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Abstract A statistical route, Taguchi Design, applied to

the analysis of experimental factors for coating lanthanum

zirconium oxide films on metal substrates by inkjet printer

is presented. The synthesis of lanthanum zirconium oxide

precursor is derived from a chemical solution containing

lanthanum acetate hydrate, zirconium propoxide, propionic

acid, glacial acetic acid, and methanol anhydrous. Experi-

mental factors analyzed by Taguchi Design show that the

ratio of lanthanum acetate to propionic acid and the con-

centration of precursor used for inkjet printing are the

dominant factors for the quality of films. With the deduced

optimum conditions, lanthanum zirconium oxide films

reveal good surface morphology and high out-of-plane

alignment that is consistent with the Taguchi prediction.

Keywords Buffer layer � Inkjet printing �
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1 Introduction

In the past decade, scientific papers about synthesis and

properties of lanthanum zirconium oxide (La2Zr2O7 or

LZO) have been growing rapidly [1–12]. LZO possesses

two lattice structures; one is cubic fluorite type, and the

other is cubic pyrochlore type. The cubic pyrochlore LZO

has been thought to be a candidate in some applications

such as high dielectric constant materials, thermal barriers,

and radiation resistant layers [7, 8]. In addition, as the

pseudo-cubic lattice parameter of the pyrochlore LZO is

3.81 Å having a small lattice mismatch of about 0.5 and

1.8% with a- and b-axis for YBCO (a = 3.83 Å and

b = 3.88 Å), the LZO has been considered as a buffer

layer for growing an epitaxial YBCO film [9–11].

Synthesis of epitaxial LZO films on biaxially textured Ni

or Ni-W (100) substrates (lattice parameter*3.52 Å) by wet

chemical sol–gel process using lanthanum methoxyethoxide

and zirconium methoxyethoxide as precursors was first

reported in 2000 [9]. A similar chemical-solution-deposition

method, alternatively using La(CH3COCHCOCH3)3 � xH2O

(lanthanum pentanedionate) and Zr(CH3COCHCOCH3)4

(zirconium pentanedionate) as precursors was also presented

later [10, 11]. For these wet chemical methods, LZO pre-

cursor solution was first prepared before it was coated onto

Ni-5%W substrates. A subsequent thermal treatment under

reducing atmosphere, for example using 5% H2 in Ar, was

carried out for the formation of LZO films with the simul-

taneous protection of Ni-5%W substrates from oxidation. It

was found that microstructure of LZO films was strongly

influenced by the speed of coating, the parameters of thermal

treatment, and the gaseous atmosphere during processing

[10–12]. For example, the densification of LZO films

increased while the porosity of LZO films decreased as the

coating rate was increased, but showed no significant change

in the grain size.

On the other hand, inkjet printing system has advantages

of patterning process and saving materials. It has been

employed in the coating process for LZO and YBCO films,

demonstrating an efficient way to produce coated conduc-

tors [13–15]. As the inkjet printer is a non-contact dot-

matrix coating method where droplets of materials are

jetted to a demanded position, the morphology of printed

films often contains some pinholes. In fact, the defects of

printed films are not only simply influenced by the
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parameters of an inkjet printer, but also strongly affected

by the rheological properties of ink which are determined

by the materials chemistry. Accordingly, in order to pre-

pare high quality LZO films, experimental parameters of

both inkjet coating and ink physico–chemical properties

may need to be taken into account together.

This study reveals an analysis of experimental factors

for the LZO film fabrication process that involves prepa-

ration of precursors by wet chemical method, inkjet coating

process, and thermal treatment. In order to evaluate

importance of experimental factors, we employed a sta-

tistical method, Taguchi design, to aid the evaluation of

weights of selected experimental factors as conventional

trial-and-error approach may be not productive and will

require spending much time to find out the optimum

experimental condition. Taguchi approach is a robust

method for designing a process that has a minimum sen-

sitivity to variations in uncontrollable experimental factors

[16]. This method has been successfully applied in indus-

trial processes and manufacturing in order to improve

product reliability and quality. This method is also con-

sidered viable for ‘‘picking the winning combination of

parameters’’ in developing new scientific processes. Given

the large number of experimental factors and the use rel-

atively new methods for making the coating, the Taguchi

design can help us achieve the quality of the coating

without the concern for eliminating variations in factors

which are difficult and very time-consuming to control.

Components in the system (8 factors) 

La-related part: La(CH3COO)m(C2H5COO)n

Zr-related part: Zr(OC3H7)4, Zr(OC3H7)x(CH3COO)y

Solvents/products/modifiers: C3H7OH, CH3OH, C2H5COOH, CH3COOHLa,

CH3COOHZr, stabilizer

Heating Process (2 factors) 

1. Heating Rate 

2. Heating Temperature 

3. Dwelling Time (fixed) 

4. Atmosphere ignored (fixed) 

5.Heating History (fixed)

Coating Process (All fixed)

1. Solution Concentration 

2. Coating Temperature 

3. Parameters of the Coater  

and many others 

LZO Film 

Microstructure, Crystallinity, and 

Composition 

Fig. 1 Major factors in the

process of LZO preparation
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2 Experimental

2.1 Materials and synthesis

Lanthanum acetate hydrate powder, La(CH3COO)3 � xH2O

(99.9%, Aldrich) was first dried at 170 �C for an hour.

Zirconium (IV) propoxide or Zr(OCH2C2H5)4 in 1-propa-

nol (70 wt%, Aldrich), propoionic acid or C2H5COOH

(99.5%, Fluka-Garantie), acetic acid glacial or CH3COOH

(analytical reagent grade, Fisher), and methanol anhydrous

or CH3OH (99?%, Aldrich) all as liquids were used as

received.

A LZO precursor solution was prepared in a stoichi-

ometric ratio according to the following recipe. Lanthanum

solution was first prepared by dissolving the dried lantha-

num acetate in a propionic acid at about 80 �C and cooled

to room temperature after it transformed to a clear liquid.

Acetic acid showed no sufficient solubility of the dried

lanthanum acetate so propionic acid was used in the current

study. Zirconium solution was prepared by quickly mixing

zirconium propoxide with glacial acetic acid that acted as a

stabilizer preventing Zr(OC3H7)4 from hydrolysis. A LZO

precursor solution was obtained by the dilution of a mix-

ture of the above zirconium and the lanthanum solutions

with methanol to 0.2 mol/kg.

For inkjet coating process to deposit a LZO film, the

precursor solution was first diluted to a desired concen-

tration and loaded into an inkjet printing system [14]. A

substrate, which was first cleaned sequentially by ethanol

and then by acetone in an ultrasonic system along with a

thermal treatment at 850 �C to remove organics, was

placed 30 mm below the nozzle. A computer-controlled

electronic system was used to allow the nozzle open for a

fixed time period so that a set amount of ink could be

deposited. Nozzle opening time and inter-drop distance

were set 500 ls and 4 mm, respectively. LZO films were

printed as a 5 9 25 mm2 track on textured Ni-5%W sub-

strates of 5 9 40 mm2 at room temperature under ambient

atmosphere. Besides ink concentration, other parameters of

the ink-jet printer were kept constant for all exercises.

The as-deposited wet film on Ni-5%W substrate was

then moved to a pre-purged furnace and treated by thermal

process under Ar-5%–H2 atmosphere and cooled with

furnace set to off position. The experimental conditions

followed the suggestion from Taguchi design to be men-

tioned later in this paper. X-ray diffractometer (Philiips PW

1830/00 with Cu K radiation) was employed to analyze the

out-of-plane texture of LZO films by estimating full width

at half maximum (FWHM) values of diffraction peaks

obtained from x-scan mode at fixed 2h with 1/12� of

diversion slit (i.e. rocking curve at omega). The surface

morphology of LZO films was investigated by field emis-

sion electron scanning microscope (FEGSEM, JEOL

6340F). The surface integrity was defined to evaluate the

samples, as shown below.

w ¼ Vs=Vfð Þ ð1Þ

where Vs and Vf are the area of a solid part and the total

area of the film, respectively.

2.2 Taguchi methods

2.2.1 Variables in the system

LZO precursor solution is considered to involve six com-

ponents, i.e. La(CH3COO)3, C2H5COOH, Zr(OC3H7)4,

C3H7OH, CH3COOH, and CH3OH. Ignoring possible

chemical interactions between the La solution and the Zr

solution, the chemical process of the LZO precursor can be

briefly described by the following equations after system is

in equilibrium.

La CH3COOð Þ3þC2H5COOH þ Zr OC3H7ð Þ4þC3H7OH

þ CH3COOH þ CH3OH$ La CH3COOð Þm C2H5COOð Þn
þ Zr OC3H7ð Þ4þZr OC3H7ð Þx CH3COOð ÞyþC2H5COOH

þ C3H7OH þ CH3COOH þ CH3OH ð2Þ

where coefficients are not balanced. Given the number of

steps in the subsequent annealing process there are at least

ten experimental factors that have been identified that

might be related to the final experimental results, as shown

Table 2 L9(34) orthogonal array (9 runs and 4 factors)

Exercise Levels

Factor A Factor B Factor C Factor D

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

Table 1 Chosen control factors and levels

Level Cn (mol/kg) Ratio of La(Ac)3

to propionic acid

Heating rate

(�C/min)

Annealing

temperature

(�C)

Factor A Factor B Factor C Factor D

1 0.05 0.7 1 850

2 0.08 1.0 5 900

3 0.1 1.3 10 1,000
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schematically in Fig. 1. So it is difficult to clarify the

functions of each factor in the fabrication process, and may

also take much time to obtain better experimental condi-

tions. In order to apply Taguchi Design for the analysis of

experimental parameters, predominant factors and their

levels in the process must be first chosen before experi-

mental results are transformed to statistical data.

2.2.2 Determination of control factors in the Taguchi

design

Experimental factors in the synthesis of LZO are identified

as following: ratio of lanthanum acetate to propionic acid;

mixing time/temperature of preparation of the La solution;

ratio of zirconium propoxide to acetic acid; mixing time/

temperature for preparation of the Zr solution; mixing time/

temperature for mixing the La and the Zr solutions; con-

centration of diluted solution used in the inkjet printing

system; annealing temperature; and heating rate. Some

variables including mixing conditions of the La solution

and the Zr solution are expected to be minor and are fixed

to reduce levels of complexity. Besides, it is relatively

difficult to clarify the role of ratio of zirconium propoxide

to acetic acid in the system as the commercial zirconium

alkoxide is preserved in an alcohol, increasing the degree

of difficulty when analyzing the effect of the zirconium

alkoxide. Hence this factor is not considered in the anal-

ysis. Solubility of lanthanum acetate, on the other hand, is

expected to be crucial in the synthesis as CH3COO- and

C2H5COO- are ligands to the metal ions. Thus ratio of

lanthanum acetate hydrate to propionic acid is considered a

factor to be analyzed. The control factors chosen to be

analyzed by the Taguchi Design are: ratio of the lanthanum

acetate to the propionic acid, concentration of the precursor

solution used for inkjet printing, annealing temperature,

and heating rate.

Levels of the control factors are determined according to

practical experimental situations. For example, ratios of the

lanthanum acetate to the propionic acid is selected as an

equal molar ratio, a lower level (0.7:1), and a higher level

(1.3:1) that allow lanthanum acetate powder to be dissolved

in the propionic acid. Concentration of precursor solution

used in the inkjet printing system is limited. To avoid

blocking up the nozzle, only liquids with low viscosities as

represented by LZO concentrations, 0.05, 0.08, and

0.1 mol/kg are suitable for use. Heating rates are simply

chosen as 1, 5, and 10 �C/min. Temperatures of subsequent

annealing process are chosen as 850, 900, and 1,000 �C.

Table 1 summarizes the chosen factors and their levels.

Since four control factors and three factor levels are con-

sidered, the L9(34) orthogonal array is employed to the

study that requires nine experimental exercises, as shown

in Table 2. In the present study, only the control factors

will be analyzed. The LZO precursor solution was

Table 3 Standard types of the output response

Type of response Equation Target Case

Smaller-the-better S=NS ¼ �10 log 1
n

Pn

i¼1

y2
i

� �

Reduction of system response Distortion, number of porosity, etc.

Larger-the-better S=NL ¼ �10 log 1
n

Pn

i¼1

1
y2

i

� �

Increase of system response Mechanical intensity etc.

Nominal-the-best S=NN ¼ 10 log �y2

S2

� �
Approach to a target Film thickness, window size on chips etc.

10 15 20 25

#7

#6

#4

#2

In
te

ns
ity

 (
a.

u.
)

ω

Fig. 2 XRD patterns of LZO films. The out-of-plane lattice align-

ment of LZO films is estimated by FWHM values of diffraction peaks

in x-scan mode
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relatively more stable than alkoxides in the air and the

atmospheric ambient was kept constant in the laboratory.

Other environmental factors, such as temperature or rela-

tive humidity are not incorporated in the analysis in this

study as it is expected that they show minor effects.

2.2.3 Output response S/N in the Taguchi design

In the Taguchi method, effect of each experimental factor is

examined by the variation of ‘‘response’’ by choosing an

appropriate signal-to-noise (S/N) ratio. The S/N, which is

defined as the ratio of signal power (the mean) to noise power

corrupting the signal (the standard deviation), is an output

response of a selected system and a measure for the robust-

ness of the system. In general, three S/N equations are widely

used: smaller-the-better response, larger-the-better

response, and nominal-the-best response, as listed in Table 3

[17]. In the present study, the smaller-the-better and the

larger-the-better equations are utilized to analyze the

FWHM from XRD data and the surface integrity from

FEGSEM images, respectively. The selected control vari-

ables are experimentally analyzed to determine how the

coating process is likely to relate to ‘‘noise’’ which is

uncontrollable, at appropriate factor levels to make the

process less sensitive to variations in ‘‘noise factors’’. In this

way, the Taguchi method allows the process to be optimized.

3 Results and discussion

XRD patterns obtained by x-scan for each practice of the

Taguchi Design are shown in Fig. 2. The diffraction

intensity from x-scan reflects the degree of out-of-plane

lattice alignment of LZO films. So the better the out-of-

plane texture, the narrower the FWHM of the diffraction

peak from x-scan. Average FWHM values and S/N ratios

from x-scan diffraction peaks are obtained from three

different samples synthesized in the same experiments, as

summarized in Table 4. The average S/N values of the

control factors at each level are shown in Table 5. A large

variation in S/N ratios implies that the control factor has a

great importance in the system. Among the control factors,

the heating rate shows the largest fluctuation when varying

the levels, indicating that it is the most important factor to

determine the FWHM. A degree of importance for the

factors in sequence is the heating rate, the ratio of the

lanthanum acetate to the propionic acid, the precursor

concentration used for inkjet printing, and the annealing

temperature. Figure 3 schematically displays the control

factors in the form of the response figures. It clearly shows

that the optimum experimental conditions are 0.08 mol/kg

for the precursor concentration, 0.7 for the ratio of the

lanthanum acetate to the propionic acid, 1 �C/min for

the heating rate, and 900 �C for the annealing temperature.

The top two important values of the factors are 1 �C/min

Table 4 Inner array of the

FWHM
Level Cn (mol/kg) Ratio of La(Ac)3

to propionic acid

Heating rate

(�C/min)

Annealing

temperature (�C)

Average

FWHM

S/N ratio

Factor A Factor B Factor C Factor D

1 0.05 0.7 1 850 8.15 -18.23

2 0.05 1 5 900 11.68 -21.35

3 0.05 1.3 10 1,000 11.97 -21.56

4 0.08 0.7 5 1,000 8.84 -18.93

5 0.08 1 10 850 11.68 -21.35

6 0.08 1.3 1 900 7.33 -17.31

7 0.1 0.7 10 900 10.60 -20.51

8 0.1 1 1 1,000 10.51 -20.43

9 0.1 1.3 5 850 10.61 -20.52

Table 5 Response table of the

FWHM
Level Cn (mol/kg) Ratio of La(Ac)3

to propionic acid

Heating rate

(�C/min)

Annealing

temperature (�C)

Factor A Factor B Factor C Factor D

1 (Low) -20.38 -19.22 -18.66 -20.03

2 (Medium) -19.20 -21.04 -20.27 -19.72

3 (High) -20.49 -19.80 -21.14 -20.31

S/N variation (maximum–minimum) 1.29 1.82 2.49 0.59

Contribution (%) 20.8 29.5 40.2 9.5

Ranking 3 2 1 4

106 J Sol-Gel Sci Technol (2009) 51:102–111

123



heating rate and 0.7 ratio of lanthanum acetate to propionic

acid. Figure 4 shows the change in the FWHM value

relates to the heating rate for different ratios of lanthanum

acetate to propionic acid (the annealing temperature and

the concentration are not fixed). The FWHM grows with an

increase in the heating rate regardless of the annealing

temperature and concentration for any ratio of lanthanum

acetate to propionic acid, implying the heating rate plays an

important role. This elucidates the fact that the out-of-pane

lattice alignment tends to be higher at a lower heating rate,

which is ascribed to the fact that the LZO film has more

time to undergo lattice arrangement. In addition, the

FWHM value also changes as the ratio of lanthanum ace-

tate to propionic acid varies, as shown in Fig. 4. This result

implies that the solution chemistry has a great affect on the

microstructures of the LZO films.

FEGSEM images of the LZO films of the Taguchi

Design are shown in Fig. 5 (exercises 2, 4, 6 and 7). The

S/N values, the response table, and the response figure of

the surface integrity estimated from the FEGSEM images

are shown in Tables 6, 7 and Fig. 6, respectively. The

1 2 3
-22

-21

-20

-19

-18

-17

-16

-15

Concentration
S

/N

Level of Factor A

1 2 3
-22

-21

-20

-19

-18

-17

-16

-15
Ratio of La(Ac)

3
 to PA

S
/N

Level of Factor B

1 2 3
-22

-21

-20

-19

-18

-17

-16

-15

S
/N

Level of Factor C

Heating rate 

1 2 3
-22

-21

-20

-19

-18

-17

-16

-15

S
/N

Level of Factor D

Heating Temperature

(a)

(b)

(c)

(d)

Fig. 3 Effect of concentration (a), ratio of lanthanum acetate to

propionic acid (b), heating rare (c), and annealing temperature (d) on

FWHM in the form of the response figure

0.6 0.8 1.0 1.2 1.4
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16  1
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F
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H
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 (
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Ratio of La(Ac)3 to PA

Annealing Temperature 
and Concentration not fixed

Heating Rate (°C/min)
(b) 

0 2 4 6 8 10
6

8

10

12

14

16

 0.7
 1.0
 1.3

F
W

H
M

 (
a.

u.
)

Heating Rate (°C/min)

Annealing Temperature 
and Concentration not fixed

Ratio of La(Ac)3 /PA

(a)

Fig. 4 FWHM values in relation to the heating rate for LZO films

with different ratios of lanthanum acetate to propionic acid (a), and to

the ratio of lanthanum acetate to propionic acid for LZO films with

various heating rates (b). The annealing temperature and precursor

concentration are not fixed
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Fig. 5 FEGSEM images of the

LZO film prepared using

condition 2 (a), 4 (b), 6(c), 7(d)

and in the Taguchi Design

Table 6 Inner array of the

surface integrity
Level Cn (mol/

kg)

Ratio of La(Ac)3 to

propionic acid

Heating rate

(�C/min)

Annealing

temperature (�C)

Average surface

integrity

S/N
ratio

Factor A Factor B Factor C Factor D

1 0.05 0.7 1 850 0.94 -0.57

2 0.05 1 5 900 0.98 -0.21

3 0.05 1.3 10 1,000 0.60 -4.63

4 0.08 0.7 5 1,000 0.91 -0.79

5 0.08 1 10 850 0.96 -0.32

6 0.08 1.3 1 900 0.97 -0.28

7 0.1 0.7 10 900 0.52 -6.07

8 0.1 1 1 1,000 0.85 -1.53

9 0.1 1.3 5 850 0.98 -0.22

Table 7 Response table of the

surface integrity
Level Cn (mol/

kg)

Ratio of La(Ac)3 to

propionic acid

Heating rate

(�C/min)

Annealing

temperature (�C)

Factor A Factor B Factor C Factor D

1 (Low) -1.80 -2.48 -0.80 -0.37

2 (Medium) -0.46 -0.69 -0.40 -2.18

3 (High) -2.61 -1.71 -3.67 -2.32

S/N variation (maximum–

minimum)

2.15 1.79 3.27 1.95

Contribution (%) 23.5 19.5 35.7 21.3

Ranking 2 4 1 3
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results indicate that the most important factor affecting the

surface integrity is the heating rate, followed by the pre-

cursor concentration used for inkjet printing, the annealing

temperature, and the ratio of lanthanum acetate in

descending importance. The best values chosen are

0.08 mol/kg for the LZO precursor concentration, 1 for the

ratio of lanthanum acetate to propionic acid, 5 �C/min for

the heating rate, and 850 �C for the annealing temperature.

Consequently, the first two important values of the factors

are selected, i.e. the heating rate 5 �C/min and the pre-

cursor concentration 0.08 mol/kg. The influence of the

surface integrity relating to the heating rate for LZO films

with different precursor concentration and to the precursor

concentration for LZO films with various heating rates (the

annealing temperature and the annealing temperature not

fixed) are shown in Fig. 7 (a) and (b), respectively. In

general, the surface integrity values of the LZO films are

satisfactory at lower heating rate and moderate precursor

concentration.
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Fig. 6 Effect of concentration (a), ratio of lanthanum acetate to

propionic acid (b), heating temperature (c), and annealing tempera-

ture (d) on surface integrity in the form of the response figure
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Fig. 7 Surface integrity values in relation to the heating rate for LZO

film with various precursor concentrations (a), and to the precursor

concentration for LZO film with different heating rates. The ratio of

lanthanum acetate to propionic acid and the annealing temperature are

not fixed
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On the basis of a comparison between the FWHM and

the average surface integrity, a concentration of 0.08 mol/

kg is suggested from both. The annealing temperatures of

900 and 850 �C are recommended by the FWHM and the

surface integrity analyses, respectively. As shown in

Tables 5 and 7, the relative contribution of the annealing

temperature is 21.3% in the response table of the surface

integrity, which is higher than 9.5% contribution from that

of FWHM, thus 850 �C is chosen regarding optimizing of

surface integrity. Similarly, for the ratio of lanthanum

acetate to the propionic acid, 0.7 is selected with respect to

the surface integrity as both the contribution and the

ranking are higher than that in the FWHM in the response

table of, as shown in Tables 5 and 7. For the heating rate,

both 1 and 5 �C/min are recommended. While the statis-

tical data show that the heating rate is the most important

factor for both the FWHM and the surface integrity, 5 �C/

min is picked with regard to FWHM. Based on the above

analyses, the optimum experimental conditions chosen

according to Taguchi design are: 0.7 for the ratio of the

lanthanum acetate to the propionic acid, 0.08 mol/kg for

the precursor concentration, and 850 �C for the annealing

process using a heating temperature of 5 �C/min. Based on

the experimental conditions, a LZO film has been prepared,

as shown in Fig. 8. The film shows a dense structure

according to the FEGSEM observation as shown in Fig. 8

(a) and possesses a high degree of out-of-plane alignment

(FWHM *7.9�), as shown in Fig. 8 (b).

In the present study, only 9 exercises are suggested by

the Taguchi statistic method, which offers a shortcut

solution to find suitable experimental conditions. However,

it is not possible to obtain a clear comparison between

every exercise due to a diversity of experimental conditions

in each exercise. Nevertheless, by performing diverse

experimental conditions, some useful information con-

cerning the film formation is indeed discovered from our

results. From FEGSEM images shown in Fig. 5, which

correspond to Taguchi exercise #2, #4, and #7 respectively,

they clearly show that the LZO films form by the coales-

cence of independent nanoparticles. Unlike Taguchi

exercise #6, as shown in Fig. 5, the heating rates are faster

in those exercises, so the nanoparticles could not form a

denser film due to the limited time provided. Also, the

results imply that the formation of the LZO films may be

via inter-particles diffusion.

Finally, it has been shown that some carboxylate-related

organics from the original precursors is present in LZO

films in the annealing process [18]. This is consistent with

the results given in Tables 5 and 7. The relative contribu-

tion to the FWHM and the surface integrity, of ratio of

lanthanum acetate to propionic acid are 29.5 and 19.5%,

respectively. This shows that carboxylate-related organics

from precursors affect the formation of LZO films.

4 Conclusions

By considering the factors of LZO preparation process,

four major parameters have been identified and used in the

Taguchi statistical method: the ratio of lanthanum acetate

to propionic acid, the concentration of precursor solution

used in the inkjet printing system, the annealing tempera-

ture, and the heating rate. For the FWHM, a degree of

importance for the parameters in sequence is the heating

rate, the ratio of the lanthanum acetate to the propoionic

acid, the precursor concentration used for inkjet printing,

and the annealing temperature. On the other hand, for the

average surface integrity, the most important factor is

the heating rate, followed by the precursor concentration,

the annealing temperature, and the ratio of lanthanum

acetate in descending importance. The optimum
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Fig. 8 a FEGSEM images of the LZO film prepared using the

optimum condition suggested by the Taguchi Design. b XRD of the

LZO film. Red line is simulated by Gaussian fitting
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experimental conditions as deduced from the Taguchi

design are: 0.7 for the ratio of the lanthanum acetate to the

propionic acid; 0.08 mol/kg for the precursor concentra-

tion; and 850 �C for the annealing process using 5 �C/min.

The film synthesized using the optimum conditions reveals

a dense surface morphology and high out-of-plane lattice

alignment. This work has shown that the Taguchi method is

a viable approach for ‘‘picking good experimental condi-

tions’’ for achieving excellent quality LZO film by ink-jet

printing from a selected precursor solution.

References

1. Chartier A, Meis C (2002) Phys Rev B 65:134116

2. Poulsen FW, Puil N (1994) Solid State Ionics 777:53

3. Lian J, Wang LM, Haire RG, Helean KB, Esing RC (2004) Nucl

Instrum Methods Phys Res B 218:236

4. Harvey EJ, Whittle KR, Lumpkin GR, Smith RI, Redferna SAT

(2005) J Solid State Chem 178:800

5. Chiodelli G, Scagliotti M (1994) Solid State Ionics 73:265

6. Seo JW, Fompeyrine J, Guiller A, Norga G, Marchiori C, Sieg-

wart H, Locquet JP (2003) Appl Phys Lett 83:5211

7. Marple BR, Voyer J, Thibodeau M, Nagy DR, Vassen R (2006) J

Eng Gas Turbines Power Trans ASME 128:144

8. Lian J, Zu XT, Kutty KVG, Chen J, Wang LM, Ewing RC (2002)

Phys Rev B 66:54108

9. Sathyamurthy S, Paranthaman M, Zhai HY, Christen HM, Martin

PM, Goyal A (2002) J Mat Res 17:1543

10. Knoth K, Schlobach B, Huhne R, Schultz L, Holzapfel B (2005)

Physica C 426–431:979

11. Engel S, Knoth K, Huhne R, Schultz L, Holzapfel B (2005)

Supercond Sci Technol 18:13851390

12. Wee SH, Goyal A, Hsu H, Li J, Heatherly L, Kim K, Aytug T

(2007) J Am Ceram Soc 90:3529

13. Cordero-Cabrera MC, Mouganie T, Glowacki BA, Backer M,

Falter M, Holzapfel B, Engell J (2007) J Mater Sci 42:7129

14. Mouganie T, Glowacki BA (2006) J Mater Sci 41:8257

15. Bhuiyan MS, Paranthaman M, Sathyamurthy S, Hunt RD, List

FA, Duckworth RC (2007) IEEE Trans Appl Supercond 17:3557

16. Singh R, Khamba JS (2007) Mat Sci Eng A 460–461:365

17. Phadke MS (1989) Quality engineering using robust design.

Prentice Hall, NJ

18. Chen HS, Kumar RV, Glowacki BA (2009) J Sol–Gel Sci Tech

(submitted)

J Sol-Gel Sci Technol (2009) 51:102–111 111

123


	Study on chemical-solution-deposited lanthanum zirconium oxide film based on the Taguchi method
	Abstract
	Introduction
	Experimental
	Materials and synthesis
	Taguchi methods
	Variables in the system
	Determination of control factors in the Taguchi design
	Output response S/N in the Taguchi design


	Results and discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


