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(Abstract) 

A direct liquid injection (DLI) metalorganic chemical vapor deposition (MOCVD) 

technique was devised to deposit ferroelectric lead zirconate titanate (PZT) films for the 

first time. By utilizing a cheap DLI precursor delivery system, the problems encountered in 

the conventional precursor delivery system by bubblers were eliminated. Highly uniform 

PZT films with a spatial variation in film composition of less than + 3.0% were grown 

along a range of an 8 cm long substrate holder. The composition and thickness variation 

within 4 runs was less than + 5% and + 8%, respectively. The linear relationship between 

the composition in precursor solution and in PZT films makes the composition control 

very easy for the process of DLI-MOCVD preparation of PZT films. The growth 

temperature had the largest effect on various properties of deposited PZT films. PZT films 

with (111) orientation were easily deposited at a higher growth temperature while at a 

low growth temperature, PZT films with (001) orientation tended to form. The effect of



annealing on the top electrodes was observed to have the hysterisis loop symmetric and to 

reduce the leakage current of PZT films. The present DLI-MOCVD grown PZT films 

showed good ferroelectric properties. Two-remanent polarization from 20 to 50 wC/cm? 

and two-coercive field from 60 to 100 Kv/cm can be easily obtained from these PZT films 

which have the thickness range from 300 nm to 1000 nm. The remanent polarization was 

affected by Lanthanum doping, which decreased from 25~1C/cm’ at 0% La doping to 

12uC/cm? at 8% La doping. No obvious effects on the coercive field and the morphology 

were observed within these La doping ranges. The leakage current density of our PZT 

films was decreased as the growth temperature reduced. By reducing the growth 

temperature from 640°C to 590°C, the leakage current density was reduced one order of 

magnitude to 5 x 10° A/cm’ at an electrical field of 100 Kv/cm. These films also showed 

high dielectric constants, about 700 for PLZT (4/34/66) and about 1200 for PLZT 

(4/55/45). The dissipation factors , tan 5, for the above films were 0.023 and 0.03, 

respectively. The electrical fatigue of the typical PZT films showed 70 % switched 

polarization remained after 10"° cycles. Surface etching by Ar ion bombardment and H- 

tetramethylheptadione or H(thd) was applied to get rid of possible PbO which is electrical 

conducting on the PZT films. No improvement on the leakage current of PZT films was 

observed. Lead excess from -25% to -10% in the precursor solution was found to produce 

the PZT films with the strongest (111) orientation and surface flatness. However the best 

electrical properties were only found in the lead concentration range of -10% to 10% in



the precursor solution. PbO may not be the reason for the leakage current of the PZT 

films. Optical microscopy observation showed that gas phase reaction at higher growth 

temperature may be the reason for the leakage current of the PZT films. Both the leakage 

current and morphology were improved obviously by reducing the growth temperature. 

The non-homogeneous grains of the PZT films may be the other reason to lead the leakage 

current of our PZT films. Both stochiometry and non-stochiometry two-step-grown PZT 

films have shown significant improvement in the homogeneity of the grains of PZT films, 

which should have low leakage current.
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Chapter 1. Introduction 

1.1 Ferroelectric Materials 

Definition of Ferroelectric Materials. Ferroelectric materials are those materials 

which have reversible spontaneous polarization P, in the absence of an applied electric 

field [1]. This spontaneous polarization arises from a crystal structure which belongs to a 

noncentrosymmetric point group. In nature, there are thousands of crystals. However, all 

these crystals can be divided into only thirty-two macroscopic symmetry types, 1.e., 32 

point groups [2]. Among these point groups, eleven point groups are classified as 

centrosymmetry and the remainders are classified as noncentrosymmetric. Within these 

noncentrosymmetric point groups, ten point groups have only one unique direction axis. A 

crystal having one of these point-group symmetries has a unique rotation axis, but does 

not permit any mirror operation perpendicular to this axis, which means that along the 

unique rotation axis, the atomic arrangement at one end is different from that at the 

opposite end. Such crystals are called polar crystals since they display spontaneous 

polarization. 

A crystal exhibiting spontaneous polarization can be visualized to be composed of 

negative and positive ions. For example, figure 1.1 shows the crystal structure of BaTiO;



  

(a) (b) 

Figure 1.1: The crystal structure of barium titanate (perovskite- 

type structure). (a) above the Curie temperature the cell 1s 
cubic (b) below the Curie temperature the cell is tetragonal. 
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Figure 1.2: Domain Structure. (a) without an applied field (b) 

Growth with applied field.



(perovskite-type structure)[3]. Above the Curie temperature of 120°C [4], the prototype 

crystal structure is cubic, with Ba”’ ions at the cube corners, O” ions at the face centers 

and Ti** ion at the body center, as shown in figure 1.1(a). Below the Curie temperature, 

the structure is slight deformed, with the effective cation center of Ba”’ and Ti** ions 

displaced relative to the effective anion center of O” ions, thereby creating a dipole, as 

shown in figure 1.1(b). These dipoles will form the spontaneous polarization when the 

average dipoles have a prefer direction. 

If the direction of the spontaneous polarization discussed above can be reversed by 

an external electric field, such crystals are called ferroelectric crystals. Ferroelectricity 

was first found in 1921 by Valasek in Rochelle salt [5]. However, most of the useful 

ferroelectric materials, such as barium titanate (BaTi0O3), lead titanate (PbTiO3), lead 

zirconate titanate (PbZr,.,Ti,O3), lead lanthanum zirconate titanate (PLZT), and potassium 

miobate (KNbO3) etc. have perovskite-type structure shown in figure 1.1. 

Ferroelectric Domains. In general, a ferroelectric crystal that has not been 

specially prepared has many regions with their specific polarization directions (see figure 

1.2(a)). Such regions with uniform polarization are called ferroelectric domains. These 

domains can be lined up (see figure 1.2(b)) in the same direction when a large electric field 

is applied to the specimen and show high polarization even the external electric field is 

removed.



Ferroelectric Hysteresis Loop. A basic characteristic of all the ferroelectric 

materials is the hysteretic behavior relating polarization P and applied field E. The 

polarization P is a double-valued function of the applied field E as shown in figure 1.3, 

where E, is the coercive field, P, and P, represent the spontaneous polarization and 

remanent polarization, respectively. 

Ferroelectric Memories. The most widely and important applications in recent 

years for ferroelectric materials are ferroelectric memories [6]. Since the polarization of 

the entire ferroelectric crystal can be switched from up to down by reversing the applied 

field (see figure 1.3), this crystal can be encode the +1 (up) and 0 (down) states required 

for the Boolean algebra of binary computer memories. These memories could rapidly 

replace core memories as the nonvolatile memory of choice for most applications since 

they have advantages of high speed, nonvolatility, radiation hardness and light weight, as 

well as low power requirements, physical robustness, and high density [7]. 

Other Applications. Besides the applications in memories, ferroelectric materials 

have many other applications corresponding their unique properties [8]. Their high 

dielectric constant can be used for Capacitors. Their pyroelectric property can be used for 

heat (IR) sensing and thermistors. The piezoelectricity can be used for transducer devices
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Figure 1.3: A typical D-E hysteresis loop in ferroelectrics. (top: 

schematic circuit of Sawyer-Tower bridge for the 

observation of D-E characteristics in ferroelectrics)



and surface acoustic wave (SAW) devices. The electrostriction and electro-optic 

properties can be used for the actuators and optical waveguides, respectively. The detailed 

applications and corresponding materials and properties are listed in table I. 

1.2 Ferroelectric Thin Films and Their Preparation Techniques 

Reasons to Use Ferroelectric Films. For most of the applications of the 

ferroelectric materials in electronic and optic devices, bulk ferroelectric properties must be 

achieved in thin films. For example, in the application of memories, since the coercive 

fields for most of the ferroelectric materials are of order dozens kilovolts per centimeter, a 

few thousands volts is usually need to operate a bulk sample; but for a thin film of order 

100 nm thick, it requires only a few volts. Another example is ferroelectric capacitors. 

Since the capacitance of a capacitor is inversely proportional to the sample thickness, 

much higher capacitance can be achieved in a thin film capacitor. Thus the development of 

practical ferroelectric memories is closely linked with the progress in thin-film physics and 

preparation techniques. In the applications of integrated optics, thin-film device 

geometries also offer several advantages over their bulk counterparts. Thin-film 

geometries provide easy accessibility for probing, measurements, and modifications. Such 

devices can also be miniaturized since the optical wavelength used is extremely small, 

resulting in systems that are more compact, less vulnerable to environmental changes, and



Table I. Applications of ferroelectric thin films 

  

  

      

Thin-film materials Phenomena _ | Applications 

Perovskite 

(Titanates) 

BaTiO; Dielectric Capacitors, sensor, phase shifter 

(Ba,Sr)TiO; 

SrTiO; Pyroelectric Pyrodetector 

PTCR Thermistor 

PbTiO;(PT) Pyroelectric Pyrodetector 

Piezoelectric | Acoustic transducer 

Pb(Zr,Ti)O3;(PZT) Dielectric Nonvolatile memory 

Pyroelectric Pyrodetector 
Piezoelectric | SAW substrate 

Electrooptic | Waveguide device 

(PB,La)(Zr,Ti)O;(@PLZT) | Pyroelectric Pyrodetector 

Electrooptic | Waveguide device, optical memory, display, SHG 

(Niobates) 

Pb(M¢g13,Nb23)03 (PMN) | Dielectric Capacitor, memory 
PMN/PT Electrooptic | Waveguide device 

LiNbO;(LN) Piezoelectric | Pyrodetector 

LiTaO,;(LT) Electrooptic Waveguide device, optical modulator, SAW, SHG 

KNbO;(KN) Electrooptic Waveguide device, frequency doubler, holographic 

storage 

K(TaNb)O3(KTN) pyroelectric Pyrodetector 

Electrooptic | Waveguide device 

Tungsten-bronze 

(Sr,Ba)(Nb20,.(SBN) Dielectric Memory 

(Sr,Ba)o3 R,Nao4Nb20¢ Pyroelectric Pyrodetector 

(RCr, Zn, Y) Electrooptic | Waveguide device 

(Pb,Ba)(Nb20.) 
(K,Sr)Nb,0¢(KSN) 
(Pb,K)Nb.0<(PKN) 
Ba,NaNb-O,;(BNN) 
  

Laurel M. Sheppard al. [9] 

 



more economical. Other advantages for above applications as well as other applications 

include more economical processing, greater design flexibility, and the ability to fabricate 

unique non-level composite structures. 

Applications of Ferroelectric Films. The applications of ferroelectric materials 

corresponding their properties in the thin film form are listed in table I [9]. 

PZT Films. Among many ferroelectric films, lead zirconate titanate (PZT) films 

are the most widely studied and used because of their remarkable ferroelectric properties. 

These highly desirable properties include high resistance due to their compact crystal 

lattice, thermal and chemical stability, high Curie point exceeding 350°C, typical ceramic 

hardness, high spontaneous polarization and easy integration with the CMOS transistors. 

Furthermore, the dopants (La is mostly commonly used) are easily introduced into PZT 

materials, which can be used to improve the microstructure and their properties [10]. 

PZT crystals have the perovskite structure as the same structure as PbT10; in 

figure 1.1. When Ti*’ ions in PbTiO; are partially replaced by Zr** with a molar ratio x, a 

solid solution of x PbZrOQ3-(1-x)PbTiO; (O<x<1) binary systems formed. Its chemical 

formula is PbZr,Ti).,03. Figure 1.4(a) is the T-x phase diagram of the PZT pseudo-binary 

system, where the Tc-line 1s the boundary between the cubic paraelectric phase and the 

ferroelectric phase[11]. A morphotropic phase boundary divides the region of ferroelectric
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phase into two parts, a tetragonal phase region (on the Ti-rich side)and a rhombohedral 

phase region (on the Zr-rich side). At room temperature, the boundary is at the point 

Z1/Ti=53/47. In the region where Zr/Ti lies between 100/0 and 94/6, the solid solution is 

an antiferroelectric orthorhombic phase exhibiting no observable piezoelectric effect. 

The lattice constants of PZT are plotted against composition x (mol % of PbT103) 

in figure 1.4(b) [12]. An abrupt change in the lattice constants of PZT occurs near the 

composition corresponding to the morphotropic phase boundary, where some physical 

properties, such as dielectric constant, piezoelectric coefficient and remanent polarization, 

show maximum values. 

Preparation Techniques. Almost all the film preparation techniques have been 

applied to deposit ferroelectric films. In general, these deposition techniques are divided 

into two major categories; i.e., (1) physical vapor deposition (PVD) and (2) chemical 

processes. The growth process of PVD in the application of ferroelectric films includes 

electron beam evaporation [13], thermal evaporation [14], flash evaporation [15], rf diode 

sputtering [16], rf magnetron sputtering [17,18], dc magnetron sputtering [19], ion beam 

sputtering [20], reactive sputtering with muti-element targets [21], molecular beam 

epitaxy (MBE) [22], electron cyclotron resonance (ECR) plasma-assistant growth [23], 

and laser ablation [24,25]. The chemical processes can be further divided into two 

subgroups, i.e., chemical vapor deposition (CVD) and wet chemical processes. The latter 

10



Table II. Various growth techniques involved in the deposition of ferroelectric thin 

films 

  

DEPOSITION TECHNIQUES THIN FILM MATERIALS 
  

  

Physical Vapor Deposition (PVD) 

e-beam evaporation PG, SbSI, PZT, BT 

magnetron sputtering (DC and RF) | BT, PT, PZT, PLZT, PMNPT, BST, PLT, BiT, SBT 

ion-beam sputtering PZT, KNbO;, PLT 

molecular beam epitaxy (MBE) BaMgF, LiNbO; 

ECR PT, BiT, PZT 

laser ablation BiT, PZT, PLT, PG, KTN,SBT 

Chemical processes 

wet chemical processes 

MOD PT, PZT, PLZT, LiNbO3, SBT, SBTN 

sol-gel PT, PZT, PLZT, PMNPT, PLT, LiNbO; 

chemical vapor deposition 

CVD PT, PZT 

MOCVD PT, PZT, PLZT, PLT, SBT     plasma-enhanced MOCVD PT, BT 
 



includes sol-gel [26,27]and metalorganic decomposition (MOD) [28,29]. The former 

include normal CVD [30], plasma-enhanced CVD [31], and metalorganic CVD 

(MOCVD) [32,33]. The summary of recent activity is listed in table II (Partially see 

reference [34]). 

Comparison of Deposition Techniques. In most of PVD techniques, precursors 

of the desired film materials are vaporized and deposited on a substrate by a variety of 

sputtering techniques listed above. PVD techniques have been the most common 

deposition methods and have some advantages for preparing ferroelectric thin films. These 

advantages include [35] (1) dry processing, (2) high purity and cleanliness, and (3) 

compatibility with semiconductor integrated circuit processing. However, there are some 

shortcomings of requirements of high vacuum, expensive and complicated apparatus, low 

deposition rates, small deposition areas, being limited to line-of-sight deposition, and 

unfavorableness to large-scale processing [36]. 

The major advantage of the wet chemical processes is their simplicity. 

Additionally, they provide molecular homogeneity, high throughput, excellent 

compositional control and low capital cost since no vacuum is required. However, for 

ferroelectric thin films they are limited by film integrity problems during post deposition 

annealing and possible contamination problems that make them incompatible with 

semiconductor processing [37]. 

12



Of all the above mentioned techniques, MOCVD appears to be the most promising 

technique because it offers the advantages of simplified apparatus, excellent film 

uniformity, compositional control, high film densities, high deposition rates, excellent step 

coverage and amenability to large scale processing. More importantly, novel structures 

can be grown easily and precisely. MOCVD is capable of producing an entire class of 

devices which utilize either ultra-thin layers or atomically sharp interfaces [38]. 

1.3 DLI-MOCVD 

When fabricating multi-element films, however, MOCVD using conventional 

bubblers to generate precursor vapors has shown limited success in controlling the 

stoichiometry precisely. Another disadvantage to conventional bubblers is that some 

precursors decomposed before sublimating [39]. 

Recently, direct liquid injection (DLI) MOCVD and similar variants, which are 

classified as single source methods, were developed to solve these problems [39-43]. 

Among these single source methods, chemical spray pyrolysis [43] directly injects the 

source solution onto the heated substrate; epitaxial growth 1s difficult. Single solid 

MOCVD [41] transports mixed solid precursors into a vaporization chamber. This method 

has problems controlling the transported source quantitatively. A method [40] similar to 

DLI-MOCVD has its source transported with an ultrasonic atomizer. Depletion of the 
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solvent arises due to the faster vaporization rate of the solvent than the solute. DLI- 

MOCVD does not have any of these problems. DLI-MOCVD uses a single precursor 

source, i.e., all the precursors (either liquid or solids) are dissolved in a suitable solvent to 

form a single liquid source; the liquid source is transported to a vaporization chamber 

where all the precursors are vaporized simultaneously. Therefore, the composition of the 

vapor delivered to the deposition chamber depends solely on the mixing ratio of different 

precursors in the source. Controlling flow rates with DLI is simpler and more effective 

than with conventional bubbler methods. Moreover, the single precursor source ts kept at 

room temperature during deposition, which eliminates the problem of precursor 

degradation at elevated temperature. 

Most of the single source methods were invented in the MOCVD preparation of 

high temperature superconducting films to solve the problems of unstable precursors and 

to simplify the composition controlling as mentioned before. Their unique advantages are 

sooner put those methods in use in the CVD fabrication of ferroelectric and high dielectric 

constant films [44,45] because of their similar problems encountered with high 

temperature superconducting films. Furthermore, these single source methods can be 

enlarged to fabricate many other multi-component films [46,47]. We have reported the 

initial work of depositing PLZT films [48,49] using one of the single source methods, 

DLI-MOCVD, which was thought the best one among these single source methods. The 
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results from a very simple liquid delivery system are encouraging. In this research, we 

present a systematic study of DLI-MOCVD PZT ferroelectric thin films. 

1.4 Objectives of Research 

(1). 

(2). 

(3). 

(4). 

(5). 

(6). 

(7). 

The objectives of this research were as follows: 

To develop a new direct liquid injection metalorganic chemical vapor deposition. 

To obtain ferroelectric lead zirconate titanate thin films by using above developed 

method. 

To study the reliability of DLI- MOCVD in the process of fabrication of PZT thin 

films. 

To study the effect of processing conditions on the growth of PZT films. 

To study the structure and morphology of deposited PZT films. 

To study the electrical properties of deposited PZT films. 

To study the leakage current of deposited PZT films. 
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Chapter 2 Experimental Procedure 

2.1 Deposition of PZT films by DLI-MOCVD 

In CVD, the vapor/vapor mixture that enters a chamber containing the substrates, 

maintained at a suitable temperature, reacted to form a solid film on the substrates. The 

chemical reaction taking place is a very important characteristic in all CVD processes. 

Flow rates , gas composition, deposition temperatures, pressures, and chamber geometry 

are the process variables by which thin film deposition is controlled. Thus a reactor-based 

CVD system involves three fundamental processes: the transportation of the reactants, the 

supplying of heat to the reaction site, and the removal of the reaction by-products. 

MOCVD is one type of CVD if the reactants are metalorganic substances. Accordingly, 

the DLI-MOCVD is one type of MOCVD which has the DLI system for the 

transportation of the reactants. 

2.1.1 Comparison of the Conventional MOCVD with the DLI-MOCVD 

The major differences of the DLI-MOCVD and the conventional MOCVD are in 

the first process part, 1.e., the transportation of the reactants, which have been partially 
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explained in the introduction. It will be discussed more detailed in this part. In the 

conventional MOCVD preparation of ferroelectric thin films, the different metalorganic 

precursors were packaged separately in different bubblers which were shown in figure 2.1 

[SO]. Each bubbler has a temperature controller and a carrier gas controller. The 

transported amount of each precursor was controlled by its temperature and carrier gas 

conditions which were controlled separately for each bubbler. Then if there are X elements 

in the target ferroelectric thin films, double X parameters are basically needed to control 

the composition of the deposited films. Of course, the deposited film composition 1s also 

affected by other growth conditions, for example, the growth pressure and growth 

temperature. In DLI-MOCVD, the number of controlling parameters are tremendously 

reduced. The more complicated the composition of target film is, the more advantage the 

DLI-MOCVD will exhibit. 

2.1.2 Operation Principle of the DLI System 

Figure 2.2 illustrates the home-made DLI-MOCVD system with a hot wall 

horizontal reactor, which was used in the present study. The direct liquid injection system 

is shown at the low part in figure 2.2, which replaces the transportation of reactants in the 

conventional MOCVD by bubblers. Metalorganic precursors were dissolved into a mixed 

solvent to form the precursor (source) solution. This solvent was selected to have the 

17



  

Vacuum 

Gauge 3 Zone Furnace       

  

  

        
  

  

  

  

  

        
  

  

  

  

  

        

WL. peeeeeeeneeysSetessh. = = = 
! | 

Samples L Lia N 
QE q N2 

| Tr Cold Trap 
| 
| 
SSS = 

O2 —4 MFC | 

| 
! | Vacuum Pump 

| 
N2 —| MFC = | 

| 
Pb(thd)2 | |  ~=TT= . Warm Temperature Zone 

| 
N2 —] MFC = | 

| 
Zr(thd)a | 

| 
N2 MFC = 1] 

Ti(C2hHisO)s   

Figure 2.1: Schematic diagram of the conventional MOCVD 

apparatus for PZT films. 

8



   

      

   Vacuum 

     

  

Vacuum 

  

    

    
   

    

   
    

Pump ee O, 
Substrates 

Preheating 
N, Chamber Vaporizer Source 

Solution 

Figure 2.2: Schematic diagram of the DLI-MOCVD apparatus for 
PZT films. 

9



capability to dissolved all the precursors. A liquid pump with a controllable flow rate was 

used to pump the precursor solution to the heated vaporization chamber. The mixed 

precursor vapors were carried into the reactor by the preheated carrier gas. No matter 

how many precursors in the precursor solution, the composition of the target film could be 

controlled by just varying their molar ratio in the precursor solution, which can be 

controlled very precisely by an electronic balance. 

2.1.3 Precursors Selection 

One of the requirements to prepare ferroelectric thin films by means of DLI- 

MOCVD, as in the case of pyrolysis MOCVD, lies in the selection of suitable 

metalorganic precursors. The basic requirements of DLI-MOCVD for metalorganic 

precursors are as follows: 

(1) The precursors (usually in solid state) must be sublimable and their 

vaporization rates are adjustable. 

(2) The precursors are chemically compatible with one another. Moreover, the 

physicochemical properties match well; for instance, the vaporization temperature of one 

precursor can not be higher than the decomposition temperatures of the other sources, and 
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for all the precursors there must be a sufficient separation between the highest 

vaporization temperature and the lowest decomposition temperature. 

(3) The precursors should be stable in air, particularly in the reactant gas. 

(4) The precursors should be stable in the mixed solvent. 

Other requirements include no contamination from the organic constituents of the 

precursors and nontoxic for the human health. 

Based on above requirements, lead bis-tetramethylheptadione, Pb(C,,H19O2)2 or 

Pb(thd)2, zirconium tetra-tetramethylheptadione, Zr(C,,H)9O2)4 or Zr(thd), and titanium 

ethoxide, Ti(OC2Hs),4 (Ti(OEt),4) and lanthanum tri-tetramethylheptadione, La(C1;H1902)s 

or La(thd); were chosen as precursors. Titanium tri-tetramethylheptadione, Ti(C,;H1902)3 

or Ti(thd)3 was also used to keep all the legends of precursors same. No significant 

changes have been observed comparing with those using Ti(OC2Hs), as the precursor. For 

the present paper Ti(OC2Hs)4 was chosen rather than Ti(thd)3 as the precursor. The only 

reason is that the former 1s much cheaper than the latter. The selected properties of above 

precursors are listed in table III. More detailed information can be found in literature [34]. 

2.1.4 Solvents Selection 
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Table III. Selected Properties of Metalorganic Precursors Used in This Study 

  

  

  

Precursor } Appeara- | Air Melting Boiling Vap. Decomp. 

nce at RT | Stability | Point(°C) | Point(°C) | Temp. Temp. 

(Cc) (CQ) 
Pb(thd), White Stable 128 320 135~165 300 

Powder 

Zr(thd), | White Stable 345 180~230 | 500? 

Powder 

Ti(OEt), | Colorless | Stable but 122 110 300 

Liquid Sensitive 

to 

Moisture 

Ti(thd); Black Sensitive 75 (Sub.) | 75 

Powder to Air and 

Moisture 

La(thd)3; | White Stable 230 370 ~ 210 350 

Powder             
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Another basic requirement to prepare ferroelectric thin films by means of DLI- 

MOCVD is the selection of suitable solvents to metalorganic precursors. The basic 

requirements of DLI-MOCVD for solvents are as follows: 

(1) High solubility power for all precursors used. 

(2) Appropriate vaporization ability (Appropriate boiling point and vaporization 

latent heat). 

(3) No interaction between precursors and solvents. 

(4) Do not participate in the film growth reaction. 

The solvents should also be low viscosity for easy transportation and low cost. 

Based on above requirements, tetrahydrofuran (THF, C,HsO) is selected as our 

solvent. Isopropanol (IPA, C3;H7OH) and tetraglyme (Ci9H22.0s) are added to lower the 

evaporation rate of the solution [38]. The selected properties of above solvents are listed 

in table IV. 

2.1.5 Experiment Procedure 

The organic precursors of Pb(thd)2, Zr(thd)4 and Ti(OC2Hs)4 were dissolved in a 

solution of THF, IPA and tetraglyme in the molar ratio of 8:2:1 to form a precursor 
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Table IV. Selected Properties of Solvents Used in This Study 

  

  

            

Solvent Formula Molecular | Density Boiling AH yap 

Weight (g/cc) Point (°C) | KJ/mol 

Tetrahydrofuran | C4HsO 72.11 0.8880 66 95 

(THF) 

Isopropanol(IPA) | C3H7;OH 60.10 0.8035 97.4 47.3 

Tetraglyme C19H2»O05 222.29 1.0114 275   
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solution with concentration from 0.025 to 0.2 M. The precursor solution was injected into 

the heated vaporization chamber which is kept at 250°C by a liquid pump at a rate of 0.2 ~ 

1.2 ml/min. The mixed precursor vapors were carried into the reactor by pre-heated 

(250°C) nitrogen. The oxidant (O2) was separately led into the reactor to avoid the 

possible reaction with precursors in the heated (230°C) transportation line. The vapor 

went through a heated (230°C) bypass line for approximately 3 minutes before starting the 

deposition. The substrates were put onto a tilt substrate holder. Small screws were 

mounted on the substrate holder at equidistance as the position marks. After deposition, 

the PZT films were cooled to the room temperature under an oxygen atmosphere. 

The PZT thin films were deposited on (111) Pt/Ti/Si02/Si, sapphire, Si, and RuO> 

substrates. The major work is on the platinum wafer since the principal interest of this 

research 1s to fabricate ferroelectric thin films with good ferroelectric properties. The PZT 

films were grown at growth temperatures from 500°C to 700°C and the post-deposition 

annealing was required only for some situations which will be discussed later. The detailed 

growth conditions are listed in table V. In this paper our major interests were on the in- 

situ growth of PZT films because of their obvious advantages. 

2.2 Characterization of PZT Films 
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Table V. Summary of growth conditions 

  

Precursors Pb(thd)2, Zr(thd)4, Ti(OEt)4, Ti(thd)3, La(thd)3 
  

  

Substrates 

Flow Rate of Carrier Gas (N2) 

Flow Rate of Reaction Gas (O2) 

Base Pressure 

Total Pressure 

Growth Temperature 

Source Solution Flow Rate 

Source Solution Concentration 

Deposition Rate 

Temperature of Vaporization 

Chamber 

Temperature of Preheating 

Chamber 

Temperature of 

Transportation Line   

Pt/Ti/Si02/Si, Sapphire, Si, RuO2 

1000 sccm 

1000 sccm 

10-3 torr 

3 ~ 10 torr 

500 ~ 700 °C 

0.1 ~ 2.4 ml/min. 

0.025 ~ 0.2 mol/l (M) 

5 ~30 nm/min. 

~ 250 °C 

~ 250 °C 

~ 230°C 
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Phase. A Scintag XGEN-4000 X-ray diffractometer was used to identify the phase 

structure of the deposited PZT films. Cu-K, radiation (A=0.154060 nm) was selected for 

the incident X-ray source. The typical operation conditions were as follows: 

Acceleration Voltage: 40 KV Present Time: 1.8 s 

Beam Current: 30 mA Step: 0.03 ° 

Aperture Slit for Entrance: 2, 3 mm 280: 20 ~ 60° 

Aperture Slit for Receiving: 0.5, 0.3 mm 

Morphology. The surface structures of PZT films were investigated by optical 

microscopy (OM), environment scanning electron microscopy (ESEM), scanning 

transmission electron microscopy (STEM), and atomic force microscopy (AFM) 

depending on specific conditions. The detailed information is listed in table VI. 

Thickness and Optical Properties. The thin-film thickness was determined by 

varied angle ellipsometric measurements as well as the cross section measurement by 

SEM. A simple weight method was applied for double checking the thickness of the thin 

films sometimes. Varied angle ellipsometric measurements (Model: VB-200 Ellipsometer 

Control Module) and UV-VIS-NIR scanning spectrophotometer (Model: UV-3101PC) 

were used to study the optical properties of the PZT films. 
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Table VI. Comparison of Different Microscopes Used in This Study 

  

  

  

Microscopes Model Magnification Feature 

Optical Microscopy Olympus BH2- < 1000 Free, easy to 

(OM) UMA operate 

Environment E3 < 20,000 $35/hr. easy to 

Scanning Electron operate 

Microscopy (ESEM) 

Scanning Philiops EM420 < 200,000 $40/hr. need more 
Transmission time to focus image 

Electron Microscopy 

(STEM) 

Atomic Force Dimension 3000 <1,000,000 ? easy to operate 

Microscopy (AFM) |       digit image 
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Chemical Composition. Electron probe micro-analysis (EPMA) which includes 

energy dispersive spectroscopy (EDX) (Model: ISI-SX-40) and wavelength dispersive 

spectroscopy (WDX) (Model: CAMECA SX 550 4WDX), Auger electron analysis (AES) 

(Model: Perkin-Elmer PHI 610), and X-ray photoelectron spectroscopy (XPS) (Model: 

KRATOS XSAM 800 XPS) were performed to determine film compositions. The 

selection of above measuring methods was based on different film features and demands. 

The comparation of above characterization means are shown in table VII. 

Electrical Properties. The PZT films deposited on the Pt/Ti/SiO./Si substrates 

were used to measure the electrical properties. A simple parallel-plate capacitor 

configuration was used for the ferroelectric properties measurements. Top Pt electrodes 

with areas varied from 2.1 x 10% cm? ~ 4 x 10“ cm’ were sputtered through a shadow 

mask. Ferroelectric P-E hysteresis properties were measured by a RT-66A tester operating 

in the virtual ground mode with a 0.0047 uf internal capacitor. The fatigue property was 

carried out with a square wave at 1 MHz. The dielectric properties were measured with a 

4192A LF impedance analyzer. The leakage current measurements at constant voltage 

were carried out as a function of time using a Keithley 617 programmable electrometer. It 

is necessary to measure the time dependence of leakage current since the steady-state 

value was reached only after extended testing times. 
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Table VII. Comparation of Spectrometric Analyzing Techniques 

  

  

  

Method | Chin. d(um) | t(um) | Nnin. Main. Z Accuracy 

EPMA | 107 1 1 10’ 10" >4(WDX) ro 
>11(EDX) | 5 

XPS 10° 10° 10° 10° 107? >3 10 ~ 30 

AES 10” 1 10° 10° 10°° >3 3~10               
  

J.P. Eberhart [51] 

Here: 

minimum detectable mass fraction 

diameter of analyzing area 
depth of analysis or specimen thickness 

minimum detectable number of atoms 

minimum detectable mass 

atomic number “P
ET
E 

30 

 



Chapter 3 Results and Discussions 

3.1 Reliability of DLI- MOCVD Process 

One of the major advantages of MOCVD methods 1s their high 

reproducibility. However, this is only achieved by using expensive controlling instruments 

and carefully adjusting the bubbler conditions (vaporization temperature and flow rate of 

carrier gas) to generate stable delivery of precursors during the deposition process. More 

complicated controlling systerns are usually needed if the precursor degradation occurs at 

an elevated temperature. In this case, a micro-balance will be needed to control the weight 

loss of each precursor rather than controlling the vaporization temperature and flow rate 

of the carrier gas. A computer-controlled feedback system should be used to get stable 

delivery of precursors during the deposition process. The situation will be even worse if 

the precursors partly decompose before sublimating. Both the computer-controlled 

feedback system and the clear understanding of the decomposition mechanism of 

precursors are needed. The latter is often related to preparation conditions of precursors, 

which will entangle the whole thing as well. 

In the DLI-MOCVD system, although the cost of the precursor delivery system is 

very low, all the above problems have been eliminated and the results are very 
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encouraging. In this part, the run-to-run thickness and composition reproducibility, the 

time dependence of growth rate, the composition relationship between precursor solution 

and PZT films and composition homogeneity within a sample and along the substrate 

holder etc. were studied extensively to demonstrate the good control of the home-made 

DLI-MOCVD system. 

3.1.1 Reproducibility of the Deposition Rate 

Run-to-run thickness reproducibility and time dependence of the thickness of the 

PZT films were chosen to study the reproducibility of deposition rate. Figure 3.1 shows 

the run-to-run thickness reproducibility of MOCVD PZT thin films on Pt-coated Si 

substrates for four consecutive runs under the same deposition conditions which are 

shown on the diagram. The thickness of the samples was measured by varied angle 

ellipsometry. The variation from run-to-run in four runs was within +8% which indicates 

the applicability of DLI-MOCVD to mass production. Similar results were also obtained 

by studying the cross sectional SEM of the PZT films. 

Figure 3.2 shows the dependence of the thickness of the PZT thin films on the 

deposition time. The growth conditions other than growth time were fixed. The thickness 

in this experiment was checked by using cross-sectional SEM. The thickness of the PZT 

films was nearly proportional to the deposition time, which showed very stable 
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quantitative delivery of precursors. In other words, the deposition rate is independent of 

the deposition time. 

3.1.2 Reproducibility of the Film Compositions 

The compositional reproducibility and homogeneity were studied in great detail. 

The run-to-run compositional reproducibility, the compositional uniformity from sample to 

sample and within one sample, and the distribution of compositions of the PZT film along 

the thickness direction were studied for the reproducibility of the film compositions. For 

composition analysis, both EDX and electron probe WDX analyses were used. Although 

the latter is more accurate, the former provided fast and easy analyses. Figure 3.3(a) 

shows the composition ratios of Zr/(Zr+Ti) and Pb/(Zr+Ti) for four consecutive 

depositions under the same deposition conditions. The films were deposited on Pt-coated 

silicon substrates. The Pb/(Zr+Ti) ratio was 1.08 + 0.06 and the Zr/(Zr+Ti) ratio was 

0.55 + 0.03. In both cases, the composition variation from run-to-run was within + 5%. 

Figure 3.3(b) shows similar results measured by electron probe on the same samples. 

From the electron probe measurement, the Pb/(Zr+Ti) ratio was 1.02 + 0.03 and the 

Z1/(Zr+Ti) ratio was 0.48 + 0.01. In both case, the composition variation from run-to-run 

was less than + 3%. The composition uniformity from sample to sample and within one 
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sample was also checked by EDX measurements. For the former, the composition 

variation along an 8-cm long substrate holder is about + 3%. The results are shown in 

figure 3.4(a) and 3.4(b) for PZT films on the Pt substrates and the sapphire substrates, 

respectively. This result is affected by growth temperatures and will be discussed later. For 

the latter, the composition variation within a 2.6 cm x 1.8 cm sample was about + 2%. 

The results are shown in figure 3.5(a) and 3.5(b) for two perpendicular directions. The 

excellent composition reproducibility and uniformity for DLI-MOCVD PLZT films have 

been demonstrated. 

The compositional homogeneity of the bulk of the film was characterized by Auger 

electron spectroscopy. Figure 3.6 shows the Auger depth profile of the PLZT film. The 

result shows that there are three zones in the deposited film: the lead-rich surface layer, 

the real PLZT film, and the diffusion layer. The lead-rich surface layer is attributed to the 

volatility of the lead oxide. The compositional homogeneity along the thickness direction 

of real PLZT film is very good as can be seen from the depth profile. 

3.1.3 Relationships Between the Film Compositions and the Precursor Solutions 

In addition, the composition of the film was found to have a linear relation to that 

of the precursor solution. The results are shown in figure 3.7(a), 3.7(b) and 3.7(c). Figure 
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3.7(a) shows the dependence of Pb/(Zr+Ti) in PZT films on that in the precursor solution. 

The growth conditions other than the Pb concentration in the precursor solution were 

fixed. Similar arguments are suitable to figure 3.7(b) and 3.7(c). The PZT films were 

deposited onto sapphire substrates. At the range of low Pb concentrations in the precursor 

solution, the Pb concentration in PZT films has a linear relation to that in the precursor 

solution. Although there is some difference between these two concentrations, the 

difference is small. The stoichiometry of a PZT film, i.e., Pb/(Zr+Ti)=1, is related to 

Pb/(Zr+T1)=0.8 in the precursor solution. Figure 3.7(b) represents the dependence of 

Zr/(Zr+Ti) in PZT films on that in the precursor solution. The sapphire were also used as 

the substrates. Within most of the interest ranges of Zr/(Zr+Ti)=0.2~0.6, the Zr/(Zr+T1) in 

PZT films was proportional to that in the precursor solution. The dopant concentration of 

lanthanum in PZT films was also studied in similar way. Here the substrates were 

platinum. Figure 3.7(c) is the dependence of La content in PZT films on that in the 

precursor solution. The La was measured by an electron probe with WDX mode because 

of the low concentration and low sensitive factor of the Lanthanum element in PZT films. 

Although there were large differences of La concentrations between the films and the 

precursor solution, the linear relationship was still valid. The lower La concentration in 

PZT films may be due to the high decomposition temperature of La(thd);. 

From figure 3.7(a), 3.7(b), and 3.7(c), the relationships of Pb concentration, Zr 

content and La dopant between PZT films and their corresponding precursor solution have 
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been established. These relationships were very useful in the further experiments. By 

applying these diagrams, the desired composition of PZT films easily reached. The linear 

composition relationship between PZT films and precursor solution not only is attributed 

to the highly controllable DLI precursor delivery system but also provides a convenient 

way to vary the composition in PZT films. 

3.2 Effect of Processing Conditions on Growth of PZT Films 

The reliable control of the DLI-MOCVD system under the fixed growth conditions 

have just been demonstrated in the above section. In this section, the main growth 

conditions of growth temperatures and growth pressures will be changed. Above results 

will be affected by these changes, for example, the composition distribution along the 

sample holder. It is also very important to have clear figures of all these changes. 

3.2.1 Effect of the Growth Temperature 

The growth temperature is the most important factor of all of the growth 

conditions. Under different growth temperatures, PZT films with different crystal 

structures, orientations and surface morphology etc. can be achieved with different 
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applications. Figure 3.8(a) shows the dependence of Pb/(Zr+Ti) in PZT films on the 

growth temperatures. The growth conditions other than the growth temperatures were 

fixed and the composition was measured by EDX. The Pb concentrations were decreased 

as the growth temperatures increased, which showed that the incorporation of Pb into the 

PZT films was more sensitive with the growth temperatures than that of (Zr+Ti). The 

reason the sum of Zr and Ti was used in stead of Zr and Ti separately is due to the former 

is more suitable to reflect the stoichiometry of the PZT materials. The dependence of 

Zr/(Zr+Ti) on the growth temperature is shown in figure 3.8(b). Unlike Pb/(Zr+T1) (the Pb 

concentrations in the PZT films had a monotonous relationship with the growth 

temperatures), the ratio of Zr to (Zr+Ti) in the PZT films had a minimum value at a 

growth temperature of 650°C. This minimum value is closed to that in precursor solution. 

Checking figure 3.8(a), we can find that at the growth temperature of 650°C, the Pb 

concentrations were also closed to that in the precursor solution. If only the composition 

reproducibility of the PZT films was considered, the best ranges of the growth 

temperatures should be around this area. 

The homogeneity of the deposited films of a growth system is a considerable 

factor. In industry, the large scale uniformity of deposited films is essential for large scale 

products. Figure 3.9(a), 3.9(b) shows the dependence of the distribution of Pb/(Zr+T1) and 

Zr/(Zr+Ti) in PZT films along the sample holder on growth temperatures. Sapphire was 

used as the substrate and EDX was applied to check the compositions of the PZT films. In 
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both cases, the PZT films grown at 600°C showed the best uniformity of the composition. 

The distribution of the composition of the PZT films at 650°C has also been studied. Since 

the concentration ratios of various elements in the precursor solution here were different, 

the date can not be put into figure 3.9(a) and figure 3.9(b). The results at 650°C were very 

similar to those at 600°C in figure 3.9(a) and 3.9(b). The composition variation within the 

same range is less than + 3%. These results showed that at growth temperatures between 

600°C and 650°C, the PZT films deposited at the current setup of equipment and growth 

conditions had the best uniformity. One thing should be kept in mind is that there are 

more effective ways to affect the uniformity of deposited films. The reactor with a parallel- 

plate set up usually has better uniformity than the set up used currently. Also, if some 

times low growth temperatures must be used, the tilt angle of the substrate holder can be 

adjusted to minimize the ununiformity. 

3.2.2 Effect of the Growth Pressure 

Another important growth condition in the MOCVD process is the growth 

pressure. It is well known that the low pressure CVD has many advantages compared to 

the atmosphere CVD. This pressure effect on PZT films 1s shown in figure 3.10(a) and 

3.10(b). Figure 3.10(a) is the distribution of Pb/(Zr+Ti) in PZT films along the substrate 
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holder at the different growth pressures. The growth conditions other than the growth 

pressure were fixed. Sapphire was used here as the substrate and the compositions of the 

PZT films were measured by EDX. The distribution of Pb/(Zr+Ti) in PZT films along the 

substrate holder showed more uniformity at the lower growth pressures. The similar 

relationship for Zr/(Zr+T1) is shown in figure 3.10(b). At the growth pressures from 3 torr 

to 10 torr, almost the same compositional uniformity was obtained. We concluded that the 

lower growth pressures are more favor for the deposition of PZT films if only the 

uniformity of composition distribution along the substrate holder is considered. The 

minimum pumping pressure under the current equipment setup and growth conditions is 

2.5 torr. Since the growth pressure was manually controlled by a valve, the growth 

pressures will fluctuate if the growth pressure chosen is too close to the minimum 

pumping value. Compromising the above two factors, the growth pressure of 5 torr was 

chosen as the growth condition. This parameter was fixed through this work unless a 

specification be made. 

3.3 Structure and Morphology 

3.3.1 XRD Structures 
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PZT films with good XRD patterns can be achieved on (111) Pt/Ti/Si02/Si, 

sapphire, (111) Si and RuO2 substrates. Figure 3.11 shows the XRD patterns of PZT films 

grown on sapphire, Si, and RuO2 substrates. The XRD patterns of PZT films on Platinum 

wafers will be studied later in great detail. These PZT films were deposited at 650°C and 5 

torr and no post annealing was needed. All of the films showed single perovskite phases 

except for a little pyrochlore phase in the PZT film on the RuQ, substrate. No orientation 

was shown on these films except for a little (001) orientation on the RuO> substrate. No 

further study has been done on these substrates since our major interests were on the 

electrical properties of PZT films on platinum substrates. 

The XRD patterns of PZT films on platinum wafers were studied extensively. First, 

these XRD patterns were used to check the structure transformation from the tetragonal 

phase to the rhombohedoral phase of PZT films. To study the structure transformation, we 

fixed the Pb concentration and varied the ratios of Zr/(Zr+Ti) of PZT films. (002) and 

(200) peaks of PZT films were taken to calculate the lattice constants of a and c of the 

PZT films. A curve fitting program was used to dissolve the overlapped (002) and (200) 

peaks of the PZT films. The results are shown in figure 3.12(x). These PZT films were 

grown at 650°C and 5 torr and their compositions were measured by EDX. In figure 

3.12(x), four diagrams represented the changes of (002) and (200) peaks with four 

different ratios of Zr/(Zr+Ti) in the PZT films. The rough and the refined lines represented 

the original and curve fitting date, respectively. As Zr increased, the separated peaks were 
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closing and finally became one peak. The clearer figure is shown in figure 3.12(y). The 

transformation from the tetragonal phase to the rhombohedoral phase occurred at the 

ratio of Zr/(Zr+T1) of about 0.55, which was consistent with the data from the literature 

[52]. 

The dependence of XRD patterns of PZT films on growth temperatures was also 

studied in this work. The growth temperature will affect the crystallity as well as the 

orientation of PZT films. Figure 3.13 shows the XRD patterns of PZT films on Pt 

substrates deposited at different growth temperatures. The sample (a) and (b) were as- 

deposited PZT films, while the sample (c) endured annealing at 660°C for half hour in 

flowing air. These samples showed different orientations. The higher growth temperatures 

were favorable for the formation of the PZT films with the (111) orientation while at 

lower growth temperatures PZT films with the (001) orientation were easy to form. Below 

the growth temperature of 500°C, amorphous and pyrochlore phases easily appeared. 

These films deposited below 500°C usually showed the strong (100) orientation after the 

high temperature annealing. These results were summarized in table VIII. 

Table VII: Relationship Between Orientation of PZT Films and Growth 

  

  

  

Temperature 

Growth Temp. (°C) | 640 590 540 <500 

Orientation (111) (111), (001) (001) Amor., Pyroch. 
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The above results were just the general conclusions. The XRD patterns of the PZT 

films were also affected by many other factors, for example, the ratio of Zr/(Zr+Ti), 

growth pressures, oxygen partial pressures and annealing conditions etc. Usually at higher 

growth temperatures, the PZT films were easily crystallized to form the perovskite phase 

and no post annealing was needed. This may be attributed to the self-controlled growth 

mechanism of PZT films at higher temperatures [53]. For the lower growth temperatures, 

post annealing was needed to guarantee the good crystallization of PZT films. Figure 3.14 

clearly shows the changes of XRD peaks of PZT films after the high temperature 

annealing. The annealing conditions were 660°C for half hour in flowing air. The peaks of 

the perovskite phases became higher and sharper after annealing. These PZT films should 

have slightly lead rich to prevent the formation of the pyrochlore phase at the lower 

growth temperature and compensate the lead loss during the higher temperature post 

annealing. 

3.3.2 Morphology 

Besides the XRD patterns of the PZT films, the growth temperature was also 

expected to be the most important factor to affect the surface morphology of the PZT 
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Figure 3.15: Dependence of the STEM pictures (*100,000) of PZT 

films on growth temperatures. (a) 640°C (b) 590°C (c) 540°C. 

58



films. Figure 3.15 shows the surface morphology of the PZT films deposited at different 

growth temperatures measured by STEM. The most obvious change was the grain size 

which was directly related to the growth temperature. At the high growth temperature of 

640°C, the crystals were well grown and their size was about 200nm. At the low growth 

temperature of 540°C, although the crystals were more compact, the shape was not so 

good as those grown at the high growth temperature. The grain size for this film was 

about 60 nm. Less leakage current could be expected on these PZT films grown at low 

growth temperatures because of the compact structure, while the higher remanent 

polarization can be easily achieved on these PZT films grown at higher growth 

temperatures due to the better crystallization and the self-controlled crystal growth. 

3.4 Electrical properties 

3.4.1 Effect of Annealing on Top Electrodes 

The electrical properties were measured on the PZT films deposited on the 

Pt/Ti/SiO./Si substrates. Usually the P-E hysteresis loops of the PZT films were not 

symmetric unless the annealing was carried out after the deposition of the top electrodes. 

Figure 3.16(a), 3.16(b) describes the effect of annealing on P-E hysterisis loops of the 
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PZT films. The loop of the un-annealed sample was not symmetric and continual. After 

annealing, the loop became symmetric and continual. The thickness of above sample was 

about 350 nm and the 2P, and 2E, were about 40 C/cm? and 80 Kv/cm, respectively. In 

this work, 2P, from 20 to 50 uC/cm? and 2E, from 60 to 100 Kv/cm can be easily obtained 

from these PZT films which had the thickness ranged from 300 nm to 1000 nm. For these 

PZT films deposited at the higher growth temperatures ( = 590°C ) no post annealing was 

needed to achieved the above electrical properties. Here, post annealing means to the PZT 

films, but was not to the top electrodes. Annealing for the top electrodes was always 

needed to assure the good shape of the hysterisis loops of the PZT films. For the low 

temperature growths ( < 590°C) of the PZT films, post annealing (normal annealing 

conditions were 660°C for half hour under flowing air) was necessary to achieve the 

similar electrical properties. Except for the hysteresis loop, annealing of the top electrodes 

can often reduce the leakage current by nearly one magnitude. 

The explanation of the above annealing effect for electrodes is that the top and 

bottom electrodes are not identical since the top electrodes were deposited at room 

temperature, while the bottom electrodes has annealed during the growth of PZT films. 

High temperature annealing for PZT capacitors after the deposition of the top electrodes 

was intended to balance the two electrodes. Since the bottom electrode can not be avoided 

to annealing during the process of annealing of the top electrodes, an annealing 

temperature higher than the growth temperature of PZT films was considered more 
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effective to obtain analogous top and bottom electrodes. By practice, 50°C higher than 

growth temperature of PZT films was chosen as the annealing temperature. If the growth 

temperature was high, for example, like above PZT films which had a growth temperature 

of 640°C, the annealing temperature was chosen at 660°C rather than 690°C to avoid 

possible damage of the PZT films. 

3.4.2 Effect of La Doping 

The ferroelectric properties of the DLI-MOCVD PZT films were also studied as a 

function of the La doping concentration. Figure 3.17 shows the remanent polarization, 

2Pr and the coercive field, 2Ec, of the PZT films as a function of the La doping 

concentration ranging from 0% to 8%. The real lanthanum concentrations in PZT films 

usually were one fourth as much as in the precursor solution. The growth temperature and 

pressure for the above samples were 640°C and 5 torr, respectively. The thickness of these 

PZT films was about lum and the ratio of Zr/Ti was fixed at about 0.55. Two different 

methods were used for the remanent polarization measurements. ‘Continuing Mode’ 

measured the hysteresis loops and ‘Pulse Mode’ measured the switched and non-switched 

polarization of the Pt/PLZT/Pt capacitors. The remanent polarization had higher values in 

the continuing mode than in the pulse mode. In both measurements, the remanent 
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polarization decreased with increasing of the La doping concentration. Under the 

continuing mode, the remanent polarization decreased from 25uC/cm” at 0% La doping to 

12uC/cm? at 8% La doping. In contrast, the coercive field appeared independent of the La 

doping concentrations up to 8% doping. The surface morphology of the above films is 

shown on figure 3.18. All of the films showed compact structures and no significant 

difference was found among these SEM pictures. 

3.4.3 Other Electrical Properties 

In practice, the ferroelectric films should have not only a high remanent 

polarization but also a low leakage current density. Figure 3.19 shows the dependence of 

the leakage current density of one PZT film on the applied electrical fields. The growth 

temperature and pressure of this PZT film was 590°C and 5 torr, respectively. After 

depositing the top electrodes, another annealing procedure was carried out at 660°C for 

half hour in air to balance the top and bottom electrodes. The thickness of the sample was 

about 300 nm which was measured by the varied angle ellipsometry. The leakage current 

density was about 5 x 10° A/cm’ at the electrical field of 100Kv/cm. The remanent 

polarization for the above sample was about 10 j1C/cm’. The leakage current of the PZT 

films deposited at the higher growth temperature of 640°C was also checked. These films 

65



1.6¢e-6   

      
  

T,. 590°C e 

660°C 30' annealing 

1 .2€-6 a S,,:3-2x10% cm? 

_~ d: 0.3 um 

= 8.0e-7 + 
<t 

3 

~ 4.0e-7 e 

I=5x107°A/cm?(100Kv/cm) 

00et0 he eee @ © 
| L { | Lo 

0 1 2 3 4 5 6 

Voltage (V) 

Figure 19: Dependence of the leakage current density of the PZT 

film on applied voltages.



usually show a leakage current density of higher than 5 x 10” A/cm’. This high leakage 

current density was attributed to the gas phase reaction at the higher growth temperatures, 

which would ruin the PZT film structure. The leakage current density of the PZT films 

should be improved by reducing the growth temperatures. 

The fatigue behavior, the dielectric constant, €, and the dissipation factor, tan 6, of 

the Pt/PLZT/Pt capacitors were also studied. The polarization loss was about 30% after 

1x10" read/write cycles. The dielectric constants, and the dissipation factors were about 

1200 and 0.03 for PLZT(4/55/45) films and about 700 and 0.023 for PLZT (4/34/66) 

films at 1 MHz. These results were shown on figure 3.20, 3.21, and 3.22. 

3.5 Leakage Current Study 

There are several possible reasons which may lead to the high leakage current of 

the DLI-MOCVD PZT films. 

(1). Lead excess 

(2). Non-condensed structure 

(3). Substrate 

(4). Carbon contamination 
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Since the Auger depth profile of the typical PZT film did not show carbon 

contamination in the bulk, this possibility was eliminated in this study. The major problem 

for substrates was Pt coating. Sometimes, hillocks were formed on the Pt coating which 

were peeled off during the deposition of the PZT films at the elevated temperatures, 

leading to the bad quality of the deposited PZT films. This problem was hard to control 

and was not of interest here. In this research, we concentrated our study on the effect of 

lead excess and structures on the leakage current of the PZT films. 

3.5.1 Surface Etching 

Auger depth profile (figure 3.6) showed that on the surface of the PZT film there 

was a lead-rich layer. This layer could be attributed to PbO. Since PbO is electrically 

conducting, it must be eliminated to avoid the high leakage current across this layer. Ion 

bombardment and chemical etching were applied to get rid of this layer. 

In the experiment of surface etching by ion bombardment, an Ar ion etching source 

in Auger analyzer was used to bombard the surface of a cut PZT film. An approximately 

100 nm thick layer was etched by this method. No improvement of the leakage current of 

PZT films was displayed after the surface etching by ion bombardment. 

This lead-rich surface layer was also chemically etched by H(thd) using the 

reaction : 
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PbO + 2H(thd) ultrasonic Pb(thd)2 + H,O 

Also, no improvement of the leakage current of the PZT film was observed. 

3.5.2 Lead Excess 

The surface etching by the above two methods only eliminated the possible path of 

surface conducting. There would be no use to the possible PbO in the bulk of PZT films. 

Another series experiments of lead excess from -35% ~ +20% were designed to solve this 

problem. Besides the reason to avoid the lead excess of PZT films, the compositions of the 

PZT films on Pt substrates were hard to determine, so these experiments were helpful to 

get the real stochiometry PZT films. XRD, SEM and electrical measurements were applied 

to study these films. These PZT films had some extent (111) orientations due to the higher 

deposition temperature of 640°C. The lead content had large effects on the (111) 

orientation of the PZT films. The result is shown in figure 3.23. At the range of lead 

excess from -25% to -15%, these PZT films showed the highest (111) orientations. The 

surface morphology of these PZT films is shown in figure 3.24. No obvious changes were 

observed on these photos. Large differences are shown in figure 3.25, which is the 

dependence of SR on the lead excess in the precursor solution. The comparison of the 

surface reflection was quantitatively measured by comparing the difference of total 
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Figure 23: Depandance of the intensity of PZT (111) peaks on 
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Figure 3.24: Dependence of the morphology (*10,000) of PZT films 

on the Pb excess in the precursor solution. (a) -30% 
(b) -20% (c) 10% (d) 20%. 
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reflection and small spot specular reflection which are shown in figure 3.26(a) and 3.26(b). 

In figure 3.25, 6R was calculated from the first peaks from right sides of figure 3.26(a) 

and figure 3.26(b). Figure 3.25 also shows that the best or lowest 6R range are around - 

20% Pb excess, which is consistent with the above XRD results. However, electrical 

measurements of the above PZT films showed varying results. The best results were not 

in the ‘optimum' range which were around -20% lead excess in the precursor solution. 

Instead, PZT films deposited with -10% ~ 10% lead excess in the precursor solution 

showed the best results. Below these range, the PZT films showed even more leaking. 

3.5.3 Structure (Gas Phase Reaction) 

Failure to improve the leakage current of PZT films from above experiments 

implied that there might have another more important factor that controlled the leakage 

current of PZT films. Although PZT films deposited at the high growth temperature of 

640°C can show good morphology through SEM or STEM and naked eyes observation, 

the surface was not good when optical microscopy was applied. We attributed this 

morphology observed by the optical microscopy to the gas phase reaction at the higher 

growth temperatures. Figure 3.27 is the comparison of STEM and optical microscopy 

pictures of PZT films deposited at different growth temperatures. As the growth 

temperature went down, the morphology observed by optical microscopy was improved 
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Figure 3.27: Dependence of the morphology of PZT films on growth 

temperatures. (right column: STEM(*50,000); left column: optical 

microscopy(*170) (a) 640°C (b) 590°C (c) 540°C.



tremendously, while on those observed by STEM, no significant changes were observed 

except for the change of the grain size. The high leakage current was expected for the 

PZT films which have the morphology similar to the picture of figure 3.27(a). These PZT 

films which have the morphology similar to the picture on the bottom left of figure 3.27(c) 

were expected to have the improved leakage current. This conclusion was partially proved 

by the previous results. Further study is continuing. 

3.5.4 Two-step Growth 

Besides the gas phase reaction discussed above, the other possible problem was 

the inhomogeneous grains of PZT films which may lead to the leakage of a PZT film. This 

inhomogeneity existed at the whole range of the growth temperatures. At the high growth 

temperatures this situation will be worse. This conclusion can be easily proved by 

checking the figure 3.15. The different grain size of a PZT film meant to different micro- 

thickness at different spot of the PZT film. When a fixed voltage is applied to the PZT 

film, the thinner part will endure a much stronger electrical field than the thicker part of 

the PZT film leading to the leakage of the PZT film even at a low applied voltage. The 

two-step growth of PZT films was devised to eliminate the above problem by making PZT 

films with more homogeneous grains. The PZT film deposited at first part was intended 

for nucleation of the PZT crystals. This layer was deposited at a lower temperature, so it 
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had higher density of nucleus. The second layer was directly deposited onto the first layer 

at higher growth temperature. Since the nuclei have already existed with high density, the 

second part was only the crystal growth from the existed nuclei. Much more homogeneous 

grains of this kind of PZT film was expected. Figure 3.28 shows the STEM results of PZT 

films deposited by the normal one-step growth and the two-step growth. There are two 

kinds of two-step growth. One was called the non-stochiometry two-step growth. Here, 

the precursor solution used in the first step was the same as that used in the second step. 

Because the compositions of the PZT films would change with the growth temperature at 

a fixed concentration of the precursor solution. The compositions of these two layers must 

be different. The other was called the stochiometry two-step growth. Here the 

relationships in figure 3.8(a), (b), i1.e., the dependence of Pb/(Zr+Ti) and Zr/(Zr+Ti) on the 

growth temperature was used to make two precursor solutions, which were corresponding 

stochiometry of PZT films at the above two growth temperatures for both layers. Both the 

two-step growth films showed much more homogeneous grains than the normal one-step 

growth. Improvement of the leakage current should be expected on these two-step grown 

PZT films. The XRD patterns of the normal one-step grown and the two-step grown PZT 

films are shown in figure 3.29(a), 29(b), and 29(c). The dependence of the orientation of 

PZT films on the growth temperature have been discussed before. It was very interesting 

here that the non-stochiometry two-step grown PZT film showed no orientation while the 

stochiometry two-step growth showed strong (100) orientation. This was because for 
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Figure 3.28: STEM(*50,000) results of PZT films deposited at (a) 
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former the first layer was lead rich PZT films (figure 3.8(a)), PbO was formed. It was easy 

to understand that in that case the PZT crystals in the first layer were hard to have 

orientation. Since the second layer was only deposited from the existed nuclei, the whole 

film should also have no orientation. Actually at the growth temperature of 500°C, most 

of the deposited film was amorphous. The PZT phase was formed during temperature 

increasing to the growth temperature of the second step. For the latter, according to the 

results of the dependence of the orientation of PZT films on growth temperature, the first 

layer has formed good (100) oriented PZT crystals. Deposited from the first layer, the 

second layer should keep the (100) orientation as indicated at figure 3.29(c). 
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Summary 

A DLI-MOCVD technique has been devised to deposit high quality PZT films of 

different compositions with good uniformity and reproducibility. The major results are 

listed below: 

(1). Run-to-run thickness reproducibility of the DLI-IMOCVD PZT films was less than + 

8%. The thickness of these films was nearly proportional to the deposition time, which 

indicated the stable quantitative delivery of precursors of the DLI system. 

(2). Run-to-run composition reproducibility of deposited PZT films was less than + 5% 

(EDX) and + 3% (WDX). At the growth temperature of 650°C, the composition variation 

along an 8-cm long substrate holder was about + 3%, and within a 2.6 cm x 1.8 cm 

sample was + 2%. 

(3). Auger depth profile showed that there were three zones in the deposited PZT film, 

which were: lead-rich surface layer, real PZT film, and diffusion layer. The composition 

homogeneity along the thickness direction of a real PZT layer was good. 

(4). Linear relationships of the Pb concentration, the ratio of Zr/(Zr+Ti), and the La 

dopant between PZT (or PLZT) films and their correspondent precursor solutions have 

been obtained in the DLI-MOCVD system. 
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(5). The growth temperature and the growth pressure have obvious effects on the 

homogeneity of the deposited PZT films. The best uniformity of the PZT films was 

obtained at the growth temperatures from 600°C to 650°C. The uniformity was also 

improved at lower growth pressures. 

(6). Smooth and specular PZT films with good XRD patterns have been deposited on 

platinum wafer, silicon wafer, sapphire and RuQ); substrates. 

(7). By changing the ratio of Zr/(Zr+Ti), the XRD patterns of PZT films showed the 

transformation of PZT films from a tetragonal phase to a rhombohedoral phase. The 

transformation occurred at the ratio of Zr/(Zr+Ti) of about 0.55 which is consistent with 

the literature. 

(8). The orientation of PZT films on (111) Pt/Ti/SiO,/Si can be controlled by the growth 

temperature. Higher growth temperatures tended to grow (111) oriented PZT films while 

lower growth temperatures was favor to (001) oriented PZT films. 

(9). The average grain size of the PZT film continued to increase as increasing of the 

growth temperatures from 60 nm at the growth temperature of 540°C to 200 nm at the 

growth temperature of 640°C. 

(10). The effect of annealing on the top electrodes was observed to have the hysteresis 

loops symmetric and continual and reduce the leakage current density of the PZT films. 
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(11). At the thickness range from 300 nm to 1000 nm, the DLI-MOCVD PZT films shown 

good ferroelectric properties with 2P, from 20 to 50 C/cm’ and 2E, from 60 to 100 

Kv/cm. 

(12). The remanent polarization was affected by Lanthanum doping, which decreased from 

25uC/cem’ at 0% La doping to 12uC/cm2 at 8% La doping. No obvious effects on the 

coercive field was observed. 

(13). The leakage current density of the PZT films decreased as the growth temperatures 

reduced. By reducing the growth temperature from 640°C to 590°C, the leakage current 

density was reduced by one magnitude to 5 x 10° A/cm’ at the electrical field of 

100Kv/cm. 

(14). Fatigue test showed the polarization loss of the PZT film was about 30% after 1x 

10'° read/write cycles. The dielectric constants, and the dissipation factors were about 

1200 and 0.03 for PLZT(4/55/45) films and about 700 and 0.023 for PLZT (4/34/66) 

films at 1 MHz. 

(15). Surface etching experiments by ion bombardment and H(thd) did not improve the 

leakage current of PZT films. 

(16). Lead-excess from -25% to -15% was considered the best range for the PZT films in 

the sense of the XRD phase and the surface flatness, which showed the strongest (111) 
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orientation and the smallest 6R which reflected the surface flatness. No improvement of 

electrical properties was observed in this range. 

(17). PbO may not be the reason of the leakage current of DLI-MOCVD PZT films. 

(18). Gas phase reaction may be one of the reasons leading to the leakage current of DLI- 

MOCVD PZT films. Reducing the growth temperature was the best way to reduce the gas 

phase reaction and (001) orientated PZT films with good morphology have been deposited 

at the growth temperature of 540°C. 

(19). Significant improvement for the homogeneity of grains of the DLI-MOCVD PZT 

films was achieved by two-step growth, which was supposed to eliminate the problem of 

non homogenous electrical field due to unhomogenous grains. These PZT films were also 

expected to have the lower leakage current. 
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