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Abstract 

 

Ferroelectrics are materials with a number of interesting properties for a wide range of 

applications. Many ceramics with good ferroelectric characteristics have been developed but 

most are based on lead, which is a toxic material and whose usage is now restricted in the EU. 

A strong candidate to replace these materials is NaxK1-xNbO3 (NKN) which exhibits attractive 

piezo- and ferroelectric properties. Most of the research on this subject was conducted on bulk 

ceramic samples. 

Thin films of Na0.5K0.5NbO3 were grown on Pt/Si and sapphire substrates by Pulsed Laser 

Deposition. The effect of the deposition parameters was investigated. An ideal deposition 

pressure of 0.2 mbar for the present PLD system was determined and the temperature above 

which widespread crystallization begins was found to be in the 500ºC-530ºC range. Fully 

developed crystallites were observed with SEM for films grown at 600ºC. Film thicknesses of up 

to 500nm were obtained from ellipsometric spectra. Transmission, absorption and reflection 

measurements allowed the energy gap to be estimated, with values in the 3.4-3.9 eV range. 

EDS revealed that unwanted evaporation of Na and K took place, leaving an excess of Nb. C-f 

and R-f measurements showed the poorly resistive (leaky) nature of the films, with high values 

of loss tangent. We suggest that future work invests time on improving the stoichiometry of the 

films. 
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Resumo 

 

Os Ferroeléctricos são materiais com várias propriedades interessantes para uma vasta 

gama de aplicações. Muitas cerâmicas com boas características ferroeléctricas já foram 

desenvolvidas mas baseiam-se, na sua maioria, em chumbo, que é um material tóxico e cuja 

utilização foi restringida na UE. Um forte candidato para substituir estes materiais é o NaxK1-

xNbO3 (NKN) que demonstra propriedades ferroeléctricas interessantes. A maior parte da 

investigação sobre esta questão baseou-se em amostras bulk desta cerâmica. 

Filmes finos de Na0.5K0.5NbO3 foram produzidos em substratos de Pt/Si e safira por 

Pulsed Laser Deposition. O efeito dos parâmetros de deposição foi investigado. Foi 

determinada uma pressão de deposição ideal para este sistema de deposição de 0.2 mbar e 

descobriu-se que a temperatura acima da qual cristalização em massa começa pertence ao 

intervalo 500ºC-530ºC. Cristais completamente desenvolvidos foram observados por SEM em 

filmes depositados a 600ºC. Espessuras de até 500 nm foram obtidas com base em espectros 

de elipsometria. Medidas de transmissão, reflexão e absorção permitiram estimar o gap de 

energia, em valores no intervalo 3.4-3.9 eV. EDS revelou que ocorreu evaporação indesejada 

de Na e K, deixando um excesso de Nb. Medidas de C-f e R-f evidenciaram a natureza pouco 

resistiva dos filmes, com elevados valores de perdas. Sugerimos que trabalho futuro invista em 

resolver o problema da estequiometria. 
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1 Introduction 

 

Ferroelectrics are materials with a number of interesting properties that make them very 

sought after for a wide range of applications by scientific community and industry alike. Their 

responsiveness has earned them a place among the so-called “smart materials”: these 

materials respond to applied mechanical stress by exhibiting a polarization (direct piezoelectric 

effect), to an applied electric field by undergoing strain (converse piezoelectric effect), and have 

a temperature dependent spontaneous polarization (pyroelectricity) whose direction can be 

switched by an applied electric field (ferroelectricity). 

Since the discovery of piezoelectricity in 1880 by Jacques and Pierre Curie and the first 

experimental confirmation of ferroelectricity in Rochelle salt by Valasek in 1920, this subject has 

drawn the attention of the scientific community and a number of important applications have 

been developed, among which high dielectric-constant capacitors, piezoelectric sonar and ultra-

sonic transducers, radio and communication filters, medical diagnostic transducers, gas igniters, 

ultrasonic motors and ferroelectric thin-film memories can be counted.  

Simultaneously the search for better ferroelectric materials was ongoing. BaTiO3, 

(Ba,Sr)TiO3 (BST), Pb[ZrxTi1-x]O3 (PZT), Pb1-xLax(Zr1-y,Tiy)1-x/4Vx/4O3 (PLZT), Pb(MgxNb1-x)O3 

(PMN) and more recently (Pbx,Sr1-x)TiO3 (PST) are some of the most successful ferroelectric 

ceramics and deserved the attention of scientists in the last decades. However, despite their 

attractive ferroelectric properties these materials (especially the ones based on lead) have a 

hazardous impact on the environment and their usage has become increasingly restricted by 

legislation such as European Union’s (EU) 2006 Waste Electrical and Electronic Equipment 

(WEEE) and Restriction of the use of certain Hazardous Materials (RoHS) initiatives. 

Additionally, the recent trend in medical investigation of looking for ways to incorporate in 

human beings devices that can help monitor bodily functions has led to renewed interest in 

ferroelectric materials and, due to their toxicity, the usage of this kind of ceramic is not 

acceptable. 

Among the lead-free materials that have been suggested as replacement are the ones 

that belong to a family represented by the chemical formula NaxK1-xNbO3 also known as NKN. 

The ferroelectric properties of these materials, while not as good as those of lead-based 

materials, are attractive, nonetheless, and for the last 15 years these ceramics have been 

investigated, especially in their thin film form.  

Various techniques have been employed to prepare NKN thin films, such as RF 

Magnetron Sputtering, Sol-gel methods and Chemical Vapor Deposition (CVD) (and its 

derivatives). Another technique, Pulsed Laser Deposition (PLD), is also common due to its 

versatility, ease of use, cost effectiveness and ability to grow films with stoichiometric ratios very 

similar to those of the targets that originated them. 

This thesis focuses on NKN thin films and their preparation by PLD and investigates the 

effects of deposition parameters on the structure, morphology, and composition of these films. 

http://en.wikipedia.org/wiki/Lead
http://en.wikipedia.org/wiki/Zirconium
http://en.wikipedia.org/wiki/Titanium
http://en.wikipedia.org/wiki/Oxygen
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Films were grown using the PLD system of Dr. Reinhard Schwarz’s group at the Physics 

Department of IST. The chosen NKN target was Na0.5K0.5NbO3 supplied by the group of Dr. 

Andrei Kholkin from University of Aveiro. 

A variety of characterization techniques were employed, among which SEM, AFM, XRD, 

EDS and Spectral Ellipsometry. Optical transmission, reflection and absorption were also 

studied. Finally, characterization of electrical properties of the films was attempted. 

From the beginning it was understood that the available PLD equipment and setup was 

not yet optimal. Thinking of ways to improve its performance during the course of the 

experimental work was a secondary but important goal. 

This thesis consists of 7 chapters including this introduction. Chapter 2 introduces the 

reader to the history of ferroelectrics, explains general electrical and optical properties of 

ferroelectrics, identifies the key differences between ferroelectrics in their single-crystal, bulk 

ceramic and thin film forms and describes the various families of ferroelectric materials. Chapter 

3 focus on NKN and explains in more detail the motivation behind the ongoing research of this 

ceramic, its main properties and thin film growth techniques that have been applied to NKN. 

Chapter 4 describes the principles behind the characterization techniques used in this 

experimental work and names the equipment used in each case. Chapter 5 describes the PLD 

system we used, the target preparation process and explains in detail the experimental 

procedure. Chapter 6 presents a selection of the results of this work as well as their discussion. 

Finally Chapter 7 concludes this thesis and suggests both solutions to the problems faced 

throughout the whole process and new possibilities of investigation. 
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2 Ferroelectric Materials 

 

Ferroelectric materials are interesting for their unusual combination of properties. As a 

result of being simultaneously dielectric, piezoelectric and pyroelectric, these materials are 

known to be very functional and useful in a wide range of applications. In fact, ferroelectrics (or 

“smart materials” as they are also known) are expected to be key components in both the 

performance improvement of existing technology and in the development of future technologies. 

Of special note are the advances in memory devices such as DRAMs and non-volatile FeRAMs 

[1,2], infrared sensors, optical waveguides and modulators, resonators, filters, actuators and 

microelectromechanical systems (MEMS) [3]. 

Throughout this chapter the main properties of ferroelectrics and the underlying physics 

will be described after a brief historical introduction. The chapter finishes with a comparison of 

monocrystals, bulk ceramics and thin-films and an introduction to the different ferroelectric 

families. 

 

2.1 History of Ferroelectrics 

 

The first material to be classified as ferroelectric was Rochelle salt (NaKC4H4O6·4H2O). 

This salt, isolated for the first time in the XVII century by Elie Seignette, was later studied by 

David Brewster who, in 1824, observed pyroelectricity (a phenomenon known since the 

Antiquity and studied since the previous century) in various crystals, among which Rochelle salt. 

This material would once again draw the attention of physicists after 1880, when Pierre and 

Jacques Curie not only discovered the piezoelectric effect but also proved that this salt was 

piezoelectric too. In 1894, Pockels measured its piezoelectric constants for the first time and 

reported that these were unusually high [4].  

The study of piezoelectric materials continued and, in 1912, Peter Debye put forward the 

idea that some molecules carried a permanent electric dipole moment, in analogy to the 

magnetic moment of paramagnetic substances. Inspired by Langevin’s theory of 

paramagnetism, he also derived the equation           ⁄      ⁄ , in which ɛ is dielectric 

constant of the material, a is proportional to the density of the substance and b to the square of 

electric dipole moment and which relates the dielectric permittivity of the material with 

temperature. This, in turn, led him to conclude that at a temperature          ⁄  the 

dielectric constant would reach infinity, a result which he correctly interpreted as meaning that 

TK was analogous to the Curie temperature of ferromagnets. Moreover, Debye realized that for 

temperatures below this critical point, a permanent dielectric polarization was to be expected 

even in the absence of an electric field even though no such observation had been made until 

then. That same year, Erwin Schrödinger sought to extend Debye’s model to include solids. 

Among his contributions was the new word “ferroelectric”, which he used to describe these 

materials. 



4 

 

World War I became the set for the development of the first applications based on 

piezoelectric materials. The dawn of submarine warfare brought along the need for devices that 

could detect these vessels. The first such devices were invented independently by A.M. 

Nicholson and Paul Langevin and consisted of a thin layer of quartz glued between steel plates.  

In 1920, Joseph Valasek brought Rochelle salt once again to the attention of the scientific 

community when he suggested for the first time that polarization was the natural state of this 

material and published its hysteresis. This marked the first time that the hysteresis loop of a 

ferroelectric material was published. Valasek also published a plot of the piezoelectric response 

as a function of temperature. As result of these studies the word ferroelectric gained popularity 

[5]. 

Rochelle salt, was until then, the only known ferroelectric but soon the question of 

whether it was the only arose. Paul Scherrer and his student Georg Busch took the matter into 

their own hands and found in the salt KH2PO4 a prime candidate. An ɛ of 30 was reported and in 

1935 the two physicists proved that the material was indeed ferroelectric. Busch also suggested 

that the hydrogen bonds between adjacent oxygen atoms were the responsible for 

ferroelectricity. 

The breakout of World War 2 led to a period of heightened scientific and technological 

research. In the case of ferroelectric materials this meant the discovery of BaTiO3, the first man-

made perovskite. BaTiO3 was exceptional because of its unusually high dielectric constant of 

around 1000, at least roughly 10 times higher than that of any other ceramic known at the time. 

In 1945, ferroelectric switching behavior was demonstrated in this material. This finding was an 

important milestone because, for the first time, ferroelectricity had been demonstrated in simple 

oxides, i.e., in materials without hydrogen bonds. Furthermore, the discovery of this new kind of 

ferroelectric materials prompted A.F. Devonshire to develop a phenomenological theory of 

ferroelectrics. This new theory built upon the ideas of Landau and Ginzburg and is now known 

as LGDT (Landau-Ginzburg-Devonshire Theory). To this day, LGDT remains the most powerful 

theoretical framework for understanding ferroelectrics [6]. 

After the end of the war, research continued with the development of high capacitance, 

small volume capacitors, active elements for phonograph pick-ups, accelerometers, ultrasonic 

generators, underwater sonar and many other applications. Simultaneously, the search for 

better ferroelectrics continued. BST followed in BaTiO3’s footsteps but the high growth 

temperatures and high leakage current densities proved to be major obstacles in using this 

material in DRAMs or semiconductor devices. A suitable replacement was found in PST a new 

perovskite with lower growth temperatures, lower losses and tunability of roughly 80%. However, 

despite its promising attributes, the fact that PST contains lead is looked down on due to 

environmental concerns. For this reason, the ferroelectrics community has been simultaneously 

researching new, lead free, materials that could address these concerns while being useful for 

technological applications. Among such materials is NKN, the object of study of this thesis.  
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2.2 Properties of Ferroelectrics 

 

2.2.1 Piezoelectric Effect 

 

The piezoelectric effect arises due to the coupling of electrical behavior and Hooke’s law 

in a dielectric material. As a result of this coupling the charge density D of a material becomes 

linearly dependent on an applied stress T (direct piezoelectric effect) and, in turn, the strain S 

shows a linear dependency on the applied electric field, E (converse piezoelectric effect). 

Mathematically, we have [7]: 

 

 [ ]  [ ][ ]  [  ][ ] (direct) 2.1.  

 [ ]  [  ][ ]  [ ] [ ] (converse) 2.2.  

 

Where [ɛ
T
] is the matrix of dielectric permittivity, [s

E
] the matrix of material compliance (the 

inverse of stiffness, in m/N) and [d] is the matrix of piezoelectric coefficients. Even though the 

piezoelectric coefficients are equal in both the direct and the converse piezoelectric effect, 

typically they are expressed in pC/N when the direct effect is being discussed and in pm/V in 

the other case [8]. The superscripts T and E indicate quantities held constant, whereas t 

indicates a transpose matrix. To illustrate with an example and using Voigt’s notation, equations 

2.1 and 2.2 can be written more explicitly for a tetragonal structure as follows: 
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The indices are defined with respect to an orthogonal coordinate system, so that, for instance, 

D3 represents the component of charge density along the z-direction. Axes of coordinate 

systems are usually oriented either along crystallographic axes of a crystal, with the z-axis 

along the polarization direction of ceramics or, in the case of thin films, with the z-axis 

perpendicular to the plane of the film [9]. Coefficients d15 and d24 are known as shear 

coefficients. 
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 Of the 32 crystal point groups, all but the 11 centrosymmetric groups and the point 

group 432 are capable of exhibiting the piezoelectric effect. Examples of piezoelectric materials 

include quartz, ZnO and PZT (Pb(Sr,Ti)O3). [9]. 

 

2.2.2 Pyroelectric Effect  

 

Some materials are known for exhibiting an electric dipole moment and, consequently a 

polarization even in the absence of an external electric field.  This polarization is known as 

spontaneous polarization, PS. It is usually masked by twinning or by surface charge and is only 

revealed by heating the material [10]. Due to this constraint, it is more useful from the 

experimental point of view to define the pyroelectric effect as the change of PS as a function of 

temperature: 

    
     
  

 2.5.  

 

Where pi (Cm
-2

K
-1

) is the vector of pyroelectric coefficients. 

Pyroelectric materials belong to 10 polar crystallographic point groups which are a subset 

of noncentrosymmetric point groups. As such, pyroelectric materials are also piezoelectric. 

Apart from being piezoelectric, as mentioned above, ZnO and PZT are also pyroelectric 

materials [9]. Other examples include tourmaline and wurtzite [8]. 

 

2.2.3 Ferroelectrics 

 

 

 

Fig 2.1 – Relationship between piezo-, pyro- and ferroelectrics. 
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Ferroelectrics are pyroelectric materials whose spontaneous electric dipoles can be 

reversed by an electric field of magnitude less than the dielectric breakdown of the material. 

Fig. 2.1 illustrates the relationship between piezo-, pyro- and ferroelectric materials. It 

also lists four subtypes of ferroelectric ceramics belonging to the so-called corner sharing 

octahedra group: tungsten-bronze group, the oxygen octahedral group, the pyrochlore group 

and the bismuth layer-structure. From the economical point of view, the second, that includes 

the ABO3 perovskite group, is the most important, with the six families of compositions listed 

below it counting as the most manufactured ferroelectrics in the world [8]. 

 

2.2.4 The Curie Point 

 

Most ferroelectric materials undergo a phase transition from a high-temperature non-

ferroelectric (paraelectric) to a low temperature ferroelectric phase which, invariably, has lower 

symmetry than the high temperature phase. Additionally, the paraelectric phase may be 

piezoelectric or not and is rarely polar. The temperature at which this transition occurs is called 

the Curie point, TC. Some ferroelectrics undergo other phase transitions at even lower 

temperatures. In some cases, e.g. that of BaTiO3, these phase transitions lead to other 

ferroelectric phases (see Fig. 2.2a). Despite this, only the temperature at which the first 

transition to a ferroelectric state occurs is known as Curie point. In other cases, such as that of 

Rochelle salt, the material may return to a non-ferroelectric phase (see Fig. 2.2b). In most 

ferroelectrics, the temperature dependence of the dielectric constant above the Curie 

temperature can be described reasonably accurately by the Curie-Weiss law: 

 

      
 

    
                2.6.  

 

where C is the Curie constant, T the temperature and T0 is the Curie-Weiss temperature which 

is not necessarily the same as TC. In the case of a first order phase transition, i.e., when the 

spontaneous polarization is discontinuous at the transition temperature, T0<TC. On the other 

hand, if the phase transition is of the second order, i.e, if the spontaneous polarization is 

continuous but not its first derivative, then T0=TC  [9]. 
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(a) 

 

 

 

(b) 

 

Fig. 2.2 – Dielectric constant as a function of temperature for (a) Rochelle salt [10] and (b) 

BaTiO3 [11]. 
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2.2.5 Ferroelectric Domains 

 

The spontaneous polarization in a ferroelectric material is usually not uniformly aligned 

throughout the whole crystal. The six directions (including positive and negative orientations) 

along the three ac-axes of the cubic cell are equivalent and the spontaneous polarization may 

arise with equal probability along any of them when the crystal is cooled through the 

ferroelectric phase transition temperature. The directions along which the polarization will 

develop depend on the electrical and mechanical boundary conditions imposed on the sample. 

The regions of the crystal with uniformly oriented spontaneous polarization are called 

ferroelectric domains. The region between two domains (usually with a thickness in the range of 

1-10 nm [12]) is called the domain wall. Walls that separate domains with opposite polarizations 

are called 180º walls while if the polarizations are mutually perpendicular the walls are called 

90º walls. Figure 2.3 illustrates these concepts. The types of walls that can occur in a 

ferroelectric crystal depend on the symmetry of both the nonferroeletric and the ferroelectric 

phases of the material. For instance, in the case of the rhombohedral phase of PZT, polarization 

appears along the body diagonals of the paraelectric cube cell which means domain walls of 

180º, 71º and 109º are possible. [13]. 

 

 

 

Fig. 2.3 – Schematic representation of ferroelectric domains and domain walls. 

 

As the temperature drops, the spontaneous polarization of the material will increase due 

to the break of symmetry. As a consequence, a surface charge will be formed which will, in turn, 

generate an electric field called depolarizing field, Ed, in the opposite direction of PS whenever 

the latter is not homogeneously distributed. Inhomogeneity can be caused, for instance, by the 

existence of a sharp decline in polarization close to the surface of the material, since it is zero 

outside ferroelectric but nonzero inside. The intensity of Ed is often too large (in the order of 

MV/m) for a single-domain state to be possible [12]. This instability can be dealt with, i.e., the 

electrostatic energy can be minimized by means of a split into domains of different direction of 

polarization, by matching of the surface charge by charges in the surrounding material or by 

conduction of the accumulated charge through the crystal. Even so, quite frequently the effect of 
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the depolarizing fields cannot be completely countered which causes the bulk material to exhibit 

reduced or even zero piezo- and pyroelectric effects despite being composed of ferroelectric 

domains. 

Another reason for the formation of ferroelectric domains is the influence of mechanical 

stresses. Whereas Ed can be compensated for with both 90º and 180º walls, the elastic energy 

associated with these stresses can only be minimized by 90º walls. 

 

2.2.6 Ferroelectric Hysteresis Loop 

 

As mentioned before, the defining feature of ferroelectric materials is the possibility of 

switching its spontaneous polarization. A consequence of this property is the occurrence of the 

so-called ferroelectric hysteresis loop shown in Fig. 2.4 when the polarization is plotted as a 

function of the applied external electric field. 

The image shows how for small values of applied field the polarization increases linearly. 

At this stage, the polarization obeys the following equation: 

 

 [ ]  [ ][ ] 2.7.  

 

where χ is the dielectric susceptibility of the material. As the field increases it becomes 

increasingly unfavorable for ferroelectric domains to keep polarization directions that are not 

aligned with the applied field. As result, a reorientation of the domains occurs which leads to a 

rapid and non-linear increase of polarization which means equation 2.7 ceases to be valid. After 

this period of rapid growth, the polarization response reverts to a linear behavior until all 

domains are aligned and saturation occurs. If then the field is decreased the polarization will 

follow suit, because for some of the domains it will no longer be favorable to remain aligned with 

the electric field.  For some of them, however, the vanishing of the field is not enough to break 

the alignment so polarization will not have fallen to zero even when the field does. This non-

zero value of polarization at zero applied field is called remnant polarization, PR. As the field 

keeps decreasing, though, it will cause the switching of an increasingly larger amount of 

domains and polarization will eventually be forced back to zero. The field that finally achieves 

this is called the coercive field, EC. Saturation will then occur also on the negative end of the 

field range.  If the field increases once again, the polarization response will be similar to when 

the field was falling. In other words, a (negative) remnant polarization will be measured and a 

(positive) coercive field will be necessary to bring the polarization back to zero. 
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Fig. 2.4 – Ferroelectric hysteresis loop. 

 

The spontaneous polarization of the material is taken to be the interception of the vertical 

axis with straight line extrapolated from the linear segment at high field values. It should be 

noted, however, that this procedure is not strictly valid for polycrystalline materials in which it is 

only possible to reach a fraction of PS. Also worthy of mention is that EC is not an absolute 

threshold. In fact, even a weaker field may cause the switching of the domains if applied for a 

very long time. 

For a hysteresis loop to be considered ideal it must be symmetric which is to say that 

+EC=-EC and +PR=-PR must be true. Factors that may cause a deviation from the ideal shape 

include the thickness of the film (in the case of thin films), the presence of charged defects, 

mechanical stresses, preparation conditions and thermal treatment [9].  

 

2.2.7 Refractive Index and Dielectric Loss Tangent  

 

The refractive index of a transparent optical medium is the factor by which the phase 

velocity is decreased relative to the velocity of light in vacuum. In other words, it equals the ratio 

of the speed of light in vacuum to the speed of light in the medium, as described by: 

 

   
  
 

 2.8.  

 

The dielectric permittivity of the medium can (if it is an isotropic material and the 

interacting electric field has a frequency in the order of THz or higher) be calculated from: 

 

http://www.rp-photonics.com/phase_velocity.html
http://www.rp-photonics.com/phase_velocity.html
http://www.rp-photonics.com/velocity_of_light.html
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       2.9.  

 

In general, however, condensed matter interacts with an alternating electric field in such a 

way that a frequency-dependent phase shift between the applied field and the movement of 

charges arises. This behavior can be easily described by the following equation: 

 

      
     

   2.10.  

 

Where the real part (  
 ) characterizes the displacement of the charges and the imaginary part 

(  
  ) the dielectric losses. The loss tangent is defined as: 

 

        
  
  

  
 
 

   

  
 2.11.  

 

Where Z’ and Z’’ are the real and imaginary impedances, respectively [14]. 

When light shines on a crystal, the electric field present in electromagnetic radiation 

induces an electric polarization in a dielectric crystal and light itself is influenced by the material. 

Since the frequency of light is in the order of hundreds of THz, only electronic polarization can 

follow the electric field change. As a consequence, the relative permittivity of an optical 

transparent crystal is small. If, however, the frequency of the interacting field is lower, the 

relative electric permittivity of the material will be very high, possibly reaching a few thousands. 

This comparison suggests that ionic, dipolar and space charge are clamped at optical 

frequencies. 

 

2.3 Forms of Ferroelectric Materials 

 

2.3.1 Monocrystals 

 

A monocrystal, also known as single crystal, is a form of material with orderly three-

dimensional arrangement of atoms, ions or molecules. This arrangement is repeated throughout 

the volume of the material. 

Due to the uniformity of the structure of these crystals, they can be very difficult to 

manufacture. The most commonly employed techniques employed in the production of sizeable 

samples of these crystals are the Czochralski process and the Bridgman-Stockbarger method. If 

obtaining large crystals is not a priority, other techniques can be employed, namely 

hydrothermal synthesis, sublimation and solvent based crystallization. The choice of an 

appropriate technique depends on the physical properties of the substance. 
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2.3.2 Ceramics 

 

Ceramics are, like the monocrystals described in the previous section, crystalline 

materials but instead of exhibiting the same orderly arrangement of atoms it is actually an 

agglomerate of randomly oriented crystallites. 

The properties of ceramics depend heavily on the manufacturing process and on the 

resulting crystalline structure. There are essentially two methods to process ceramics: the 

mixed-oxide (MO) method and the chemical coprecipitation (CP) method. The former is still the 

most used and most economical form of processing while the latter is used mostly for the 

processing of optical ceramics. The two methods are very similar but a few differences exist as 

shown in Fig. 2.5 [8]. 

 

 

 

Fig. 2.5 – The mixed-oxide and coprecipitation ceramic processing methods.  

 

The key differences between the two processes occur mostly during the powder forming and 

densification stages. While in the case of MO this consists of wet milling of oxides, or other 

materials such as carbonates or nitrites that decompose to oxides during calcining, which is a 

high temperature (typically 800ºC to 900ºC) solid state chemical reaction, in the case of CP the 
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starting materials are usually solutions that are mutually soluble in each other, thus producing 

an atomically homogeneous precursor solution that is precipitated while blending. Materials 

processed via the CP method are usually calcined at lower temperatures (500ºC) due to their 

higher reactivity. 

Ball milling is a critical step in both processes because it allows the desired homogeneity 

to be achieved. Care should be taken however, to neither under mill (thus not achieving the 

desired homogeneity) nor over mill (thus increasing the risk of contamination). 

Sintering is the process through which the adjacent surfaces of particles bond in a 

compact mass due applied heat. This process strengthens the material and leads to 

densification. 

 

2.3.3 Thin Films 

 

While a lot of the ongoing research on ferroelectrics remains associated with bulk 

materials, the trend in recent years has been toward the development of thins films. The 

preparation of these layers with thicknesses typically between 100nm and 2 μm can offer many 

advantages: 

 Small size 

 Low weight 

 Easy integration of IC technology 

 Low operating voltage 

 High speed 

 Ability to fabricate unique micro-level structures 

 Allow the manufacturing of ceramics that are difficult to fabricate as a bulk 

 Can be manufactured with sintering temperatures hundreds of degrees lower than 

those used in the manufacturing of bulk materials 

 

From the application point of view, thin films are different from bulk materials in the sense 

that the latter are preferred for dielectric capacitors, IR sensors, piezo sensors and actuators, 

electro-optic shutters and electro-optic displays whereas the former is typically employed in non-

volatile memories, buffer layers, air coatings and integrated optics. Research is also underway 

to replace capacitors with thin films in IC circuitry. One such example is that of DRAM. The SiO2 

capacitor typically used in these devices has a dielectric constant that is orders of magnitude 

smaller than that of a ferroelectric (4 vs. ~1000). For this reason, the development of the so-

called FEDRAM, which make use of this property, is an important field research as the need for 

increasingly denser memories rises [8]. 
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2.4 Families of Ferroelectric Materials 

 

2.4.1 Corner Sharing Octahedra 

 

Perovskites 

 

Perovskite is a family name of a group of materials and the mineral name of calcium 

titanate (CaTiO3) having a structure of the type ABO3. Many piezoelectric (including ferroelectric) 

ceramics such as Barium Titanate (BaTiO3), Lead Titanate (PbTiO3), Lead Zirconate Titanate 

(PZT), Lead Lanthanum Zirconate Titanate (PLZT), Lead Magnesium Niobate (PMN), 

Potassium Niobate (KNbO3), Sodium Potassium Niobate (NaxK1-xNbO3), and Potassium 

Tantalate Niobate (K(TaxNb1-x)O3) have a perovskite type structure. 

The structure of perovskites may be described as a simple cubic unit cell with a large 

cation on the corners (A site), a smaller cation in the body (B site), and oxygen in the centers of 

faces. It can be understood as a network of corner-linked oxygen octahedra, with the smaller 

cation filling the octahedral holes and the larger cation filling the dodecahedral holes. Fig. 2.6 

illustrates this schematically. If the ions are assumed to be perfect spheres with radii RA, RB and 

RO, respectively, then the ideal perovskite lattice is one for which the following relation holds: 

 

   
     

√        
   2.12.  

 

where t is known as the Goldschmidt tolerance factor [15]. In reality, most perovskite structures 

are distorted and do not have t=1. Common distortions such as cation displacements within the 

octahedra and tilting of the octahedra are related to the properties of the A and B substituted 

atoms. As a rule of thumb, perovskite structures are considered stable only if 0.9<t<1.1. 

Generally structures with t close to unity show lower distortion and low Curie temperature. For 

t>1, tetragonal distortions are the most common but in many cases the cell remains cubic and is, 

therefore, not ferroelectric at room temperature. When t<1 a rhombohedral structure is preferred 

unless it contains rare-earth elements, in which case an orthorhombic shape is more common. 

The versatility of the perovskite structure is due to the many possible distortions of the 

unit cell. Namely, the cell can be distorted along the [100] (i.e., along the edges of the cube, 

resulting in a tetragonal cell), [110] (i.e., along the face diagonal, resulting in an orthorhombic 

cell), [111] (i.e., along the body diagonal, resulting in a rhombohedral cell), [hk0] (i.e., resulting 

in a monoclinic cell) and [hkl] directions (i.e., resulting in a triclinic cell). This distortion is often 

accompanied by tilting of the oxygen octahedra. 
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Fig. 2.6 – Schematic representation of the perovskite structure. 

 

Tungsten-Bronze Compounds 

 

Ferroelectric crystals with tungsten bronze structure are another attractive family beside 

perovskite structure ferroelectrics due to their superior dielectric, piezoelectric, pyroelectric, and 

nonlinear optical properties. The chemical formulas of the tungsten bronze ferroelectric crystals 

can be either (A1)4(A2)2C4B10O30 or (A1)4(A2)2B10O30, where A, B and C are the pentagonal, 

tetragonal, and triangular sits formed by tetragonal B (Nb or Ta)–O octahedral, respectively, and 

will be occupied by some cations. For compounds with the former formula, all lattice sits are 

filled, while compounds with the latter formula could be either filled or unfilled, depending on 

whether or not all the A1 and A2 sits are occupied. 

Tungsten-Bronze crystals belong to the 4/mmm point symmetry group at their high 

temperature phase. This implies that their low temperature phase could be either tetragonal 

(4mm) or orthorhombic (mm2). 

This family of ferroelectric materials includes a few materials that could help replace lead-

based ceramics. One such example is (Sr1-xBax)2Nb5O15, which apart from being lead-free 

displays reasonable piezoelectric coefficients [16]. Other examples of Tungsten-Bronze 

materials include PbNb2O6, K3LiNb5O15 and Ba2NaNb5O15. 

 

Pyrochlore Group 

 

The materials of this family are of the form A2B2O6O’. The A site cation, typically a 

trivalent rare earth, is coordinated by six O and two O' neighbors. Symmetry dictates that the 

AO6O'2 units are rhombohedra. The B site cation, typically a tetravalent transition metal, is 

coordinated by six O and has two neighboring O vacancies. By symmetry, the BO6 octahedra 

are distorted, although in some cases, such as Tl2Mn2O7, this distortion is minimal. The 

pyrochlore structure is prone to disorder due to exchange of O' and vacancy sites, as well as 
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the solid solutions which exist in many materials given O' excess (leading to a fluorite) or 

deficiency.. 

Examples of pyrochlore ferroelectrics include Cd2Nb2O7, Ho2Ti2O7 and Bi2Ti2O7. 

 

Bismuth Oxide Layer Structure Ferroelectrics 

 

This family of ferroelectrics exhibits a structure very similar to that of perovskites and is 

often encountered in materials with the chemical formula Bi2Ax-1BO3x+3. This structure can be 

understood as a layer of perovskite unit cells, infinite in two dimensions, separated by (Bi2O2)
2+

 

layers. The perovskite layer can have a thickness of one or more cells, denoted by the 

parameter x in the chemical formula.  

Materials with this kind of structure usually have a tetragonal symmetry in the high-

temperature phase, limiting the number of domain orientations that can arise during the phase 

transition into the low-temperature ferroelectric phase, which can still be tetragonal, but more 

often is orthorhombic or monoclinic [15]. 

The plate like crystal structure of these compounds leads to highly anisotropic 

ferroelectric properties. The ceramics fabricated from the (Bi2O2)
2+

 layer compounds do not 

have very good piezoelectric properties because of a very low poling efficiency but these have 

been shown to improve under grain orientation during the processing step and these materials 

may become important piezoelectric ceramics because of their higher stability, higher operating 

temperature (Tc = 550-650
o
C), and higher operating frequency. These ceramics are mainly 

useful for piezoelectric resonators which need to exhibit a very stable resonant frequency. 

 

LiNbO3 

 

Despite having a chemical formula that suggests a perovskite structure, lithium niobate does not 

crystallize in that structure and is, therefore, an important exception. The responsible for the 

non-perovskite structure is essentially the atom of lithium. Its small radius leads to a low value of 

t, i.e., out of the stability range of 0.9<t<1.1 [15]. Fig. 2.7 depicts the structure of this material. 

The basic unit is still the oxygen octahedron with a Nb ion in the center and the octahedra 

(which in the ideal case are all regular and identical) are corner linked as in the case of a 

perovskite. Three of these octahedra are in parallel orientation and the other three are rotated, 

relative to the first three, by 180º about the triad axis. Each octahedron shares each corner of its 

upper face with a corner of the lower face of an octahedron of the next layer. The Li ions are 

situated in the interstitial sites among the corner-linked octahedra. In the paraelectric phase this 

structure belongs to symmetry group  ̅m. During the phase transitions, the cations are shifted 

along the axis or rotation, destroying the inversion symmetry and leaving the symmetry group 

3m. As a result, materials of this type are uniaxial ferroelectrics that can only develop 180º 

domain walls. 
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Fig. 2.7 – The structure of LiNbO3 – Li
+
 Nb

5+
 O

2-
. 

 

A material with a similar structure is LiTaO3. In fact, the properties of both were 

simultaneously discovered in 1949. Both are characterized for high Curie points of 1210ºC for 

LiNbO3 and 620ºC for LiTaO3 and have since then found their way to many piezoelectric, 

pyroelectric and electro-optic devices [17]. 

 

2.4.2 Compounds Based on Hydrogen Bonded Radicals 

 

Several water soluble ferroelectrics usually made in the single crystal form, have 

hydrogen bonded radicals in them. These water soluble crystals are still used due to their 

superiority over other crystals in some properties. Yet these crystals have many deficiencies 

such as weak ferroelectricity, low Curie point, poor mechanical properties, and deliquescence. 

For these reasons, this type of crystals is being gradually replaced by piezoelectric ceramics. 

Examples of this kind of ferroelectrics include Rochelle salt and KH2PO4. 

 

2.4.3 Organic Polymers 

 

The piezoelectric and pyroelectric properties of these polymers are due to the remnant 

polarization obtained by orienting the crystalline phase of the polymer in a strong poling field. 

Hence the piezoelectric and pyroelectric properties depend on the degree of crystallinity of the 

polymer and the ferroelectric polarization of the crystalline phase. 

The piezo-polymers have some properties which make them better suited for use in 

medical imaging applications. The density of these polymers is very close to that of water and 

the human body tissues, hence there is no acoustic impedance mismatch with the body. The 

piezo-polymers are also flexible and conformable to any shape. However, there are also some 
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problems associated with the piezoelectric polymers including the very low dielectric constant (K 

= 5-10) which could lead to electrical impedance matching problems with the electronics. The 

dielectric losses at high frequencies are very large for these piezopolymers. The polymers also 

have a low Curie point and the degradation of the polymer starts occurring at low temperatures 

(70-100° C). The poling efficiency is very low for polymer specimens with large thickness 

(>1mm).  



20 

 

 

3 NaxK1-xNbO3 

 

The success of ferroelectric ceramics such as PZT and other lead based materials and 

the subsequent increased production of such compounds has led to an increase in the levels of 

lead released into the environment. In this respect, the critical stages of the manufacturing 

process are calcination and sintering during which PbO evaporates but it also occurs during 

hard machining of the components. At the end of its lifecycle, waste disposal and recycling can 

also be problematic. As a consequence of this hazardous effect, the EU has created legislation 

that promotes the substitution of these materials by safer ones. Namely, the EU has adopted 

the directives WEEE and RoHS. Together, these directives are responsible for establishing 

guidelines for collection, recycling and recovery of electrical goods as well as establishing limits 

for the percentages of hazardous materials the goods may contain. The response of the 

industry and the scientific community to the new restrictions was to look for new types of 

ferroelectric ceramics that satisfyingly replace PZT and similar materials. Among them is the 

ferroelectric NKN, which has become the most investigated lead-free ferroelectric compound in 

recent years, especially as a thin film, since a group led by Y. Saito at Toyota Central Research 

Laboratory reported in 2004 that NKN modified with lithium, tantalum and antimony exhibited 

piezoelectric constants similar to those of PZT [15, 18].  

This chapter will start with a description of the main properties of NKN and conclude with 

a description of the most commonly used methods for deposition of thin films of this ferroelectric 

material. 

 

3.1 Properties of NKN 

 

NKN, is the continuous solid solution of KNbO3 (KN) and NaNbO3 (NN), and is perovskite 

structured for x < 0.97 [19]. This material has a rich phase diagram as illustrated by Fig. 3.1. 

This becomes especially apparent when this phase diagram is compared with that of PZT, 

depicted in Fig. 3.2 The complexity of this phase diagram can be attributed to the fact the A site 

of perovskite is occupied by two ions. 

In Fig. 3.1, regions labeled with Q, K, and L are monoclinic ferroelectric, M, G is 

orthorhombic ferroelectric; F, H and J are tetragonal ferroelectric. Region P is orthorhombic 

antiferroelectric [15].  
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Fig. 3.1 – Phase diagram of NKN. 

 

 

 

Fig. 3.2 – Phase diagram of PZT. 

 

Both KN and NN are ferroelectric and have an orthorhombic structure at room 

temperature but whereas KN is a ferroelectric material, NN is antiferroelectric, i.e., a non-

piezoelectric material in which adjacent dipoles have parallel but opposite polarization vector 

and whose spontaneous polarization is 0 due to cancelling of the contributions of individual 

dipoles. KN ceramics, which are difficult to prepare when compared to NKN, have found their 

way to some medical applications, mostly due to their optical properties, but, other than that, 

have generated little interest in their pure form. NN, despite exhibiting a complex perovskite 

structure and a ferroelectric phase below -100ºC, can only be made ferroelectric at room 
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temperature with the application of strong electric fields and is therefore not particularly 

interesting for ferroelectric applications [15].  

As shown in Fig. 3.1, the value of x can have a profound influence on the phase diagram 

of NKN. Notable is the almost composition independent phase transition temperature between 

ferroelectric phases at ~200 °C and between ferroelectric and paraelectric phases at ~400 °C 

(in contrast to the composition dependent transition temperature of PZT). Even small 

substitutions of sodium for potassium in NaNbO3 cause a transition to ferroelectric (Region Q) 

from the pure antiferroelectric sodium niobate (Region P). Additionally, x affects the electrical 

response of NKN, as Fig. 3.3 [20] proves. 

 

 

 

Fig. 3.3 – Response of dielectric permittivity and remnant polarization as a function of sodium 

content. 

 

The reported values for relevant parameters such as dielectric constant, d33, coercive 

field, spontaneous polarization or remnant polarization vary greatly from author to author but are, 

in general, less desirable than those of ceramics like PZT. Among the reasons for this variability 

are the differences in sodium concentration, differences in sintering temperatures or the usage 

of hot pressing [15] and, in the case of thin films, different deposition methods, different 

deposition temperatures, the decision to anneal the samples and the temperature and 

atmospheres at which this is done [21, 22]. Reported values for ɛr’ range from as low as 38 [22] 

to as high as 520 [20]. The dielectric constant depends, however, on the temperature of the 

material and in the vicinity of TC it can reach values as high as 5000 [20]. In the case of d33, 

typical values are in the 80-160 pC/N [15] interval.  Coercive fields usually take values in the 2-4 

kV/mm interval [23], even if coercive fields as high as 8.5kV/mm have been reported [24]. 
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Values of Pr as low as 3.54μC/cm
2
 [25] and as high as 30.2μC/cm

2
 have been reported [23]. 

Cho and Grishin have measured remnant and spontaneous polarizations of 10μC/cm
2
 and 

17.5μC/cm
2
, respectively [19]. The Curie temperature of NKN has been reported as being 

400ºC [15]. 

 

3.2 Growth of NKN thin films 

 

3.2.1 Pulsed Laser Deposition 

 

Pulsed laser deposition (PLD) is a thin film deposition technique where a high power 

pulsed laser beam is focused inside a vacuum chamber to strike a target of the material that is 

to be deposited. This material is vaporized from the target in a plasma plume generated due to 

photon interaction and which deposits it as a thin film on a substrate. This process can occur in 

ultra-high vacuum or in the presence of a background gas, such as oxygen. 

 

 

 

Fig. 3.4 – Standard PLD configuration 

 

The PLD process can be divided into the following four stages: 

 

1. Laser radiation interaction with the target 

2. Dynamic of the ablation materials 

3. Decomposition of the ablation materials onto the substrate 

4. Nucleation and growth of a thin film on the substrate surface 

 

In the first stage, the laser beam is focused onto the surface of the target. At sufficiently 

high energy density and short pulse duration, all elements in the target surface are rapidly 

heated up to their evaporation temperature. Materials are dissociated from the target and 

ablated out with stoichiometry as in the target. The instantaneous ablation rate is highly 

http://en.wikipedia.org/wiki/Thin_film_deposition
http://en.wikipedia.org/wiki/Laser
http://en.wikipedia.org/wiki/Vacuum
http://en.wikipedia.org/wiki/Thin_film
http://en.wikipedia.org/wiki/Ultra_high_vacuum
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dependent on the fluency of the laser irradiating on the target. The ablation mechanisms involve 

many complex physical phenomena such as collisional, thermal and electronic excitation, 

exfoliation and hydrodynamics.  

During the second stage the emitted materials tend to move towards the substrate 

according to the laws of gas-dynamic and show the forward peaking phenomenon. The laser 

spot size and the plasma temperature have significant effects on the deposited film uniformity. 

The target-to-substrate distance is another parameter that governs the angular spread of the 

ablated materials.  

The third stage is important to determine the quality of thin film. The ejected high-energy 

species impinge onto the substrate surface and may induce various types of damage to the 

substrate. These energetic species sputter some of the surface atoms and a collision region is 

established between the incident flow and the sputtered atoms. Film grows immediately after 

this thermalized region (collision region) is formed. The region serves as a source for 

condensation of particles. When the condensation rate is higher than the rate of particles 

supplied by the sputtering, thermal equilibrium condition can be reached quickly and film grows 

on the substrate surface at the expense of the direct flow of the ablation particles. 

Nucleation-and-growth of crystalline films depends on many factors such as the density, 

energy, degree of ionization, and the type of the condensing material, as well as the 

temperature and the physical-chemical properties of the substrate. The nucleation process 

depends on the interfacial energies between the three phases present - substrate, the 

condensing material and the vapor. The minimum-energy shape of a nucleus is like a cap. The 

critical size of the nucleus depends on the driving force, i.e. the deposition rate and the 

substrate temperature. For the large nuclei, a characteristic of small supersaturation, they 

create isolated patches (islands) of the film on the substrates, which subsequently grow and 

coalesce together. As the supersaturation increases, the critical nucleus shrinks until its height 

reaches an atomic diameter and its shape is that of a two-dimensional layer. For large 

supersaturation, the layer-by-layer nucleation will happen for incompletely wetted foreign 

substrates.  

The crystalline film growth depends on the surface mobility of the adatom (vapor atoms). 

Normally, the adatom will diffuse through several atomic distances before sticking to a stable 

position within the newly formed film. The surface temperature of the substrate determines the 

adatom's surface diffusion ability. High temperature favors rapid and defect free crystal growth, 

whereas low temperature or large supersaturation crystal growth may be overwhelmed by 

energetic particle impingement, resulting in disordered or even amorphous structures.  

In the PLD process, due to the short laser pulsed duration (~10 ns) and the small 

temporal spread (<10
-6

 s) of the ablated materials, the deposition rate can be enormous (~10
-

6
)m/s). Consequently a layer-by-layer nucleation is favored and ultra-thin and smooth film can 

be produced. In addition the rapid deposition of the energetic ablation species helps to raise the 

substrate surface temperature. In this respect PLD tends to demand a lower substrate 

temperature for crystalline film growth. 
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The main advantages of Pulsed Laser Deposition are:  

 

 Conceptual simplicity simple: a laser beam vaporizes a target surface, producing 

a film with the same composition as the target. 

 Versatility: many materials can be deposited in a wide variety of gases over a 

broad range of gas pressures. 

 Cost-effectiveness: one laser can serve many vacuum systems. 

 Speed: high quality samples can be grown reliably in 10 or 15 minutes. 

 Scalability: complex oxides move toward volume production. 

 Stoichiometry: films grown with this technique usually follow the stoichiometric 

ratios of their targets closely 

 

Disadvantages of this method include: 

 

 Possibility of deposition of large particulates (up to a few micrometers in diameter) 

that affect both the growth of subsequent layers and the electrical properties of 

the film. 

 Narrow angular distribution of the ablated species, which is generated by the 

adiabatic expansion of laser, produced plasma plume and the pitting on the target 

surface. 

 Difficulties in producing large area uniform thin films which limit its usefulness for 

industrial applications. 

 

Articles describing PLD growth of NKN thin films include [19] [26] [27].  

 

3.2.2 RF Magnetron Sputtering 

 

Sputter deposition is a physical vapor deposition process for depositing thin films, 

sputtering means ejecting material from a target and depositing it on a substrate such as a 

silicon wafer. The target is the source material. Substrates are placed in a vacuum chamber and 

are pumped down to a prescribed process pressure. Sputtering starts when a negative charge 

is applied to the target material causing a plasma or glow discharge. Positive charged gas ions 

generated in the plasma region are attracted to the negatively biased target plate at a very high 

speed. This collision creates a momentum transfer and ejects atomic size particles form the 

target. These particles are deposited as a thin film into the surface of the substrates. The 

plasma is sustained by the ionization caused by secondary electrons emitted from the cathode 

due to ion bombardment which are accelerated into the plasma across the cathode sheath.  

What differentiates a magnetron cathode from a conventional diode cathode is the 

presence of a magnetic field. The magnetic field in the magnetron is oriented parallel to the 

cathode surface. The local polarity of magnetic field is oriented such that E×B drift of the emitted 
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secondary electrons forms a closed loop. Due to the increased confinement of the secondary 

electrons in this E×B drift loop compared to a DC diode device, the plasma density will be much 

higher, often by an order of magnitude or more, than a conventional DC diode system. 

The magnets used in the RF magnetron sputtering process help speed up the growth of 

the thin film. Magnetizing atoms helps to increase the percentage of target material that 

becomes ionized. Ionized atoms are more likely to interact with the other particles involved in 

the thin film process and are, thus, more likely to settle on the substrate. Magnetizing the 

particles increases the efficiency of the thin film process, allowing thin films to grow more quickly 

and at lower pressures.  

The RF magnetron sputtering process is especially useful for making thin films out of 

materials that are non-conducting. These materials may have more difficulty forming into a thin 

film because they become positively charged without the use of magnetism. Atoms with a 

positive charge will slow down the sputtering process and can “poison” other particles of the 

target material, further slowing down the process. 

Compared to PLD, RF Sputtering is an alternative when obtaining thin films with a large 

area is the goal but it should be kept in mind that growing stoichiometric NKN films with RF 

sputtering is harder. Deficiencies of up to 30% in the alkali oxides for NKN films grown onto a 

Pt0.8Ir0.2 substrate have been reported [15]. 

RF Magnetron Sputtering of NKN thin films has also been extensively studied. Relevant 

literature includes [ 21][24]. 

 

3.2.3 Sol-Gel Method 

 

The sol-gel process may be described as the formation of an oxide network through 

polycondensation reactions of a molecular precursor in a liquid. The idea behind sol-gel 

synthesis is to “dissolve” the compound in a liquid in order to bring it back as a solid in a 

controlled manner. Multi component compounds may be prepared with a controlled 

stoichiometry by mixing sols of different compounds. The sol-gel method enables mixing at an 

atomic level and the result is small particles, which are easily sinterable. 

The fabrication of thin films by this approach involves four basic steps: (1) synthesis of 

the precursor solution; (2) deposition by spin-coating where drying processes usually begin 

depending on the solvent; (3) low-temperature heat treatment for drying, pyrolysis of organic 

species (typically at 300-400ºC) and the formation of an amorphous film; (4) higher temperature 

annealing for densification and crystallization of the coating into the desired oxide phase. 

Sol–gel technology offers an alternative to deposition with advantages such as low 

temperature fabrication, precise control of the chemical composition of the film, and reduced 

equipment cost, making it promising for producing homogeneous thin films. 

A description of the application of this method to NKN can be found in [25]. 

 

http://www.wisegeek.com/what-is-the-thin-film-process.htm
http://www.wisegeek.com/what-is-magnetism.htm
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3.2.4 Metal Organic Chemical Vapor Deposition (MOCVD) 

 

The operating principle of CVD is quite simple. Precursor gases (often diluted in carrier 

gases) are delivered into the reaction chamber at approximately ambient temperatures. As they 

pass over or come into contact with a heated substrate, they react or decompose forming a 

solid phase which and are deposited onto the substrate. The substrate temperature is critical 

and can influence what reactions will take place. 

MOCVD offers advantages such as precise compositional control, scalability, and 

superior step coverage for microelectronics. 

MOCVD has been used successfully in the deposition of various ferroelectric oxides 

including several kinds of alkali metal niobate thin films, e.g., LiNbO3 and KNbO3. 

MOCVD has been used for the growth of NKN films by Cho as described in [28].  
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4 Characterization Techniques 

 

4.1 Atomic Force Microscopy 

 

AFM or Atomic Force Microscopy is a high resolution scanning probe microscopy 

technique and one of the most important tools for manipulation, measurement and image 

collection for objects at the nano-scale. This technique was developed as an attempt to solve 

one of Tunnel Microscopy’s main disadvantages: The fact that it can only be applied to 

conducting materials. AFM, on the other hand, is capable of imaging any type of surface, 

including polymers, ceramics, glass and organic material. 

AFM consists of a cantilever with a well-defined tip, usually made of silicon or silicon 

nitride and with a radius of curvature of just a few nanometers. Bringing the tip closer to the 

surface, it will be perturbed according to Hooke’s law. The tip’s oscillation can then be followed 

by a laser reflected on the upper part of the cantilever and detected by an array of photodiodes. 

This type of microscopy can be employed in different modes but the most typically used is 

the so-called tapping mode. When operating in this mode, the cantilever oscillates at nearly its 

resonance frequency and with large amplitude (100-200 nm). As the tip approaches the surface, 

Van der Waals, electrostatic and dipole-dipole forces act to reduce this amplitude. The system 

will then react in such a way as to try to keep constant the oscillating amplitude, thus generating 

an image of the force felt by the tip. 

AFM offers several advantages when compared to other successful imaging techniques. 

Namely, it is capable of generating a three-dimensional profile of the sample and doesn’t require 

previous treatment of the sample. Furthermore, AFM does not require a vacuum environment. 

Disadvantages of using AFM are its limited scanning area and speed, especially when 

compared with Scanning Electron Microscopy (SEM).  

Fig. 4.1 [29] shows a few examples of AFM images. 

 

 

 

Fig. 4.1 – AFM images of Ba(ZrxTi1−x)O3 (BZT).  
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The AFM employed throughout the experimental was a Digital Instruments Veeco 

Dimension 3100 with a Nanoscope IIIa controller. The tips (reference RTESP) were also 

manufactured by Veeco. The cantilever drive frequency was 300kHz. 

 

4.2 Scanning Electron Microscopy 

 

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons 

to generate a variety of signals at the surface of solid specimens. The signals that derive from 

electron-sample interactions reveal information about the sample including external morphology 

(texture), chemical composition, and crystalline structure and orientation of materials making up 

the sample. In most applications, data are collected over a selected area of the surface of the 

sample, and a 2-dimensional image is generated that displays spatial variations in these 

properties. Areas ranging from approximately 1 cm to 5 microns in width can be imaged in a 

scanning mode using conventional SEM techniques (magnification ranging from 20X to 

approximately 30,000X, spatial resolution of 50 to 100 nm). The SEM is also capable of 

performing analyses of selected point locations on the sample; this approach is especially 

useful in qualitatively or semi-quantitatively determining chemical compositions (using EDS), 

crystalline structure, and crystal orientations (using EBSD). 

Accelerated electrons in an SEM carry significant amounts of kinetic energy, and this 

energy is dissipated as a variety of signals produced by electron-sample interactions when the 

incident electrons are decelerated in the solid sample. These signals include secondary 

electrons (that produce SEM images), backscattered electrons (BSE), diffracted backscattered 

electrons (EBSD), photons (characteristic X-rays that are used for elemental analysis and 

continuum X-rays), visible light (cathodoluminescence--CL), and heat. Characteristic X-rays are 

produced for each element in a material that is "excited" by the electron beam. 

SEM analysis is considered to be "non-destructive"; that is, x-rays generated by electron 

interactions do not lead to volume loss of the sample, so it is possible to analyze the same 

materials repeatedly. 

The equipment used to obtain SEM images was a Jeol JSM-7001F. This microscope is 

actually a FEG-SEM which differs from the standard SEM equipment in that it resorts to field 

emission gun (FEG) to emit electrons. This type of emitter generates an electron beam that is 

smaller in diameter, more coherent and with up to three orders of magnitude greater current 

density or brightness than can be achieved with conventional thermoionic emitters. This, in turn, 

leads to significantly improved signal-to-noise ratio, spatial resolution and increased emitter 

lifetime. 

Fig. 4.3 [21] is a typical SEM image. 

 

 

http://serc.carleton.edu/research_education/geochemsheets/electroninteractions.html
http://serc.carleton.edu/research_education/geochemsheets/eds.html
http://serc.carleton.edu/research_education/geochemsheets/ebsd.html
http://serc.carleton.edu/research_education/geochemsheets/electroninteractions.html
http://serc.carleton.edu/research_education/geochemsheets/bse.html
http://serc.carleton.edu/research_education/geochemsheets/ebsd.html
http://serc.carleton.edu/research_education/geochemsheets/xrays.html
http://serc.carleton.edu/research_education/geochemsheets/semcl.html
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Fig. 4.3 – SEM Image of an NKN thin film grown at 600ºC and annealed at 800ºC in an 

atmosphere of Na2O.  

 

4.4 Ellipsometry 

 

Ellipsometry measures the change in polarization state of light fed through a polarizer 

and reflected from the surface of a sample, as is schematically illustrated in Fig. 4.4. The 

measured values are expressed as Ψ and Δ. These values are related to the ratio of Fresnel 

reflection coefficients, Rp and Rs for p and s-polarized light, respectively by the following 

equation: 

 

           
  

  

 4.1.  

 

The measurement procedure unfolds as follows: A light source produces unpolarized light 

which is then sent through a polarizer. The polarizer allows light of a preferred electric field 

orientation to pass. The polarizer axis is oriented between the p- and s- planes, such that both 

arrive at the sample surface. The linearly polarized light reflects from the sample surface, 

becomes elliptically polarized, and travels through a continuously rotating analyzer. The amount 

of light allowed to pass will depend on the analyzer orientation relative to the electric field 

“ellipse” coming from the sample. The detector converts light to electronic signal to determine 

the reflected polarization. This information is compared to the known input polarization to 

determine the polarization change caused by the sample reflection. 
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Fig. 4.4 - Typical ellipsometry configuration, where linearly polarized light is reflected from the 

sample surface and the polarization change is measured to determine the sample response. 

 

Once the measurement stage is complete, a model is used to calculate the predicted 

response from Fresnel’s equations which describe each material with thickness and optical 

constants. If these values are not known, an estimate is given for the purpose of the preliminary 

calculation. The calculated values are compared to experimental data. Any unknown material 

properties can then be varied to improve the match between experiment and calculation. The 

number of unknown properties should not exceed the amount of information contained in the 

experimental data.  For example, a single-wavelength ellipsometer produces two data points 

(Ψ,Δ) which allows a maximum of two material properties to be determined. Finding the best 

match between the model and the experiment is typically achieved through regression. An 

estimator, like the Mean Squared Error (MSE), is used to quantify the difference between 

curves. The unknown parameters are allowed to vary until the minimum MSE is reached. This 

procedure can yield the complex refractive index of a sample as well as its thickness and band-

gap. 

Our ellipsometry measurements were carried out on a UVISEL model Variable Angle 

Spectroscopic Ellipsometer (VASE) manufactured by Horiba Jobin-Yvon. The analysis and 

control software was Delta Psi 2. 

 

4.5 X-ray Diffraction 

 

X-ray diffraction is a versatile, non-destructive method to get information about the 

crystalline structures of single crystals, ceramics, and thin films. X-ray diffraction can be applied 

to any crystalline material, but the method is most sensitive to high-Z elements, since the 
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diffracted X-ray intensity is stronger from heavier nuclei. The power of XRD lies in the enormous 

amount of information that can be extracted from the data. It can easily be used with a 

resolution in the sub-angstrom range. However, the disadvantage is that the data has to be 

analyzed carefully and that the results are not always clear or unique. Because the wavelength 

of x-rays is comparable to the size of atoms, they are ideally suited for probing the structural 

arrangement of atoms and molecules in a wide range of materials. The energetic x-rays can 

penetrate deep into the materials and provide information about the bulk structure. 

Diffraction is essentially a coherent, elastic scattering phenomenon of an incident 

electromagnetic wave by electronic states of different atoms in the crystal. At certain angles of 

incidence the scattered beams will be completely in phase and interfere constructively to form a 

high-intensity diffracted beam. By measuring these angles it is possible to extract information 

regarding the geometrical ordering of the atoms in the crystal. This phenomenon is essentially 

governed by Bragg’s law. Considering a geometrical arrangement such as the one depicted in 

Fig. 4.5, this law can be written as: 

 

           4.2.  

 

Bragg’s law is a criterion for the existence of constructive interference between two beams. It 

states that it can only occur when the difference between the lengths of the optical paths of two 

different beams is a multiple of their wavelength. 

The concept of lattice planes is an important one in X-ray diffraction. As Fig. 4.6 suggests, 

beams are treated as though they reflected off these planes. For this reason a nomenclature 

based on the so-called Miller indices has been devised to help identify these planes. These 

indices are the reciprocals of the fractional intercepts which the plane makes with the 

crystallographic axes. They are written (hkℓ), and each index denotes a plane orthogonal to a 

direction (h, k, ℓ) in the basis of the reciprocal lattice vectors. By convention, negative integers 

are written with a bar, as in  ̅ for −3. The integers are usually written in lowest terms, i.e. their 

greatest common divisor should be 1. Miller index 100 represents a plane orthogonal to 

direction h. 

 

 

 

Fig. 4.5 – Geometry of X-ray diffraction. 

 

http://en.wikipedia.org/wiki/Basis_%28linear_algebra%29
http://en.wikipedia.org/wiki/Reciprocal_lattice
http://en.wikipedia.org/wiki/Negative_integer
http://en.wikipedia.org/wiki/Greatest_common_divisor
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X-rays are produced generally by either x-ray tubes or synchrotron radiation. In a x-ray 

tube, which is the primary x-ray source used in laboratory x-ray instruments, x-rays are 

generated when a focused electron beam accelerated across a high voltage field bombards a 

stationary or rotating solid target. As electrons collide with atoms in the target and slow down, a 

continuous spectrum of x-rays are emitted, which are termed Bremsstrahlung radiation. 

The most commonly used mode of operation is the so-called θ-2θ scan. This scanning 

mode is useful because it can give information about crystalline orientation of the material in the 

growth direction (also called "out-of-plane" direction) and distances between lattice planes 

parallel to the film surface. When this method is employed, the beam’s angle of incidence, θ, is 

constantly changed. Simultaneously, the angle of detector also changes in order to be able to 

follow the diffracted beams, i.e., the detector are constantly kept at an angle of 2θ from the 

incident beam. 

Fig. 4.6 [22] shows an example of an XRD plot. 

Two diffractometers were employed throughout the thesis work. One of them was a 

D8Discover manufactured by Bruker-AXS. Measurements were carried out with Kα1 (1.5406Å) 

and Kα2 (1.544 Å) Cu radiation. The beam was collimated with a parabolic mirror and a Ni filter 

that eliminates the Kβ radiation. The scintillation detector has a detection capability of 10
6
 counts 

per second with efficiency close to 100%. The second was a Rigaku SmartLab, Cu-Tube at 

45kV 150mA, with no Kβ but with both Kα1 and Kα2. This diffractometer was used with a Bragg-

Brentano configuration with a graphite analyzer at the detector’s side. 

Which system was used for a particular result will be specified in the image itself. 

 

 

 

Fig. 4.6 – XRD θ-2θ scans of NKN films grown on different substrates.  
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4.6 Energy-Dispersive X-ray Spectroscopy 

 

The EDS technique detects x-rays emitted from the sample during bombardment by an 

electron beam to characterize the elemental composition of the analyzed volume. 

Features or phases as small as 1 μm or less can be analyzed. 

When the sample is bombarded by the SEM's electron beam, electrons are ejected from 

the atoms comprising the sample's surface. The resulting electron vacancies are filled by 

electrons from a higher state, and an x-ray is emitted to balance the energy difference between 

the two electrons' states. The x-ray energy is characteristic of the element from which it was 

emitted.  

The EDS x-ray detector measures the relative abundance of emitted x-rays versus their 

energy. The detector is typically a lithium-drifted silicon, solid-state device. When an incident x-

ray strikes the detector, it creates a charge pulse that is proportional to the energy of the x-ray. 

The charge pulse is converted to a voltage pulse (which remains proportional to the x-ray 

energy) by a charge-sensitive preamplifier. The signal is then sent to a multichannel analyzer 

where the pulses are sorted by voltage. The energy, as determined from the voltage 

measurement, for each incident x-ray is sent to a computer for display and further data 

evaluation. The spectrum of x-ray energy versus counts is evaluated to determine in a semi-

quantitative way the elemental composition of the sampled volume. 

During the course of the experimental work an Oxford EDS system, equipped for the 

detection and analysis of light elements was employed. 

An example of an EDS plot is displayed in Fig. 4.7. 

 

 

 

Fig.4.7 – Typical EDS plot. 

  

http://mee-inc.com/eds.html
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5 Experimental Setup and Procedure 

 

5.1 Our PLD System 

 

As with any PLD system, the one used in the context of this experimental work consists 

of a cavity where plasma can be generated by a system of mirrors and optical filters and by a 

laser connected to a cooling circuit. 

The laser is an Nd:YAG based one, i.e., the lasing medium is an Nd:YAG (neodymium-

doped yttrium aluminum garnet, Nd:Y3Al5O12) crystal. The pumping system for this laser is 

provided by 2 flashlamps that produce intense, incoherent, full-spectrum white light for very 

short durations. The laser system can generate a lot of heat so in order to keep the temperature 

of the active media under control, a water based cooling system is used. This type of laser can 

emit radiation with wavelengths of 1064, 532 and 266 nm. For this experiment, the 266 nm UV 

line has been selected. In this case the energy of the laser radiation is absorbed in the first 

layers of the target surface which reduce drastically the number of particles on the growing film 

surface. The frequency and the duration of the pulses emitted by the laser can be regulated. In 

this case, the pulse frequency was always 10 Hz and the pulse duration was 5 ns. The 

maximum energy of a laser pulse was 16 mJ and the diameter of the beam roughly 2 mm. The 

pulse delay, oscillator energy and amplifier energy were set to 0%, 100% and 100% 

respectively, in order to maximize the power of the laser. The distance between the lens that 

focused the laser beam and the target was 23.8 cm. 

Inside the cavity, the temperature of the substrate can be varied by applying a voltage 

across a filament of MoSi2 protected by a tube of fused SiO2 that is in close proximity to the 

substrate. The substrate is in permanent contact with a temperature sensor (a chromel-alumel 

thermocouple) which is in turn connected to a multimeter that constantly reads the temperature 

of the substrate.  

Roughly 3 cm below the support where the substrate is placed, a cylindrical hole houses 

the target. The support is large enough to accommodate up to 4 samples of the typical size 

used throughout this thesis work (1cm x 1cm) and simultaneous depositions were sometimes 

performed.  

To generate vacuum inside the chamber, two pumps are connected to it. The first, a 

rotational pump (Trivac D 2.5E) is responsible for lowering the pressure to ~10
-2

 mbar. After this 

step, a turbomolecular (Turbovac SL80) pump is started and can take the chamber, after some 

hours of pumping, to pressures in the order of 10
-7

 mbar.  

The partial pressure of oxygen could be easily manipulated thanks to a device that allows 

the user to manually set the desired pressure.  

The excess heat generated by the heater is evacuated by water circulating in a vessel in 

close contact with the substrate holder. 
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5.2 NKN Target Preparation 

 

The preparation of the Na0.5K0.5NbO3 targets used throughout the experimental procedure 

consisted of the following steps T [30]: 

 

1. Solid–state reaction with stoichiometric ratios of starting materials (potassium. 

Carbonate, sodium carbonate and niobium oxide) 

2. Mixing of the powder 

3. Calcination at 920ºC for 4 hours 

4. Pelletizing of the samples 

5. Sintering at 1000ºC for 4 hours 

 

The calcination and sintering temperatures were chosen so as to obtain dense and 

single-phase NKN. 

 

5.3 Experimental Procedure 

 

In order to better understand the influence of oxygen pressure and substrate temperature 

on the thin films’ characteristics, the two parameters were treated individually.  

Anticipating that the oxygen pressure would reduce the flow of material from the target to 

the substrate, we started by analyzing the impact of this parameter on ionic currents flowing 

from the target to the substrate. To achieve this, the setup displayed in Fig. 5.1 was used. The 

results for this part of the procedure are presented in section 6.1. 

 

 

 

Fig. 5.1 – Setup for measurement of ionic currents 

 

Deposition of samples began after that initial step. The first series of samples (NKN 20-

25), studied the effects of pressures from 0.1 to 0.3 mbar in steps of 0.1 mbar on the 

morphology of the deposited films. The second series (NKN 27-32), continued this study but for 
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lower pressures, from 0 to 0.1 mbar in steps of 0.02 mbar. A selection of relevant results of this 

analysis is presented also in section 6.2. 

Once the analysis of the pressure parameter was complete, a series of new samples 

(NKN 35-42) intended to investigate the effects of temperature began. In order to do this, a 

pressure value of 0.2mbar was selected as due to the conclusions drawn from the two previous 

steps and all samples belonging to this new series were deposited with this value of pressure. 

Even though this new series ran only from 450ºC to 600ºC, data from the older series which had 

been deposited at 400ºC (20-25) and 300ºC (27-32) was also used in the comparison. A 

selection of relevant results of this analysis is presented also in section 6.2. 

This analysis of morphology was compounded with analysis of structure via XRD (section 

6.2), sample composition via EDS (section 6.3), transmission, reflection, absorption and 

ellipsometry spectra with estimation of the band gap and the thickness of the films (section 6.4) 

and C-f, R-f and loss tangent measurements (section 6.5). The absorption, transmission and 

reflection measurements were carried out using a Xe lamp and a VS140 Linear Array 

Spectrometer from Jobin-Yvon. C-f and R-f measurements were performed with a Solartron 

1225 Frequency Response Analyzer. Equipment used in other characterization techniques is 

mentioned in Chapter 4, for each technique. 

Samples were mostly deposited over a substrate with a layer of Pt 150nm thick on top of 

TiO2 (10nm), SiO2 (300nm) and Si. However, in certain cases simultaneous depositions on 

sapphire were also carried out. 

The deposition parameters for the most relevant samples are presented in table 5.1. 

Parameters deemed important for the discussion in Chapter 6 are repeated in that chapter for 

convenience when necessary. 

 

Sample Substrate T(ºC) Base Pressure  (mbar) O2 Pressure  (mbar) Dep. time (h) 
20a Pt/Si 400 1.2x10

-4
 0 2 

21 Pt/Si 400 1.2x10
-4

 0.2 2 
24a Pt/Si 400 1.1x10

-4
 0.3 2 

27a Pt/Si 300 1.2x10
-6

 0 2 
29a Pt/Si 300 1.2x10

-6
 0.04 2 

30a Pt/Si 300 9.6x10
-7

 0.06 2 
30c Sapphire 300 9.6x10

-7
 0.06 2 

31a Pt/Si 300 7.0x10
-7

 0.08 2 
32a Pt/Si 300 4.7x10

-7
 0.1 2 

35 Pt/Si 500 3.2 x10
-7

 0.2 6 
36a Pt/Si 450 6.1 x10

-7
 0.2 8 

38 Pt/Si 530 1.5 x10
-7

 0.2 4 
41 Pt/Si 600 9.8 x10

-7
 0.2 2 

42a Pt/Si 600 6.2 x10
-6

 0.2 2 
42b Sapphire 600 6.2 x10

-6
 0.2 2 

 

Table 5.1 – Deposition parameters for some NKN samples 
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6 Results and Discussion 

 

6.1 Plasma Current 

 

Fig. 6.1 shows the rate at which positively charged species collide with a substrate for a given 

partial oxygen pressure inside the deposition chamber after the target is hit a by a laser pulse, i.e., the 

ionic current from the target to the substrate. The result is presented as voltage because it was 

measured as such by the oscilloscope and voltage is proportional to the ionic current.  

 

 

Fig. 6.1 – Dependence of the ionic current reaching the substrate on partial oxygen pressure inside 

the chamber 

 

6.2 Sample Morphology and Structure 

 

This section introduces SEM, AFM and XRD images of selected samples. 

The magnification of SEM images is 50000x unless otherwise specified. 

Fig. 6.2 and 6.3 report on the study of the effects of pressure on the grain size and distribution 

in samples. Samples NKN 27a, 29a, 31a, 32a were deposited at 300ºC with oxygen pressures of 0, 

0.04, 0.08 and 0.1 mbar, respectively. Their SEM images illustrate the evolution of the density of 
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grains at low pressure. While in the case of 27a the area is sparsely covered by particles with sizes in 

the range of 50-300 nm, as pressure slowly increases, the density of grains with diameters of 50-100 

nm increases sharply and the surface is thoroughly blanketed by these. Some large grains, with 

diameters of 100-200 nm, however, persist. 

 

     

      

 

Fig. 6.2 – Clockwise from top left: SEM images of NKN 27a (vacuum), 29a (0.04mbar), 32a (0.1mbar) 

and 31a (0.08mbar). Acceleration Voltage: 15kV. 

 

This trend of concentration of grains and reduction of grain size seems to continue beyond the 

0.1 mbar mark, as suggested by Fig. 6.3. NKN 20a, 21 and 24a were deposited at 400ºC with oxygen 

pressures of 0, 0.2 and 0.3 mbar, respectively. The similar morphology of NKN 27a and NKN 20a, 

both deposited in vacuum, seem to confirm the hypothesis advanced earlier that the lower the 

pressure, the higher the density of large-sized particles. In the case of NKN 21 and 24a, as predicted, 

agglomeration is even denser than in NKN 32a and both the size and number of large particles has 

decreased. This is a desirable result because, as explained in [31], in pulsed laser deposition, 

particles with diameters in the 200-400nm are usually unwanted by-products of plasma expansion in 

the surrounding gas, whereas particles with diameters in excess of 500nm are typically large 

fragments extracted directly from the target due to the explosive laser pulse and propelled into the 

substrate. Both kinds of particles are defects that compromise the ferroelectric properties of films. 
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As we know from the results of section 6.1, the rate at which material arrives at the substrate is 

conditioned by the pressure of oxygen inside the chamber. Section 6.2, however, suggests that an 

increase in pressure leads to a more uniform coverage of the surface of the sample and more uniform 

grains sizes. A compromise value for pressure had to be reached so as not to overly decrease the 

deposition rate but also not to lose uniformity. The chosen value was 0.2 mbar, due to the fact that it 

was high enough for the concentration of defects to have decreased dramatically. On the other hand, 

samples deposited at 0.3 mbar did not show an improvement when compared to samples deposited at 

0.2 mbar and it was at this value of pressure that the next samples were deposited when the effects of 

temperature were studied by depositing samples at different temperatures. The fact that this value is 

smaller than the 0.465 mbar reported as ideal for growth of NKN thin films by PLD by Cho and Grishin 

[19] can be explained by the lower power of the laser used in the deposition process. 

 

     

 

 

Fig. 6.3 – Clockwise from top left: SEM images of NKN 20, 21 and 24. Acceleration Voltage: 10 kV. 

 

Fig. 6.4 illustrates the evolution of crystal structures with temperature. In the case of NKN 36a, 

the substrate temperature of only 450ºC is not enough to promote crystallization of NKN and this film 

has a similar appearance to that of the previously discussed set of samples, deposited at low 

temperatures. The comparison of this image with the ones of samples deposited at 300ºC and 400ºC 
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also suggests that up to 450ºC, the increase in temperature has little impact on the morphology of the 

samples. NKN 35, however, shows signs of formation of a crystalline phase interspersed with 

amorphous material. Analyzing the SEM images of NKN 38 it is possible to see that the surface is now 

covered with small crystallites with diameters up to 200nm. The last image, of NKN 42a, on the other 

hand, shows, throughout its surface, a homogeneous layer of fully formed crystals with lengths of up 

to 500nm and with sharply defined, parallel edges. These observations lead to the conclusion that the 

critical substrate temperature past which crystallization of NKN is possible is complete (even if fully 

developed crystals are not present yet) lies between 500 and 530ºC. 

 

     

      

 

Fig. 6.4 – Clockwise from top left: SEM images of NKN 36a (450ºC), 35 (500ºC), 42a (600ºC) and 38 

(530ºC). Acceleration Voltage: 15kV. 

 

AFM images later helped confirm the difference between NKN 36a and NKN 35. The three-

dimensional topography plots displayed in Figs. 6.5 and 6.6 illustrate how the morphology of the 

samples went from a surface covered with “hills”, i.e., large non-crystalline grains with curved shapes 

and few well-defined edges to a dense network of small crystallites. Despite this, and like mentioned in 

the previous paragraph, NKN 35 has non-crystallized material: In the center of this image a “corridor” 

with a texture very similar to that of NKN 36a can be clearly seen. 
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Some of the samples were then measured by XRD. The results were compared with the X-ray 

diffraction pattern of the NKN target shown in Fig. 6.7. Peaks were then identified by comparison with 

the X-ray card numbers listed. Even though the target had equal proportions of Na and K and the 

same was expected to be true for the samples, the only card it was possible to get access to was the 

card for Na0.35K0.65NbO3. For this reason, the labeling of the peaks may not be fully accurate. 

Upon observation of the XRD plots it becomes apparent that, as predicted, the presence of an 

NKN crystalline phase is increasingly more visible, starting with just 3 NKN peaks for NKN 30c (300ºC, 

0.06 mbar) and finishing with NKN 42b’s (600ºC, 0.2mbar) multiple peaks, with many different 

orientations. In the case of this sample only the most intense peaks were labeled. 

 

 

Fig. 6.5 – AFM three-dimensional topography plot of NKN 36a 

 

 

Fig. 6.6 – AFM three-dimension topography plot of NKN 35 
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Fig. 6.7 – XRD of NKN target. 

 

 

 

Fig. 6.8 – Comparison of XRD results for NKN 30c and the target. Rigaku system used.  
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Fig. 6.9 – Comparison of XRD results for NKN 35 and the target. D8Discover system used. 

 

 

 

Fig. 6.10 – Comparison of XRD results for NKN 42b and the target. Rigaku system used. 

 

6.3 Sample Composition 

 

For some of the samples, EDS readings were performed simultaneously with SEM in order to 

assess their composition. Figs. 6.11, 6.12 and 6.13 and Tables 6.1, 6.2 and 6.3 show the resulting 
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spectra and numerical results, respectively. Table 6.4 shows the stoichiometry for each of the samples, 

calculated based on EDS data. 

Table 6.4 shows that, as expected, samples tend to have approximately equal proportions of Na 

and K. In the case of NKN 42a, however, the deviation was more significant. Also worthy of notice is 

the fact the values for Nb are roughly twice as large as they should be for the samples to be 

stoichiometric. The explanation for these discrepancies seems to be that Na and K can volatilize 

during the cooling process if it is not done fast enough [32]. In the case of this experiment, due to the 

lack of a fast cooling system, the substrate took several minutes to cool down. Differences in the rate 

at which Na and K volatilize may account for the larger difference in the proportions of Na and K in the 

case of 42a which was deposited at a higher temperature (600ºC) and thus took longer to cool down 

than compared with 20a (400ºC) and 30a (300ºC). It is also possible that because of the fact that the 

Nb peak that the software selected to calculate the relative weight of this element was so close to that 

of Pt, the peaks overlap and may lead to an error in the calculation. 

The proportion of O was not calculated because of the fact that this element is present in 

several of the layers of the sample: the film itself, SiO2 layer and TiO2 layer. For this reason it was not 

possible to discern which portion of the total atomic concentration of oxygen was due to NKN. 

 

 

  

Fig. 6.11 – EDS spectrum of NKN 20a. 

 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   

C K 0.08 0.7520 19.45 1.12 59.94 

O K 0.06 1.2235 9.11 0.56 21.07 

Na K 0.01 1.8103 0.84 0.16 1.35 

K K 0.01 1.2723 1.30 0.28 1.23 

Nb L 0.07 0.9532 15.61 1.40 6.22 

Pt M 0.23 0.8857 53.69 1.38 10.18 

 

Table 6.1 – EDS results of NKN 20a. 
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Fig. 6.12 – EDS spectrum of NKN 30a. 

 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   

O K 24.50 0.8394 15.15 0.33 58.79 

Na K 2.11 1.2457 0.88 0.08 2.38 

Si K 7.63 1.3209 3.00 0.08 6.63 

K K 2.82 1.0381 1.41 0.09 2.24 

Ti K 0.55 0.9705 0.29 0.10 0.38 

Nb L 21.12 0.8789 12.48 0.49 8.34 

Pt M 115.72 0.8997 66.79 0.50 21.25 

 

Table 6.2 – EDS results for NKN 30a. 

 

 

 

Fig. 6.13 – EDS Spectrum of NKN 42a. 
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Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   

O K 20.43 0.7898 21.57 0.44 65.43 

Na K 2.23 1.1940 1.56 0.10 3.28 

Si K 2.57 1.2448 1.72 0.08 2.98 

K K 2.36 1.0249 1.92 0.11 2.38 

Ti K 0.60 0.9363 0.53 0.12 0.54 

Nb L 28.07 0.8769 26.68 0.54 13.94 

Pt M 48.16 0.8726 46.01 0.52 11.45 

 

Table 6.3 – EDS results of NKN 42a. 

 

Sample Na K Nb 

20a 0.52 0.48 2.41 

30a 0.52 0.48 1.80 

42a 0.58 0.42 2.46 

 

Table 6.4 – Stoichiometric ratios for NKN 20a, 30a and 42a. 

 

6.4 Optical results 

 

Optical measurements were undertaken to obtain the films’ transmission, reflection and 

absorption patterns and also to determine their thickness and band gap. 
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Fig. 6.14 - Reflection spectrum of sample NKN-35 with well-pronounced interference fringes. 
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Fig. 6.14 shows the Reflection spectrum of sample NKN 35 with well-pronounced interference 

fringes. They indicate good film homogeneity with low surface roughness. The film was deposited at 

high temperature of 500 ºC which led to the formation of a polycrystalline texture. 

 

 

Fig. 6.15 – Transmission spectrum of NKN 42b. 

 

 

 

Fig. 6.16 - Spectral ellipsometry performed on sample NKN 42b. 
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Fig. 6.17 – Numerical fit of the Tauc-Lorentz model to the ellipsometric data of film NKN 42b. 

 

Fig. 6.15 offers an estimate of the energy gap of NKN 42b based on its transmission profile. No 

interference fringes are detected in this arrangement since the sapphire substrate is polished only on 

the film side.  The method used to calculate the band gap is valid because in the region of high 

absorption, the αhν product is proportional to (hv-Eg) [33].  

The good film quality of NKN 42b is evidenced by the strong modulation of the relevant 

ellipsometric parameters psi and delta presented in Fig. 6.16. 

Finally, Fig. 6.17 shows a Numerical fit of the Tauc-Lorentz model to the ellipsometric data of 

film NKN-42-b. The resulting film thickness is 495 nm with a precision below 2 %. The fit value of the 

band gap is 3.58 eV, which is very near to the result from optical transmission shown in Fig. 6.15. A 8 

nm thick surface layer was included in the model to account for surface roughness. The fit is weak in 

the region just below the band gap where the Urbach tail indicates the presence of defect states. It is 

in this low energy region where the Tauc-Lorentz model assumes zero absorption. 

 

6.5 Electrical Results 

 

The frequency-dependent responses of resistance and capacitance were studied. The electrical 

model of the films was assumed to be a capacitor in [parallel/series] with a resistor. Under this 

assumption, Eq. 2.11 can be rewritten as: 

        
 

   
 6.1.  
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where ω=2πf, with f being the frequency, R the resistance and C the capacitance. 

Using this formula it was possible to calculate the loss tangent which was plotted along with the 

C-f and R-f plots. 

 

 

 

Fig. 6.18 – C-f, R-f and tan(δ) plots for NKN 21. 

 

 

 

Fig. 6.19 – C-f, R-f and tan(δ) plots for NKN 41 

 

The high values of loss tangent in both cases imply a poorly resistive behavior. Polarization 

(either spontaneous or generated by an applied electric field) will quickly vanish due to the conduction 
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of charges through the material. For this reason no hysteresis loops could be obtained and 

ferroelectric behavior could not be verified. Results presented in section 6.2 indicate that good 

pressure and temperature conditions for the deposition of films of this material have been found, since 

a uniform, dense network of large crystallites was achieved. As shown in section 6.3, however, there 

is a mismatch in the stoichiometric ratios of Na, K and Nb in some of the samples that hints at early 

volatilization of Na and K. This loss is the responsible for the leaky nature of these films because the 

vacancy of these elements leads to increased ionic conduction [19]. 
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7 Conclusions and Future Work 

 

7.1 Conclusions 

 

NKN films were grown by PLD on different substrates, at different substrate temperatures 

and different oxygen pressures based on Na0.5K0.5NbO3 targets. Morphology was revealed by 

SEM and AFM pictures and from the analysis of these images and by comparison with the 

observed behavior of the plasma under different values of pressure, an ideal pressure for 

deposition of NKN thin films using this particular PLD system of 0.2 mbar was found. Analysis of 

the effect of temperature on the morphology of the films indicates that the temperature above 

which the surface of the film is fully covered with crystallites is in the range of 500ºC-530ºC. 

Films with fully developed crystals were obtained at 600ºC and an oxygen pressure of 0.2 mbar. 

XRD results confirmed that an increase in temperature leads to a more pronounced NKN phase 

with multiple plane orientations. Stoichiometric ratios calculated from EDS data, however, 

revealed a deficiency in Na and K in the films which may be explained by volatilization of these 

elements during the process of cooling down after a deposition. Optical measurements revealed 

band gaps in the 3.4-3.9 eV range. Ellipsometry measurements led to estimations of film 

thicknesses up to 500 nm. C-f and R-f measurements revealed a highly resistive and leaky 

behavior, with high values of loss tangent and which explain the inability to obtain P-E 

hysteresis loops. The explanation for this behavior may lie on the stoichiometry discrepancies 

detected with EDS data. 

 

7.2 Future Work 

 

This experimental work has addressed several parameters/deposition conditions that 

need to be optimized in order to grow good NKN films. However, a few issues remain, that 

future work should try to deal with.  

Especially worthy of mention is the low power output of the Nd:YAG laser used for all the 

depositions. As confirmed in Table 5.1, this leads to long deposition times (of up to several 

hours) to achieve similar film thickness when compared with more powerful laser systems, such 

as high power excimer lasers with which films can be grown in as little as 12 minutes. This 

difference is not only important because of the inconvenient fact that it severely reduces the rate 

at which series of samples can be deposited but also because it might, conceivably, affect the 

properties of the film. Furthermore, as explained in chapter 6, a reason for the usage of a small 

value of oxygen pressure when compared to the values reported in the literature is due to the 

need to reach a compromise between the need to keep the flow of material from the target to 

the substrate and the need to have a high oxygen pressure so as to obtain a uniform coverage 

of small NKN particles. In order to solve this problem, in parallel with the experimental work, we 
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started setting up a He-Cd excimer laser with a UV line of 248 nm built by Lambda-Physik. This 

task is ongoing but not yet finished.  

The filament used as heater inside the chamber can only heat the substrate up to 600ºC 

before the applied voltage causes it to deteriorate and for this reason research on the effects of 

temperature could not move past this value. 

A more capable cooling system could dramatically reduce the time it takes to cool from 

deposition temperatures to room temperature which would lead to reduced loss evaporation of 

Na and K and thus to more stoichiometric films and hopefully ferroelectric behavior. 

A different but interesting solution that tackles some of these problems simultaneously is 

described by Lee Kang et al., in [21]. Kang deposited films by RF Magnetron Sputtering at 

different temperatures and then proceeded to anneal them also at different temperatures and 

with oxygen and Na2O atmospheres. The Na2O atmosphere was chosen because XRD spectra 

of films deposited in different conditions showed significant KN peaks which imply that Na had 

been lost during the sputtering process and had to be compensated for. When films were grown 

at 300ºC and post-annealed at 800ºC in the presence of Na2O, XRD results showed no sign of 

the undesired KN phase and the ferroelectric properties reported for this sample were the best 

of that series. While it is true that these films were grown with RF Magnetron Sputtering, it would 

be interesting to test this idea with PLD. 

After solving these problems, an interesting line of research would the analysis of the 

effects of doping on NKN thin films. An example of such work, done on ceramic samples, was 

recently published by our colleagues at the University of Aveiro [30] in which it was reported that 

doping with 6.5% of LiNbO3 led to improved piezoelectric properties. 
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