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9 Abstract

10 Thin ferroelectric films of PLTx (Pb1_xLaxTi1_x/4O3) have been prepared by a sol-gel spin coating process. As
11 deposited films were thermally treated for crystallization and formation of perovskite structure. Characterization of
12 these films by X-ray diffraction (XRD) have been carried out for various concentrations of La (x = 0.04, 0.08 and
13 0.12) on ITO coated corning glass substrates. For a better understanding of the crystallization mechanism, the
14 investigations were carried out on films annealed at temperatures (350, 450, 550 and 650 8C). Characterization of
15 these films by X-ray diffraction shows that the films annealed at 650 8C exhibit tetragonal phase with perovskite
16 structure. Atomic force microscope (AFM) images are characterized by slight surface roughness with a uniform
17 crack free, densely packed structure. Fourier transform infrared spectra (FTIR) studies of PLTx thin films (x = 0.08)
18 deposited on Si substrates have been carried out to get more information about the phase stabilization.
19

20 Keywords: A. Thin films; C. Atomic force microscopy; C. X-ray diffraction
21

22 1. Introduction

23 The unique piezoelectric and pyroelectric properties of ferroelectric materials, combined with design
24 flexibility and miniaturization offered by thin film geometry and also developments in integrated circuitry
25 and electro-optic technologies, have generated great interest in ferroelectric thin films. Lead titanate
26 PbTiO 3 (PT) is a perovskite-type ferroelectric material suitable for pyroelectric infrared detectors because



DTD 5 ARTICLE IN PRESS
2 S. Chopra et al. /Materials Research Bulletin xxx (2004) xxx—xxx

27 of its relatively large pyroelectric coefficient and spontaneous polarization. PbTiO 3 based ceramics are very
28 promising materials for various applications like pyroelectric detectors and ultrasonic transducers.
29 However, one of the biggest problems present in PT system is the micro-cracking produced in the
30 cubic-tetragonal phase transition on cooling. Care is needed to decrease the tetragonal strain which could
31 provoke macro or micro-cracking in the system. This micro-cracking is considered to be responsible for the
32 degradation of the dielectric and piezoelectric properties. For example, its potential application at high
33 ultrasonic powers is closely related to its ability to support both high mechanical strength and electric field
34 without overheating, i.e. it should possess high mechanical stability. Since this material has poor
35 mechanical properties due to its large tetragonal strain which makes its poling difficult, there is need
36 to dope PT systems with substituents to reduce the tetragonal strain thereby increasing the mechanical
37 stability and enhancing their utility for various applications. Hence much attention has been focused on the
38 modification of PT by doping with the purpose of obtaining improved mechanical and electrical properties.
39 The incorporation of off-valent (La3 + , Sm 3 + , Nd 3 + , Gd 3 + ) and isovalent ions (Ca2 + , Ba 2 + , Sr2 +) into PT
40 ceramics is reported to enhance the mechanical stability along with good dielectric, ferroelectric, piezo-
41 electric and pyroelectric properties [1]. The substitution of these ions results in the reduction of lattice
42 anisotropy leading to hard and dense ceramics with high mechanical strength [2-13] . From the standpoint
43 of thermal responsivity, the pyroelectric detector is better in the form of thin film. In our previous work, we
44 reported the ferroelectric and pyroelectric properties of sol -gel derived (Pb,Ca)TiO3 thin films [14,15].
45 Recently, lanthanum modified lead titanate (PLT) thin films have been studied for their possible use in
46 optical waveguides, dynamic random access memories , non-volati le memories and pyroelectric detectors
47 [16-18] . So l -ge l technique for deposit ion of thin films offers an excellent control over the stoichiometry,
48 lower processing temperature, easier introduction of dopant for tailoring the properties and the process
49 can easily be integrated with the existing silicon micromachining module [19,20].
50 Recently many workers have shown interest in the studies of the chemistry, composit ion of the
51 solutions [21-24] , the coating conditions [25] and the importance of these factors on the final ferro-
52 electric properties of the films [22,23]. In the present paper, we are reporting the effect of variation of
53 anneal ing tempera ture and La-doping on the structure and micros t ructure of these films by taking X- ray
54 diffraction patterns and atomic force microscope (AFM) micrographs. The effect of annealing tem-
55 perature on the Fourier transform infra red (FTIR) spectrum of PLT (x = 0.08) films deposited on Si
56 substrates is found to support phase stabilization in the PLT films.

57 2. Experimental

58 PLTx thin films (x = 0 .04, 0.08 and 0.12) (PLT4, PLT8 , PLT 12) have been prepared us ing lead acetate
59 trihydrate, lanthanum acetate hydrate and t i tanium isopropoxide (all from Aldrich, USA) as precursors,
60 along with 2-methoxyethanol as solvent and acetic acid as catalyst. The sol is prepared by dissolving lead
61 acetate trihydrate in acetic acid. The solution is refluxed at 110 8C for 3 h in a three-neck flask assembly
62 to remove water of crystallization. Excess lead acetate (10 mol%) is added to compensate for the possible
63 lead loss due to various factors like: heat treatment of so l -ge l derived films in air ambience instead of
64 controlled oxygen atmosphere; larger surface exposure due to high surface to volume ratio in films
65 although temperature does not exceed 650 8C and possible diffusion of lead into substrate [26-28] . In
66 addition, some lead loss takes place during refluxing of the solution of lead acetate trihydrate with acetic
67 acid at 110 8C, as the melting point of lead acetate trihydrate is much lower ( ~ 7 5 8C). Thus, 10 m o l %
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68 excess lead acetate has been added to avoid the formation of pyrochlore phase [29-32] . Similarly,
69 lanthanum acetate hydrate is also dissolved in acetic acid and refluxed. Both the solutions are mixed
70 together and refluxed with 2-methoxy ethanol.Finally, Ti-isopropoxide in stoichiometric ratio is added to
71 the solution with continuous stirring to prepare P C T sol. Filtered sol is dispensed from a syringe and spin
72 coated at a speed of 3000 rpm for 30 s on ITO coated 7059 corning glass and Si substrates. Mult iple
73 coatings are deposited and after each coating, the films are pyrolized at 150 8C in air to remove volatile
74 organics. The final crystallization is performed at 650 8C for 2 h. The thickness of the films is determined
75 using Talystep method. The film structures were characterized with X-ray diffractometer (Rigaku
76 mixiflex, Japan Cu Ka radiation, l = 1.5405 A). The microstructure of the films was characterized by
77 atomic force microscope (MD-TNT, Russia). X R D patterns and A F M photographs of the samples for
78 various amounts of La-doping and annealing temperatures were taken and analysed. Also, FTIR spectra
79 of unannealed and annealed PLT films on Si substrates were taken to study the film bond formation, by
80 using Vector 22 Spectrometer (Bruker Analytik, G m b H , Germany) .

81 3. Results and discussions

82 3.1. Crystallographic structure

83 The observed X-ray diffraction patterns for the three composit ions of PLT films annealed at 650 8C
84 (Fig. 1), show well resolved peaks . The hkl values of diffracting planes responsible for the peaks are
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Fig. 1. XRD patterns of PLT films annealed at 650 8C (PLT4, PLT8 and PLT12).
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85 identified using the A S T M data. The lattice constants (c and a) of the uni t cell calculated using hkl
86 values for PLT4, PLT8, PLT12 films are 4 .02 and 3.83; 4.00 and 3.84 and 3.97 and 3.86 A, respectively. It
87 is found that the V value decreases while the value of 'a' increases with La concentration. These results
88 m a y be explained on the basis of La ions occupying Pb ion sites wi th smaller ionic radius (La 3 + = 1.03 A,
89 P b 2 + = 1 . 1 9 A ) . The tetragonal ratio (c/a) decreases from 1.05 to 1.03 with the increase of La

90 concentration from 4 to 12%. These results are similar to those reported by others [33,34].

91 The effect of changing the annealing temperature (350, 450, 550, 650 8C) on the crystallinity of PLT8

92 films has been shown in Fig. 2. We have studied the effect of change in annealing temperature on films

93 with various amounts of La doping, i.e., PLT4, PLT8 and PLT12 and have found that the nature of the
94 curves is similar in each case. So, only the representat ive curves of PLT8 have been presented in Fig. 2. At
95 350 8C, the peak is fairly broad indicat ing amorphous nature of the film. Crystal l izat ion was partial at the
96 hea t t rea tment of 450 and 550 8C. As the anneal ing tempera ture was increased to 650 8C, the peaks in the
97 X R D patterns b e c o m e sharper and more intense and the full width at half m a x i m u m decreased, indicat ing
98 bet ter crystall inity and increased grain size.

99 3.2. Microstructure

100 The effect of varying La-content on the microstructure of PLT films at 650 8C was studied by taking
101 a tomic force microscope images (3D and 2D) shown in Figs . 3 and 4, respectively. A F M images are
102 character ized by slight surface roughness wi th a uniform crack free densely packed microstructure . The
103 surface roughness of the films is calculated using the equ ipment ' s software rout ine. The surface
104 roughness of PLT thin films decreases from 10.50 to 3.25 nm as La content increases. The average
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Fig. 2. XRD patterns of PLT8 films for annealing temperatures, 350, 450, 550 and 650 8C.
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105 grain size reduces from ~0.25 to ~0.15 mm with increase in La concentration. The addition of La
106 results in change in surface microstructure. The lanthanum ions with smaller ionic radius
107 (La2+=1.03A) occupy the lead ion sites with larger ionic radius (Pb2+= 1.20 A), leading to
108 contraction of the lattice, decreasing tetragonal ratio and thus the reduction in the grain size. With

Fig. 3. AFM images (3D) of PLT films: (a) PLT4, (b) PLT8 and (c) PLT12.
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Fig. 4. AFM images (2D) of PLT films: (a) PLT4, (b) PLT8 and (c) PLT12.

109 increase in La concentration, larger number of La ions occupy the lead ion sites and hence the
no contraction of the lattice increases which leads to further reduction in the grain size. As is clear, the
in surface roughness of PLT thin films measured by AFM decreases as Lanthanum concentration
112 increases. This is as expected because with increase in lanthanum concentration, grain size decreases
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113 and surface morphology becomes smoother. These results are in agreement with the results reported
114 by others [35,36]. The change of surface microstructure with La content may be due to the change of
115 the lattice parameters and the volume of the unit cell. It is worthwhile to note here that the grain size is
116 responsible for the appearance of macro or micro-cracking in the modified PLT thin films and
in therefore their mechanical behavior. The smaller grain size results in an increase of the mechanical
118 parameters viz. fracture toughness and hardness [37].
119 The effect of annealing temperature on the microstructure of PLT films was studied by taking atomic
120 force microscope images (3D and 2D) shown in Figs. 5 and 6, respectively. The surface roughness of
121 PLT8 for four anneal ing temperatures (350, 450, 550 and 650 8C) are 2.60, 2.80, 3.82 and 5.19 nm,
122 respectively. This shows that as the anneal ing tempera ture is increased, the surface roughness increases.
123 As anneal ing tempera ture is increased, grain growth occurs thereby, increasing the grain size. This is due
124 to an increase in surface mobil i ty wi th increasing temperature , thus al lowing the films to lower its total
125 energy by growth of grains and decreasing the grain boundary area. Thus , thin films b e c o m e more
126 granular wi th rise in temperature , thereby increasing the surface roughness . As is clear from 2D
127 micrographs , no grain formation occurs at low tempera ture 350 and 450 8C. At 550 8C, slight formation
128 of the grains start and finally at 650 8C, grains are wel l formed. Hence , A F M 2D micrographs are
129 suggest ive of the formation and growth of grains.

Fig. 5. AFM images (3D) of PLT8 films for annealing temperatures: (a) 350 8C, (b) 450 8C, (c) 550 8C and (d) 650 8C.
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130 3.3. Fourier Transform infra red (FTIR) spectra

131 FTIR spectra for the as deposi ted film and the PLT8 films hea t treated at 450 , 550 and 650 8C

132 deposi ted on sil icon substrates are carried out. Typical FTIR spectra for the as deposi ted film and the film
133 annealed at 650 8C of PLT8 deposi ted on silicon substrates are shown in Fig. 7. For the as deposi ted film,
134 the broadband around 3350 c m " 1 corresponds to the O - H stretching vibrat ion of hydroxyl groups of
135 alcohols. The bands present around 1410 and 1560 cm"1 can be ascribed to vsym(-COO") and
136 vasym(C00~) of acetyl groups, respectively. The band around 1110 cm"1 may be due to the Ti-O-
137 C vibration of propoxy group bonded to titanium. The small bands around 1060 and 1010 cm"1 are
138 the C-H rocking modes. The band around 640 cm"1 corresponds to the OCO vibration. But contribu-
139 tion from the Si-Si stretching mode also cannot be ignored. After annealing the film at 650 8C for
140 2 h, the O-H stretching vibration, C-H rocking modes and OCO vibrations disappear completely
141 indicating complete removal of organics. The bands in the region 500-900 cm"1 has contributions from
142 P b - O , L a - O and T i - O [38]. These observat ions suggest that PLT crystall izes at an anneal ing
143 temperature 650 8C.
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Fig. 6. AFM images (2D) of PLT8 films for annealing temperatures: (a) 350 8C, (b) 450 8C, (c) 550 8C and (d) 650 8C.
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Fig. 6. (Continued).
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Fig. 7. FTIR spectra of as deposited and annealed (at 650 8C) PLT8 films.

M R B 2872 1-10



DTD 5 ARTICLE IN PRESS
10 S. Chopra et al. / Materials Research Bulletin xxx (2004) xxx—xxx

144 4. Conclus ions

145 Thin films of (Pb,La)TiO3 system have been prepared by sol-gel technique in the perovskite phase

146 with a polycrystalline tetragonal structure. Structural studies indicate that the phase formation is

147 complete for the films heat treated at 650 8C. AFM studies on the films heat treated at different

148 temperatures reveal that the surface roughness increases with increase of annealing temperature
149 suggesting the growth of crystallization. Crystallization of the films at 650 8C is also supported by

150 the analysis of FTIR spectra.

151 References

152 [1] B. Jaffe, W.R. Cook Jr., H. Jaffe, Piezoelectric Ceramics, Academic Press, New York, 1971, p. 119.
153 [2] T. Takahashi, Ceram. Bull. 69 (1990) 691.
154 [3] H. Takeuchi, S. Jyomura, E. Yamamoto, Y Ito, J. Acoust. Soc. Am. 72 (1982) 1114.
155 [4] Y Yamashita, K. Yokoyama, H. Honda, T. Takahashi, Jpn. J. Appl. Phys. 20 (1981) 183.
156 [5] T. Suwannasiri, A. Safari, J. Am. Ceram. Soc. 76 (1993) 3155.
157 [6] N. Ichinose, Y Fuse, Ferroelectrics 106 (1990) 369.
158 [7] O. Ohnishi, H. Kishie, A. Iwamoto, Y Sasaki, T. Zaitsu, T. Inoue, IEEE Trans Ultrason. Symp. (1992) 483.
159 [8] J. Shenglin, Z. Xuli, W. Xiaozhen, W. Xianghong, Piezoelectr. Acoust. 17 (1995) 26.
160 [9] T. Yamamoto, H. Igarashi, K. Okazaki, J. Am. Ceram. Soc. 66 (1983) 363.
161 [10] H. Takeuchi, Ceram. Bull. 71 (1992) 974.
162 [11] G.A. Rossetti, W. Cao, C.A. Randall, Ferroelectrics 158 (1994) 343.
163 [12] C.A. Randall, G.A. Rossetti, W. Cao, Ferroelectrics 150 (1993) 163.
164 [13] W. Cao, Phase Transit. 55 (1995) 69.
165 [14] Chopra Sonalee, A.K. Tripathi, T.C. Goel, R.G. Mendiratta, J. Mater. Sci. Eng. B 100 (2003) 180.
166 [15] Sonalee Chopra, Seema Sharma, T.C. Goel, R.G. Mendiratta, Solid State Commun. 127 (2003) 299.
167 [16] Y.M. Kang, S. Baik, J. Mater. Res. 13 (1998) 995.
168 [17] W. Ren, Y Liu, X. Wu, L. Zhang, X. Yao, Integr. Ferroelectr. 15 (1997) 271.
169 [18] D.A. Neumayer, R.J. Purtell, W.F. Kane, A. Grill, Integr. Ferroelectr. 14 (1997) 85.
170 [19] C.J. Lu, S.B. Ren, H.M. Shen, J.S. Liu, Y.N. Wang, J. Vac. Sci. Technol. A 14 (1997) 2167.
171 [20] C. Vijayaraghavan, T.C. Goel, R.G. Mendiratta, IEEE Trans. Dielectr. Electr. Insul. 6 (1999) 69.
172 [21] M.L. Calzada, M.J. Martin, P. Ramos,J. Mendiola, R. Sirera,M.F. DaSilva, J.C. Soares,J. Phys. Chem. Solids 58 (1997) 1033.
173 [22] L.F. Francis, D.A. Payne, J. Am. Ceram. Soc. 74 (1991) 8000.
174 [23] S.A. Mansour, D.A. Binford, R.W. Vest, Inst. Ferroelectr. 1 (1992) 43.
175 [24] K. Kushida, K.R. Udayakumar, S.B. Krupanidhi, L.E. Cross, J. Am. Ceram. Soc. 76 (1993) 1345.
176 [25] C.J. Brinker, G.W. Scherer, Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing, Academic Press, San
177 Diego, CA, 1990, p. 818.
178 [26] A.H. Carim, B.A. Tuttle, D.H. Doughty, S.L. Martinez, J. Am. Ceram. Soc. 74 (1991) 1455.
179 [27] S.B. Krupanidhi, H. Hu, V Kumar, J. Appl. Phys. 71 (1992) 376.
180 [28] E. Sato, Y Huang, M. Kosec, A. Bell, N. Setter, Appl. Phys. Lett. 65 (1994) 2678.
181 [29] H.Y Guo, J.B. Xu, I.H. Wilson, Z. Xie, E.Z. Luo, Phys. Lett. A 294 (2002) 217.
182 [30] X.G. Tang, A.L. Ding, H.Q. Li, D. Mo., J. Noncryst. Solids 297 (2002) 67.
183 [31] Z. Song, C. Lin, L. Wang, S. Wang, L. Wang, J. Gao, X. Fu, Mater. Lett. 47 (2001) 219.
184 [32] M.L. Calzada, R. Poyato, J. Garcia Lopez, M.A. Respaldiza, J. Ricote, L. Pardo, J. Eur. Ceram. Soc. 21 (2001) 1529.
185 [33] K. Iijima, R. Takayama, Y Tomita, I. Ueda, J. Appl. Phys. 60 (1986) 2914.
186 [34] D. Wu, A.D. Li, C.Z. Ge, P. Lu, C.Y Xu, J. Xu, N.B. Ming, Thin Solid Films 322 (1998) 323.
187 [35] K. Kani, H. Murakami, K. Watari, A. Tsuzuki, Y Torii, J. Mater. Sci. Lett. 11 (1992) 1605.
188 [36] J. Koo, K. No, B.S. Bae, J. Sol-Gel Sci. Technol. 13 (1998) 869.
189 [37] P. Duran, J.F. Fdez Lozano, F. Capel, C. Moure, J. Mater. Sci. 24 (1989) 447.
190 [38] H.Y. Chen, J. Lin, K.L. Tan, Z.C. Feng, Thin Solid Films 289 (1996) 59.

191 MRB 2872 1-10


