied electric field curve of an as-deposited PZT film 

with 17 at% lead. 
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 Results of the electrical measurements do not show any improvement of the 

ferroelectric properties after annealing. This can be understood by the preferred growth of the 

pyrochlore phase in PZT films with a low lead content. 

 

5.1.3.2 Fatigue Properties 

PZT films which have been investigated in this work show poor fatigue behaviour. 

Mostly this phenomenon is related to the interface between the PZT film and the electrode 

[107]. In devices with elemental metal electrodes, the polarization fatigue has been explained 

by the migration of oxygen to the electrode–ferroelectric interface and by the formation of 

oxygen vacancy clusters which can inhibit the switching [107]. Thermal interdiffusion of the 

oxygen in the lead zirconate titanate is proposed in section 5.1.2.2 as the most probable way 

for oxidation of iridium contacts. Furthermore, Desu et al. noted that a high concentration of 

oxygen vacancies in PZT films can result in PbO volatalization during annealing [108]. This 

process can be described by a quasi-chemical reaction (in Kroeger-Vink notation) as follows: 

 

PbPb + OO ↔ VO + VPb + PbO↑,                                            (1) 

 

where PbPb and OO represent occupied Pb and O sites in the lattice, respectively, VO and VPb 

represent vacancies of oxygen and lead, respectively [108]. 

A second possible explanation of fatigue involves the formation of layers at the 

electrode interfaces which effectively reduce the total electric field applied across the device 

or inhibit the nucleation of oppositely polarized domains [109,110]. 

Most probably, fatigue can be minimized by decreasing the oxygen vacancy 

concentration with donor doping (e.g., Nb) and by the use of conductive oxide electrodes 

(e.g., RuO2), as oxide electrodes do not consume oxygen at the electrode/ferroelectric 

interface in contrast to pure metal electrodes which can be oxidized during annealing. Formed 

oxygen vacancies represent potential volume traps and can contribute to a space charge build-

up which has a detrimental impact on fatigue. 

Insertion of a buffer layers which can prevent thermal interdiffusion between the film 

and electrodes may be effective for diminution of fatigue [111]. Another important aspect is 

the lowering of the annealing temperature as much as possible in order to reduce the lead 

losses. 
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5.1.3.3 Dielectric Properties 

The dielectric properties of PZT thin films have been determined with regard to the 

dielectric constant ε. The capacitance-voltage (C-V) measurements of the metal-ferroelectric-

metal (MFM) structure have been carried out at room temperature by using an Agilent 4284A 

Precision LCR Meter, for detailed information see section 4.6.2. 

For these measurements, Ir electrodes have been deposited on the top of the films 

through a shadow mask by physical vapor deposition. The area of the circular dots is in the 

range from 0.03 mm2 to 0.785 mm2. 

The value of the dielectric constant is strongly depending on the annealing temperature. 

An as-deposited film has a dielectric constant of about 50.  The dielectric constant of an as-

deposited PZT film of 21 at% lead seems to be constant regardless on the applied voltage (see 

figure 5-26). The dielectric constant has been calculated from the C-V characteristic of the   

Ir-PZT-Ir structures measured in positive (ε) and negative (ε’) directions of the applied 

voltage. 

Figure 5-27 shows the small signal dielectric constant as a function of the annealing 

temperature for a 120 nm thick PZT film with a lead content of 21 at%. 
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Figure 5-26: Dielectric constant of an as-deposited lead zirconate titanate film of 21 at%  

lead vs. the applied electric field. 
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Figure 5-27:  Dielectric properties of PZT (Pb: 21 at%) thin film at different annealing 

temperatures. 

 

After annealing the PZT films at 520 °C the dielectric constant slightly increases to        

ε = 70. At temperatures ranging from 520 °C to 570 °C the dielectric constant does not 

change. After annealing at 600 °C there is a significant increase in the dielectric constant, the 

value of ε is 140. At the highest annealing temperature investigated the dielectric constant 

reaches the value of 180. 

With the exception of the as-deposited films, for which ε is independent of the applied 

voltage (figure 5-26), all annealed PZT films show a hysteretic response in ε-E curves. 

Figure 5-28 presents ε-E characteristics of Ir/PZT/Ir capacitors annealed at temperatures 

ranging from 580 °C to 700 °C which have been calculated from C-V characteristics. The 

arrows indicate the direction of the plot. The butterfly shape of the curves confirms the 

ferroelectric nature of the film. The two maxima of the loop correspond to domain-switching 

voltages in forward and reverse directions where the polarization reversal takes place. The 

slight asymmetry in the ε-E curve may be due to different electrode/ferroelectric interfaces. 
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Figure 5-28:  Dielectric constant vs. electric field of lead zirconate titanate (Pb: 21 at%) 

capacitors measured at 100 kHz in dependence on annealing temperature. 
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Figure 5-29: Leakage current density vs. electric field characteristics of PZT (Pb: 21 at%) 

capacitors annealed at different temperatures. 
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The leakage current behavior is another important parameter for device applications. 

Figure 5-29 shows leakage current density vs. electric field characteristics of PZT capacitors 

with 21 at% lead before and after annealing. As can be seen in figure 5-29 the leakage current 

density is depending on the annealing temperature. An as-deposited film has a high value of 

the leakage current density of about 10-3 A/cm2 at an applied field of 150 kV/cm. The high 

values of the leakage current can be understood by the presence of the additional PbO phase 

in as-deposited PZT films with 21 at% lead. It has been shown in section 5.1.2.2 that an 

annealing of such films at high temperatures can improve their structural properties. Annealed 

PZT films also exhibit an improvement of the electrical properties. A temperature treatment 

of the deposited layers decreases the value of the leakage currents. The leakage current 

density of films annealed at 560 °C is lower than 10-6 A/cm2 at an applied field of 150 kV/cm, 

which is quite satisfactory for device application (figure 5-29). 

After annealing at 560 °C, the value of the leakage current density decreases from          

8·10-3 A/cm2 for as-deposited PZT films to 10-6 A/cm2. The decrease of the leakage current in 

the annealed films can be due to the disappearance of the lead oxide phase and to an 

improvement of the crystalline structure of the films. Annealing at higher temperatures in the 

range from 600 to 700 °C does not show any change of the leakage current behavior. 

Therefore, the electrical properties of PZT films can be improved at a temperature as low as 

560 °C. 

 

5.1.4 Summary 

After annealing at 520 °C (110) oriented Pb1.05(Zr0.52Ti0.48)O3 thin films having good 

structural and electrical properties have been successfully fabricated on Ir/TiO2/SiO2/Si 

substrates. This film exhibits a remanent polarization and a coercetive field strength of         

60 µC/cm2
 and 200 kV/cm, respectively, at an applied voltage of 3V. The dielectric constant 

of a PZT film with a lead content of 21 at% is 180. The leakage current density is lower than 

10-6
 A/cm2

 at an applied electric field of 150 kV/cm. The good structural, dielectric, and 

ferroelectric properties of the films treated at a low annealing temperature of 520 °C promise 

to solve major problems of PZT integration into high density memory devices. 

 
 

 



Chapter 5                                                                                                                                              88 

Results and Discussion 

5.2 Strontium Bismuth Tantalate 

The MOCVD process development has been carried out for various bismuth precursors. 

Their impact on composition and on structural and electrical properties of the grown 

strontium bismuth tantalate (SBT) films has been studied intensively. The one SBT layer of 

the composition Sr0.9Bi2.2Ta2O9 has been chosen to be the most suitable for applications in 

FRAM devices. 

  

5.2.1 Deposition Kinetics 

On the way to develop a MOCVD process for strontium bismuth tantalate, at first the 

MOCVD processes for Bi and Sr-Ta precursors have been investigated separately. Then SBT 

films have been grown. Figures 5-30 and 5-31 show the dependencies of the growth rates of 

bismuth oxide, strontium tantalate and SBT at different reactor temperatures for a reactor 

pressure of 0.35 mbar. 

In the case of triphenylbismuth (figure 5-30a) and triallylbismuth (figure 5-30b), the 

deposition rates of the bismuth oxide thin films are low, about 10 nm/h, even at elevated 

temperatures. Therefore, they can be considered to be almost not dependant on the deposition 

temperature, see figure 5-30. On the contrary, the growth rate of strontium tantalate films 

depends strongly on the substrate temperature. Three characteristic regimes can be determined 

for the Sr-Ta precursor. The first one is observed at low temperatures (350 – 450 °C). In this 

temperature range, the surface is not sufficiently activated; the deposition rate is rather low 

(about 12 nm/h) and slowly increases at elevated temperatures. In the second temperature 

range (450 – 550 °C), the process is reaction rate limited. The activation energy has been 

calculated in this temperature range and equals 45 kJ/mol (0.466 eV). Above 550 °C, the 

deposition rate saturates at 30 nm/h and a mass transport rate limited regime can be observed. 

The deposition rates of the SBT films grown by using triallylbismuth and 

triphenylbismuth are very low and range from 3 to 11 nm/h (figure 5-30a) and 5 to 8 nm/h 

(figure 5-30b), respectively. The growth rate vs. deposition temperature behavior is similar to 

the bismuth oxide deposition that slightly increases with increasing substrate temperature. But 

the deposition rate of the SBT film is lower than deposition rates of the single metal oxides. 

Due to these results these bismuth precursors have not considered for further work. The 

SBT growth experiments have been continued with the bismuth alkyl precursor 

tributylbismuth. 
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Figure 5-30: Growth rate of Bi2O3, SrTa2O6, and SBT thin films as a function of the substrate 

temperature at 0.35 mbar pressure: a) for triphenylbismuth and 

b) for triallylbismuth. 
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Figure 5-31: Growth rate of Bi2O3, SrTa2O6, and SBT thin films as a function of the substrate 

temperature at 0.35 mbar pressure for tributylbismuth. 

 
Tributylbismuth can be used in highly concentrated or pure form because of its higher 

stability. Contrary to triallylbismuth, the influence of the temperature on the growth rate is 

much stronger. As can be seen in figure 5-31, deposition rate of bismuth oxide from 

tributylbismuth varies from about 200 nm/h at a temperature of 500 °C up to 400 nm/h at   

550 °C. The growth rate of SBT is lower than the growth rate of the bismuth oxide as well as 

for triphenyl- and triallylbismuth. 

The growth rate of the pure Sr-Ta precursor is about the same as of the diluted Sr-Ta 

precursor, see figure 5-31. A difference between the pure and the diluted precursor is only 

evident at elevated temperatures (550 – 600 °C). 

Figure 5-32 shows the dependency of the deposition rates of strontium bismuth tantalate 

and strontium tantalate films on the work pressure in the reactor. Triallylbismuth has been 

used as a bismuth source. 

The growth rates of SBT as well as of SrTa2O6 thin films significantly depend on the 

deposition pressure. At 450 °C, the growth rate increases from 5 to 15 nm/h and from 12 to 35 

nm/h for SBT and Sr-Ta precursors, respectively (figure 5-32a). The deposition rate of SBT 

film rises from 7 to 45 nm/h at the temperature of 550 °C by increasing the pressure from  
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0.35  to 3.5 mbar (figure 5-32b). Figure 5-32b also shows that the growth rate of SBT is lower 

than the growth rate of strontium tantalate if triallylbismuth has been used as a bismuth 

source. 
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Figure 5-32: Growth rate of strontium tantalate and SBT thin films as a function of the 

pressure at substrate temperature of a) 450 °C and b) 550 °C. 
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Figure 5-33: SBT film thickness as a function of  the position on the wafer. The flow rate  

ratio of the Sr-Ta (0.1M) precursor to tributylbismuth (0.1M) is 1:1 in a) and  

1:2 in b). 

a) 

b) 



Chapter 5                                                                                                                                              93 

Results and Discussion 

However, another pressure related effect can be observed. Indeed, the deposition rate is 

enhanced by increasing the pressure, but the uniformity of the film thickness over the entire 

wafer is lowered. An increase of the substrate temperature improves the film uniformity only 

at reduced (0.35 mbar) pressure. The standard deviation of the films thickness decreases from 

7% at 350 °C to 3 – 4% at 550 °C. 

At higher pressure, the film thickness distribution is less homogeneous and the standard 

deviation of the film thickness exceeds 40 %. In this case, there is no correlation between the 

uniformity of the film thickness and the substrate temperature. 

The homogeneity of SBT thin films also significant depends on the ratio of the 

introduced precursors. A negligible excess of tributylbismuth is necessary to obtain thin SBT 

film with good homogeneity. If the ratio of the introduced precursors is 1:1, the surface of the 

deposited film has a concave form and the standard deviation of the film thickness is about 

5% (figure 5-33a). If the flow rate of tributylbismuth is increased, and its ratio to the Sr-Ta 

precursor is 2:1, a change of the film thickness distribution from a valley shaped to a hill 

shaped form is observed (figure 5-33b). After an improvement of the injection parameters, the 

value of the standard deviation of the film thickness is below 2 %. This optimized film 

thickness distribution is shown in figure 5-34. 

 

Figure 5-34: SBT film thickness as a function of the position on the wafer (150 mm 

diameter) after optimization of the injection conditions. 
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5.2.2 Chemical Composition 

In order to obtain further information about the chemical state of the deposited films,   

X-ray photoelectron spectroscopy (XPS) has been carried out. For detailed information about 

this method and applied measurement conditions see section 4.6.1.2. For the XPS analysis, 

SBT-2 and SBT-3 structures (compare section 4.3) have been prepared. 

Figure 5-35 shows the elemental composition of the SBT-2 thin film deposited using  

triallylbismuth as bismuth precursor. Due to a low thickness of this film, the underlying 

platinum electrode can be observed through the SBT layer. It has a concentration of about      

2 at% in the XPS spectrum. The surface concentrations of the other elements are as follows: 

Bi – 3 at%, C – 32 at%, Ta – 14 at%, Sr – 8 at%, and O – 41 at%. No more carbon can be 

observed after an initial Ar+ ion bombardment. This means that the substrate temperature and 

the oxygen content have been high enough for growing carbon-free films. 

The other components show a different behavior with increased sputter time. At first, 

the concentration of Sr, O, and Ta atoms increases, related to the disappearing of carbon. 

After that, the content of Sr, Ta and O decreases, while the Pt concentration strongly increases 

with sputtering time and depth. 
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Figure 5-35: Elemental composition of SBT-2 thin film (measured by XPS) as a function of 

Ar+ ion sputtering time. 
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The Ta concentration seems to be almost not affected by the strong increase of the Pt 

concentration, while the concentration of Sr, O and Bi decrease for sputtering times higher 

than 0,3 min in figure 5-35. One possible explanation for this high Ta concentration (about 10 

at%) in the Pt can be that the sputtering yield of Ta is three times lower than for the other 

elements and, consequently, Ta atoms are knocked on the Pt film. XPS measurements of SBT 

films deposited on uncoated silicon wafers (without a Pt electrode layer) also support this 

observation. A Ta concentration of about 9 at% has been detected in the silicon wafer volume 

while diffusion can be neglected at the process temperature of 450 °C [112]. 

The XPS spectra of SBT films grown by using triallylbismuth show a lack of bismuth, 

i.e. the ratio of the Bi atom concentration to the Ta atom concentration in SBT-2 (Bi/Ta) was 

only 0.25 (SrBi0.5Ta2O9), even though the concentration of the Bi precursor (0.1 mol/l) was 

two times higher than the concentration of the Sr-Ta precursor (0.05 mol/l) (for equal flow 

rates). 

The content of Bi in the SBT thin films depends strongly on the oxygen concentration in 

the deposition gas mixture. When no oxygen is added during thin film growth, the surface 

concentration of Bi is lower than 1 at%. The ratio of the bismuth to tantalum atom 

concentration in the layer has been about 0.05. 

According to M.A. Cameron’s model proposed for zirconium tetrabutoxide, the surface 

reaction may be partially poisoned by carbon [82]. After pyrolytic decomposition of the 

precursor at the surface adsorbed carbon atoms are not able to desorb at the chosen growth 

temperatures, and block adsorption sites lowering the bismuth oxide growth rate. 

In the case of tributylbismuth, the Bi/Ta ratio in the SBT film has been varied from 1.0 

to 1.3 (Sr0.9Bi2-2.6Ta2O9). The XPS peaks of Sr, Bi, Ta, Pt, O and C after different Ar+ ion 

sputtering times are presented in figure 5-36. The energetic positions of the Ta 4f5/2 (27.9 eV), 

Ta 4f7/2 (26.6 eV), Sr 3d3/2 (135.1 eV), Sr 3d5/2 (133.5 eV), Bi 4f5/2 (159.1 eV), and Bi 4f7/2 

(164.4 eV) peaks indicate that these elements are in the oxidized state. 

Different bond characteristics of Ta, Sr, and Bi are observed after Ar+ ion bombardment 

(see figure 5-36). The peaks of Sr, Ta, and Bi shift to lower energies. This means that the 

chemical state of Sr, Ta, and Bi changes from the oxide state to the metallic. This is due to a 

preferential sputtering of oxygen atoms [113]. 
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Figure 5-36: XPS peaks of Sr 3d, Bi 4f, Ta 4f, Pt 4f, O 1s, and C 1s after different Ar+ ion 

sputtering times. 

 

5.2.3 Structural Characterization 

Three phases, the fluorite, the pyrochlore and the bismuth layer-structured phase are 

known to exist in the strontium-bismuth-tantalum oxygen thin film system, but only the 

bismuth layer-structured SBT phase is known to have large ferroelectricity [114]. The 

crystallization route of SBT has been reported by several groups [115-118]. It is well known 

that before crystallization of the ferroelectric Aurivillius phase a metastable and non-

ferroelectric fluorite phase is obtained [117]. This crystallographic phase transformation from 

the fluorite to the Aurivillius phase starts at about 650 °C and is accompanied by a 

morphological change via a coexistence of both phases. 

Figure 5-37 shows X-ray diffraction patterns of SBT/Ir/TiO2/SiO2/Si structures before 

and after post-annealing processes. The films have been annealed in a conventional furnace at 

temperatures ranging from 700 °C to 800 °C under oxygen ambient for 15 min. The obtained 

results show that the crystalline phase of the SBT layers is highly affected by post-annealing. 

For the as-deposited state with a deposition temperature of 470 °C, four peaks marked 

by asterisks are observed together with the substrate peaks (marked by filled circles). Cho et 

al. attributed the two peaks at 33° and 56.05° to SBT (200) and SBT (400), respectively [119]. 
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Figure 5-37: XRD pattern of a SBT thin film deposited at 470°C; as deposited - fluorite  

phase → annealed at 750°C - perovskite phase. 

 
However, it was found out by other researchers [120,121] that Cho et al. [119] have 

been fallen into an error in the interpretation of the XRD data. Hyun et al. suggested that the 

as-deposited SBT films consist of a fluorite-like phase [121]. Correspondence of the peaks at 

33° and 56.05° to the fluorite phase was also noted by Koiwa et al. [122], Lee et al. [115], 

Nukaga et al. [114] etc. These authors attribute the formation of the fluorite phase to an 

excess of bismuth in the grown films. The lack of the diffraction peak at 29.2° indicates that 

the as-deposited film does not have a pyrochlore structure. Therefore, as-grown SBT thin 

films show only the crystalline fluorite phase. 

After annealing of the obtained structures at 700 °C two strong peaks at 2θ=34.7° and 

2θ=54.02° appear. These two peaks indicate an oxidation of the bottom electrode and a 

formation of crystalline iridium oxide. A small change of the peak shapes observed at 

2θ=29.7°, 32.8°, 48.7°, and 57.75° indicates the beginning of the crystallization of the SBT 

film to the polycrystalline perovskite structure. A coexistence of the fluorite and the 

perovskite SBT phases in the films annealed at 700 °C has also been observed by other 

researchers [114,115,122].  
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As can be seen in figure 5-37, SBT films annealed at 750 °C are completely crystallized 

in the perovskite phase. It is not possible to detect the presence of the fluorite phase by XRD. 

An increased height of the iridium oxide peaks and the appearance of new peaks at 2θ=28.5° 

and 58.5° correspond to a promoted growth of iridium oxide during annealing of the prepared 

structures at 750 °C. 

Annealing at 800 °C does not result in a remarkable change in the XRD profiles of the 

films in comparison to those annealed at 750 °C. Therefore, it can be concluded that SBT 

films deposited by MOCVD are completely crystallized in the ferroelectric Aurivillius phase 

after annealing at temperatures at 750 °C. The absence of the pyrochlore peak after annealing 

at 800 °C indicates that bismuth has not been lost even after the high temperature treatment. A 

decrease of the bismuth content and a change from the ferroelectric perovskite to the 

paraelectric pyrochlore structure have been reported by Takahashi et al. [123] for SBT films 

prepared by the metalorganic decomposition method as they have increased the annealing 

temperature. Also, the formation of the pyrochlore phase, which is a Bi-deficient phase, has 

been identified by Jung et al. [116] for films annealed at 730 °C for times longer than 40 min.  

Figure 5-38 shows the morphology of SBT films annealed at a temperature of 750 °C. 

The Aurivillius phase consists of large grains. In contrast, the fluorite phase is always 

represented by very small and circular shaped grains [117]. In the XRD pattern of the as-

deposited film the fluorite peaks are higher and broader. 

Corresponding to Scherer’s formula the broad peaks are related to a very fine crystallite 

grain size: 

Dhkl = 
)cos(

9.0

hklhkl θβ
λ ,                                                     (2) 

 

where λ is the wavelength of the incident radiation, βhkl is the full width at the half maximum 

of the peak in radians, and θhkl is the Bragg angle. 

The grain size has been estimated from the widths at half maximum of the peaks by 

Scherer’s formula. The  peaks (115) and (200) of the XRD pattern of the films have been used 

to calculate the average grain size. The average grain size of SBT films increases with 

increasing annealing temperature and is approximately 175 nm for SBT thin films annealed at 

800 °C. Calculated grain sizes for films of this work agree well with SEM measurements and 

are close to the results presented by Nukaga et al. [118] and Yang et al. [124] for well 

crystallized SBT films. 
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SEM investigations show also that the grain sizes of SBT films decrease with lower film 

thickness and deposition temperature. 

 

 
 

Figure 5-38: SEM picture of a SBT thin film grown on a Ir/TiO2/SiO2 bottom electrode and 

annealed at 750 °C. 

 

5.2.4 Electrical Characterization 

Figure 5-39 shows a typical hysteresis curve of a SBT film deposited with 

triallylbismuth as Bi precursor. With this precursor the SBT films have a deficit of Bi. As can 

be seen in the figure 5-39 the loop does not saturate. An annealing of such structures does not 

result in any improvement of the electrical properties. The poor ferroelectric properties of the 

SBT films grown by using triallylbismuth can be easily explained by the deficiency of 

bismuth in the layer. Jung et al. [116] and Koiwa et al. [125] have noted in their works that 

the formation of the ferroelectric Aurivillius phase in SBT is only possible in the case of a 

small excess of bismuth. After annealing at high temperatures the fluorite phase changes to 

the non-ferroelectric pyrochlore phase if the concentration of bismuth is too low [117,123]. 

In figure 5-40 a typical hysteresis curve of a SBT film which has been grown with 

tributylbismuth is presented. The film composition is Sr0.9Bi2.2Ta2O9. 

SBT 

Ir 

SiO2 

←TiO2 
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Figure 5-39:  Typical hysteresis loop of SBT films (Bi/Ta ratio – 0.4) deposited from 

triallylbismuth and annealed at 750 °C temperature in air. 
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Figure 5-40:  Hysteresis loops of SBT films deposited from tributylbismuth and annealed at 

different temperatures in an oxygen containing ambient. 
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These ferroelectric hysteresis loops of figure 5-40 are obtained for samples which have 

been annealed at 700 °C and 750 °C. The hysteresis loop of the SBT film annealed at 750 °C 

is well saturated; the values of the remanent polarization 2Pr and of the coercive field strength 

are 7 µC/cm2 and 100 kV/cm, respectively. Obtained results are close to results presented by 

Nukaga et al. [118] for SBT films with a Bi/Ta ratio about 1.2. The slight asymmetry in the   

P–E curve may be due to different electrode/ferroelectric interfaces. 

SBT thin films annealed at 750 °C also exhibit good fatigue properties. Figure 5-41 

shows remanent polarization versus switching cycles in a logarithmic scale. Fatigue is found 

to be about 4% after 109 cycles. 

The oxygen vacancy ordering mechanism which is proposed in this work for perovskite 

titanates such as PZT (see section 5.1.3.1) is inoperative in Aurivillius layer structures such as 

SrBi2Ta2O9 (SBT) since the oxygen vacancies in a such system prefer sites in the Bi2O2 

planes. Thus their impact on the polarization is negligible, and does not take place within the 

SrTaO3 octahedra which control the ferroelectric polarization switching of the Ta–O bonds. 

This is the primary reason why SBT films do not fatigue [126]. 
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Figure 5-41: Fatigue characteristic of a SBT film annealed at 750 °C. 
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Figure 5-42:  Dielectric constant of SBT films annealed at 800°C versus the applied voltage, 

#15 – contact in the center of the chip, #20 – contact in the corner of the chip. 

 

Figure 5-42 shows the dielectric response of Ir/SrBi2Ta2O9/Ir capacitors. The dielectric 

properties have been measured at a frequency of 100 kHz (for detailed measurement 

conditions see section 4.6.2). The dielectric constant of SBT thin films is in the range of 300 

to 335. These values are found to be close to those reported by Li et al. [127] for SrBi2Ta2O9 

thin films with an excess concentration of bismuth of about 15-25%. 

The leakage current of the high ε oxide materials is a limiting factor for DRAM memory 

applications as the stored charge can leak through a capacitor due to excessive leakage current 

making the binary state unrecognizable. The leakage current behavior of SrBi2Ta2O9 thin 

films which also can find an application as high ε materials has been analyzed by applying dc 

voltages with a step width of 0.2 V and a measurement time of 30 ms. A typical current 

density vs. field strength curve of a Sr0.9Bi2.2Ta2O9 film annealed at 750 °C is presented in 

figure 5-43. The leakage current density of the films is lower than 10-6 A/cm2 up to an applied 

electric field of 200 kV/cm. The leakage current behavior is similar to those observed by 

Koiwa et al. in their sol-gel derived SBT films [125] and by Li et al. in SBT films deposited 

by metalorganic decomposition technique [127]. 
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Figure 5-43. Leakage current density of Sr0.9Bi2.2Ta2O9 thin films annealed at 750 °C. 
 

 

 

5.2.5 Summary 

 

The right choice of the bismuth precursors is very important for the fabrication of SBT 

thin films by MOCVD. The low growth rates of bismuth oxide from triallylbismuth and 

triphenylbismuth show that these both precursors are not favourable. Stoichiometric SBT-

films, however, can be obtained by using tributhylbismuth. 

As-deposited SBT-films are polycrystalline and only show the presence of the fluorite 

phase as determined by XRD. The formation of the ferroelectric perovskite phase starts after a 

temperature treatment at 700 °C. Additionally to the peaks of the perovskite SBT phase strong 

peaks of iridium oxide can be observed in the XRD patterns of structures annealed at 750 °C 

and 800 °C.  

The value of the remanent polarization 2Pr and coercive field strength are 7µC/cm2 and 

100 kV/cm, respectively. Fatigue is found to be as low as about 4% after 109 cycles. 
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Chapter 6 Conclusions 

The main objectives of this research have been to develop a low temperature liquid 

delivery metalorganic chemical vapor deposition process of ferroelectric materials for high 

density FRAM applications, and to investigate the structural and electrical properties of 

obtained materials. Two kinds of ferroelectric materials have been investigated as capacitor 

materials, namely PZT based and SBT based ferroelectric materials. 

 

From the results and discussion given in previous chapters, the following conclusions 

can be made: 

Highly oriented Ti-rich lead zirconate titanate (PZT) films have been successfully 

prepared on Ir/TiO2/SiO2/Si substrates at a low annealing temperature of 520 °C by a 

MOCVD processing. Their structural and electrical properties have been systematically 

investigated as a function of composition and annealing temperature. 

 

Content of lead in the deposited films plays an important role for obtaining the PZT 

films with good ferroelectric properties. As-deposited films are amorphous if the 

concentration of the lead is lower than 20 at%. Annealing of the lead-poor films result in 

formation of non-ferroelectric pyrochlore phase, leakage currents in annealed films have been 

so high, that the hysteresis loop has an elliptical shape which is characteristic for “loose 

capacitors” which are distinguished by their rather high leakage current. 

The films are polycrystalline and the formation of a second phase has been observed if 

content of lead has been too high. The XRD analysis shows that the second phase is lead 

oxide. In the case of a huge excess of lead the surface of the deposited films is very rough 

because leaf-shaped lead oxide crystals have grown. The films with such morphology of the 

surface are not acceptable for the fabrication of the test capacitors and, consequently, for 

further investigations of their electrical properties. 

  A negligible excess of lead has been necessary to stabilize the perovskite structure in 

the deposited PZT films. As mentioned above, in the case of an excess of lead the formation 

of the lead oxide phase in the deposited films occurs. The XPS analysis and the SEM 

investigations show that the formation of the lead oxide phase has taken place only at the film 

surface and has a partial character. After annealing at 520 °C PZT films are preferentially 

(110) oriented and no second phase can be observed. 
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Since the volatility of PbO rapidly increases at 600 °C, after annealing of the PZT films 

at 600 °C a peak appears in the XRD spectra which corresponds to the pyrochlore phase. The 

pyrochlore phase is formed in the case of a lead deficiency; annealing at higher temperatures 

leads to the decrease of Pb and, therefore, to an increase of the pyrochlore phase in the films. 

Both, an excess and a deficiency of Pb result in inferior ferroelectric properties so that 

careful control of all parameters of the fabrication process is essential. 

The PZT films on Ir/TiO2/SiO2/Si substrate exhibit good ferroelectric properties. The 

remanent polarization has a value of 60 µC/cm2
 and coercive electric field a value of           

200 kV/cm. The leakage current density at an applied voltage of 150 kV/cm is as low as   

1·10-6
 A/cm2. 

 

SrBi2Ta2O9, which is one of the bismuth layered-structure compounds, has been 

successfully prepared on Ir-coated Si and Si (100) substrates at the low processing 

temperature of 450 °C by liquid delivery metalorganic chemical vapor deposition (LD-

MOCVD). 

 

The ferroelectric test capacitors have showed excellent dielectric, insulating, and 

ferroelectric properties. The dielectric constant does not show any appreciable dispersion with 

frequency up to about 1 MHz indicating good ferroelectric/electrode-barrier/Si interfacial 

characteristics. 

The typically measured 2Pr and Ec values are 7 µC/cm2
 and 100 kV/cm, respectively, at 

an applied electric field of 500 kV/cm. At this field strength, the leakage current density is 

lower than 10-6
 A/cm2. SrBi2Ta2O9 films exhibit high dielectric constants of about 300.  The 

switching degradation of the polarization state has been found to be less than 4 % after about 

109
 polarization reversing switching cycles. 

The SBT thin films prepared on Ir-coated silicon substrates show a random orientation 

of their crystalline grains over the whole composition range. SBT films prepared on Si (100) 

by simple MOCVD technique have not exhibited ferroelectricity, which might be attributed to 

the extrinsic stress and extremely small grains. 

Low processing temperature at 450 °C, good structural, insulating, and ferroelectric 

properties of SBT thin films are promising results for the further integration of ferroelectric 

SBT capacitors in the ultra large scale integrated non-volatile random access memory cell 

structures. 
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