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Abstract. Lanthanide elements doped PbTiO; thin films were prepared by a modified sol-gel method via spin-
coating on platinized silicon substrates. The films microstructure and phase composition were investigated by
means of scanning electron microscopy, X-ray diffractometry and Raman spectroscopy. Small signal dielectric
properties of the films were characterized at different temperatures and doping element concentration. It is shown
that dielectric constant, loss tangent and Curie transition temperature of lanthanide elements doped thin films
correlate with concentration and ionic radii of these elements. The results obtained are discussed from the point of

view of substitution type and compared to some extent to the data, reported by other research groups.
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1. Introduction

PbTiO3 (PT) based ferroelectric thin films exhibit
unique dielectric, piezoelectric and ferroelectric prop-
erties which make them attractive for many technolog-
ical applications such as in micro-electromechanical
systems (MEMS) [1], non-volatile memories [2], in-
frared (IR) sensors [3, 4], etc. Dielectric and pyroelec-
tric properties of the films may be tuned for specific
application by appropriate doping. Analysis of the liter-
ature shows that among doping elements La [5—11] was
the most investigated element. The behaviour of other
elements of the lanthanide series has been investigated
systematically mainly in bulk ceramics. Park et al. [12]
prepared and investigated 3 mol% of La, Nd, Sm, Gd,
Dy, Ho, Er, and Yb (Ln in the following) doped PLZT
(lead lanthanum zirconate titanate) ceramics. Structure
and properties of PZT (lead zirconate titanate) ceramics
with respect to ionic radii of rare-earth elements were
reported by Tan et al. [13] and Sharma et al. [14]. Prop-
erties of La, Sm and Er modified PZT ceramics were
also reported by Pramila et al. [15], and Shannigrahi
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et al. [16]. The data on the lanthanide elements doping
effects in PZT ceramics can also be found in textbooks
(see, for example Ref. [17]). Structure and properties of
rare-earth ions doped ferroelectric thin films are studied
to lesser degree and the data are scarce. Boyle etal. [18]
have reported the effect of 4 mol% of Ln doping on the
structure, dielectric and ferroelectric properties of PZT
thin films with the composition PLnZT (4/30/70). Fur-
thermore, investigation of Ln doping on PbTiO3 thin
films are still lacking. In a recent work we report on
the optical properties (refractive index and extinction
coefficient) of Ce, Sm, Dy, Er, and Yb doped PbTiO;
thin films in comparison to non-doped one [19]. The
results of the optical characterization demonstrate that
the refractive index and extinction coefficient depend
not only on the concentration of lanthanide ions but
are also sensitive to atomic number/ionic radii and ox-
idation state of dopant. In the present paper empha-
sis is put on the effects of rare-earth elements doping
on the structure and dielectric properties of PbTiO;
thin films. Ce, Sm, Dy and Er doped lead titanate thin
films were deposited via a modified sol-gel method
on platinized silicon substrates. The results are anal-
ysed in terms of effects of doping on dielectric constant
and loss tangent as well as transition temperature, and
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compared to those reported on PZT ceramics and thin
films.

2. Experimental

Acetic acid, acetylacetone and 2-methoxyethanol
based sol-gel method was utilized to fabricate lan-
thanide series elements doped lead titanate thin films
with different doping levels. The flow chart diagram
on Fig. 1 illustrates the process of precursor solutions
preparation. Lead acetate, tetraisopropyl orthotitanate,
acetic acid, acetylacetone and 2-methoxyethanol were
provided by Fluka Chemical, Inc., Germany. Ce, Sm,
Dy and Er acetates were purchased from Strem Chem-
icals, Inc., U.S.A. 10 mol% of Pb excess were added
solution to compensate lead volatility at the subse-
quent high temperature treatment. Pb(;_y; 1Ln, TiO3
stoichiometric composition was chosen to calculate the
amount of reagents. 2, 5 and 8 mol% (x = 0.02, 0.05
and 0.08) of Ln were designated to replace lead. Firstly
lead and Ln acetates were dissolved in acetic acid and
refluxed for 3 hours at 110°C to evaporate associated
water. 3 mols of acetic acid were taken to dissolve 1 mol
of lead and Ln acetates. Tetraisopropyl orthotitanate
was stabilized with acetylacetone in ratio 1:2 mol. Both
parts were then mixed together at room temperature and
diluted with 2-methoxyethanol to reach final concen-
tration of 0.4 mol/l. Regardless of doping element and
doping level yellow, transparent sols were obtained.
The solutions were filtered through 0.2 um syringe

Pb(Il) acetate
+ Ln (III) acetate
+ acetic acid;
stirring with distillation
at 110°C for 3 hours

Ti-isopropoxide

+ acetylacetone;

stirring at room
temperature for 15 min

Dilute with
2-methoxyethanol,
filtering through
2um filter

!

Stable stock solution

Fig. 1. Flow chart for lanthanide elements doped lead titanate
precursor solution preparation.

filter just prior to film deposition. The PLnT thin films
were formed via spin-coating on (111)Pt/Ti/SiO,/Si
commercial substrates (Inostek, Seoul, Korea) at
3000 rpm for 30 s. 4 layers were deposited for each
sample giving an ellipsometric thickness in the range
from 200 to 300 nm. Each coating was dried on a plate
at 340°C for 5 min and pyrolized at 550°C for 5 min in
air. Finally, the samples were annealed in a pre-heated
furnace at 700°C for 5 min.

Microstructure and phase composition of the films
were characterized by means of scanning electron mi-
croscopy (SEM, Philips XL 30) and X-ray diffrac-
tometry (XRD, Seifert powder diffractometer, Cu K,
radiation, ®/20 scans, 20 =20-50°). Dilor XY
spectrometer, equipped with Ar-Kr laser was used
for Raman characterization of pure and 2mol% of
Ln-elements doped samples. For electrical measure-
ments, capacitors were fabricated by sputtering round
Pt top electrodes of 0.6 mm diameter through a shadow
mask. Post top electrode deposition annealing was con-
ducted in air at 400°C for 15 min. Contact to the bot-
tom electrode was produced by scratching a corner
of the specimen and subsequent deposition of high
purity silver paste. Small signal dielectric properties
were measured using a computer controlled Agilent
4192A impedance analyser at driving signal amplitude
of 50mV ,_,. The temperature dependence of the dielec-
tric properties was measured in the temperature range
from 460°C to 23°C on cooling.

3. Experimental Results

3.1.  Microstructure, X-Ray
and Raman Characterization

The surface topography and grain morphology are ex-
emplified in Fig. 2 which shows a back scattered elec-
tron (BSE) SEM micrograph of a pure PbTiO;3 thin
film (a), and films doped with 2 mol% of Ce (b) and
8 mol% of Dy. One can see that the specimen prepa-
ration procedure described above leads to crack-free
and uniform microstructure with a grain size less than
100 nm. The figures also show that doping with various
elements of lanthanide series affects surface roughness
rather than grain size. Although further surface char-
acterization (for example, by means of the Scanning
Probe Microscopy) is required.

Phase composition was examined by means of
XRD analysis. Figure 3 illustrates the XRD pattern of
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Fig. 2. Back-scattered electron SEM micrograph of pure lead titanate
thin film (a), doped with 2 mol% of Ce (b) and 8 mol% of Dy (c).

Pt(111)-

Intensity, a.u.

(002)/(200)

20 30 40 50
20,°

Fig. 3. XRD pattern of sol-gel fabricated lead titanate thin film.

non-doped lead titanate thin film. Annealing at 700°C
for 5 min leads to the formation of pure tetragonal per-
ovskite phase with no second phase inclusion (within
the resolution of the diffractometer). The most possible
pyrochlore phase, which manifests itself with a broad
peak in the vicinity of 30°, was not detected.

X-ray diffraction patterns obtained for films doped
with 2 mol% of Ln elements are represented in Fig. 4.
It can be seen that in the case of small concentration of
Ce, Sm, Dy and Er (Fig. 4(a)—(d)) no phase modifica-
tion occurs. With increasing doping level (not shown),
Sm doped films show no second phase for all concen-
trations investigated, whereas the XRD spectra of the
films doped with 8 mol% of Dy and Er contain broad
peaks in the vicinity of 30° (20) which is attributed
to the (222) reflection of non-ferroelectric pyrochlore
phase. The appearance of the pyrochlore phase in doped
PbTiO; thin films with decreasing radii of dopant ions

Pt(111)

Intensity, a.u.
002)/(200)

(101)/(110)

~—(001)/(100)

30 40 30 40
20,°

Fig. 4. XRD patterns of sol-gel fabricated lead titanate thin films,
doped with 2 mol% of Ce (a), Sm (b), Dy (c) and Er (d).

Intensity, a.u.

100 200 300 400 500 600
Raman shift, cm™

Fig. 5. Room temperature Raman spectra of pure PbTiO3 and films
doped with 2 mol% of Ln-elements lead titanate thin films. Raman
modes are indicated by letters: A—E(1TO), B—A(1LO) + E(2TO),
C—B +E (silent), D—A(2TO), E—E(2LO) + A;(2LO), F—E
(3TO), G—A(3TO).

is in agreement with the results reported by Tan et al.
[13], and is explained by lower solubility of the ele-
ments with smaller ionic radii in the perovskite phase.

Results of room temperature Raman characteriza-
tion are given on Fig. 5 for the specimens doped with
2 mol% of Ln elements in comparison to pure PbTiO;
film. The spectra are very similar to those reported by
many research groups for PT and tetragonal PZT thin
films deposited by different methods [20-22]. The re-
sults indicate that the films are well crystallized into
the tetragonal perovskite phase. At first sight one can
see that: (i) Raman modes are shifted to lower values
of wave number with respect to data, known for sin-
gle crystals [23]; (ii) the spectra obtained for doped
specimens demonstrate somewhat broader peaks as to
compare to those of pure PbTiO3 sample; (iii) positions
of Raman modes were not affected by doping.
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Fig. 6. Room temperature dielectric constant, &’ (a) and tan$ (b) of
lead titanate thin films doped with 2 mol% of Ln-elements. Properties
were measured with an AC signal of amplitude 50 mV ., at 1 kHz.

3.2.  Room Temperature Dielectric Properties

Figure 6 demonstrates how the dielectric properties
(real part of the dielectric constant, &’ (Fig. 6(a)) and
tan$ (Fig. 6(b)) of lead titanate thin films doped with
2 mol% of Ln ions correlate with atomic number. It
can be seen that all doping elements lead to increase
in both ¢ and tan$ in comparison to non-doped lead
titanate thin film. When atomic number of dopant in-
creases from 58 (Ce) to 68 (Er), ¢’ and tand increase
smoothly from 253 and 0.03 to the values of 300 and
0.08, respectively.

The dielectric properties of Ce, Sm, Dy and Er doped
specimens are plotted vs. doping level, x, in Fig. 7. The
error bars are not shown on the figure for simplicity.
For doping element concentrations up to 5 mol% it can
be noticed that ¢ generally increases with increasing
doping level. Higher concentrations lead for Sm and
Er doped films to lower ¢ whereas the values of Dy
doped films continue to increase. Loss factor is found
to increase in the case of Sm and Er doped samples
for concentrations lower than 5 mol% and decrease
for concentrations higher than 5 mol%. Yet Dy doping
show maximum of tané at x = 0.02 (2 mol%).

3.3.  Curie Phase Transition Temperature of Pure
and Ln-Elements Doped Lead Titanate Films

The temperature dependence of the dielectric con-
stant was found for all specimens to exhibit one max-
imum attributed to the corresponding Curie transition
temperature, 7.. As an example Fig. 8 represents the

400
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X

Fig. 7. ¢’ (a) and tan§ (b) of lead titanate thin films doped with Ce,
Sm, Dy and Er, plotted vs. doping level, x (given in mol%).
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Fig. 8. Temperature dependence of dielectric constant acquired for
lead titanate thin films doped with 2, 5 and 8 mol% of Sm. Measure-
ments were done on cooling with the frequency of AC signal 1 kHz
and the amplitude 50 mV .

temperature dependence a acquired at fixed frequency
(1 kHz) on cooling for set of specimens including 2, 5
and 8 mol% of Sm doped lead titanate thin films. The
values of T, were also obtained at different frequencies
for all prepared specimens. No frequency dependence
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Fig. 9. Ferroelectric-paraelectric phase transition temperature of
PbTiO3 thin films doped with 2 mol% of lanthanide ions. The
results are given in comparison to non-doped specimen.

of T, was found (nonrelaxor-type) for all doping ele-
ments and concentrations. Figure 9 shows that T, cor-
relates with the atomic number of doping elements.
It must be stressed firstly that the non-doped PbTiO3
thin film (Fig. 9) revealed paraelectric-to-ferroelectric
phase transition at a much lower temperature than that
reported for bulk specimen (compare 7,(PbTiO;3 ce-
ramics) =490°C [p. 12 in Ref. 17] vs. 450°C, found for
our film). Doping is found to decrease the ferroelectric
transition temperature. Generally a smooth decrease of
T, with increasing atomic number is obtained. It is im-
portant to note that in the case of low doping level (here
2 mol%) Curie transition temperature is found to be
more sensitive parameter to the atomic number/ionic
radii of doping ions than the position of soft mode,
responsible for paraelectric-ferroelectric phase transi-
tion in lead titanate. The dependence of 7. on doping
level is shown in Fig. 10. A continuous decrease in

440}

O 400}

c

360 |-

Fig. 10. Curie temperature of Ce, Sm, Dy and Er doped PbTiO3 thin
films plotted vs. doping level.

T, can be seen for the doping elements Ce, Sm, Dy,
and Er.

4. Discussion

4.1. X-Ray Diffractometry and Raman Spectroscopy
of Pure and Ln-Elements Doped PbTiO;
Thin Films

The main problem of X-ray diffractometry of PT based
thin films deposited on platinized substrates lies in the
fact that the (111) reflection overlaps with the intense
(111) reflection from textured platinum electrode in
the vicinity of 20 = 40°. This limitation does not al-
low having an exact idea about the ratio of peak in-
tensities, i.e. about preferential orientation of the films.
Thereby only the ratio of (001)/(100) and (101)/(110)
main peaks can be discussed. From Fig. 3 we can see
that the ratio of (001)/(100) to (101)/(110) (R) peak
intensities differs qualitatively from that, obtained for
lead titanate powder [24], where the most intense peaks
are (101)/(110).

It seems that depending on the concentration and
nature of doping ions, thin film may be to some extent
preferentially oriented or, otherwise, randomly crystal-
lized. Figure 4 represents XRD patterns of 2 mol% of
Ce, Sm, Dy and Er doped lead titanate thin films. The
film doped with 2 mol% of Ce reveals lower R than
for pure PT (more intense (101)/(110) peaks). Yet for
Sm, Dy and Er doped specimens (Fig. 4(b)—(d)) the
(101)/(110) peaks are largely attenuated. Furthermore,
modification of lead titanate thin films with Sm, Dy
and Er with concentrations higher than 5 mol% leads
to complete suppression of (101)/(110) reflections, i.e.
Sm, Dy and Er doping promotes rather textured state of
the specimens. Another important feature is that in the
case of doped films splitting of (001)/(100), (101)/(110)
and (002)/(200) peaks is no longer observed (compare
Figs. 3 and 4(a)—(d)). Explanation may be found in the
promotion of a high degree of a- or c- domains in doped
specimens [25].

The Raman spectra of lead titanate thin films con-
tain all the features peculiar to that of single crystal
PbTiO;. It is known that Raman spectrum obtained
for thin films is affected by physical state of the films
[20-22]. Shift of Raman lines towards lower values
of wave number (compare for example positions of
E(1TO) soft mode 89 cm ™!, known for PbTiOj; crystal
[23] with 81 cm ™" found for our PbTiO; film) observed
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in the present work is in complete agreement with the
results reported by Taguchi et al. for PZT [20] and PT
[21] thin films deposited by radio-frequency magnetron
sputtering on platinized silicon substrates. The obser-
vation was attributed by these authors to stressed states
which arises from difference in thermal expansion co-
efficients of the film and substrate and small grain size
(<0.5 pm). It is straight forward to suppose that the
same mechanisms can be responsible for transforma-
tion of Raman spectrum reported here. Broadening of
Raman peaks found for Ln-elements doped PT spec-
imens probably indicates an increased disordering of
lattice due to doping.

4.2.  Room Temperature Dielectric Properties

As shown by Haertling [26], doping with donor ele-
ments (elements with higher oxidation degree than the
substituted element) is compensated by cation vacan-
cies in order to preserve electroneutrality. Donor-cation
vacancy combinations are thought to be stable and so
not to impede domain wall motion. Furthermore, donor
doping compensates for the p-type conductivity inher-
ent to lead containing perovskites through the reduction
of oxygen vacancies, and this leads to higher domain
wall mobility. Donor elements doped perovskite ferro-
electric materials are therefore known to have higher
permittivity and loss tangent than non-doped materials,
and the results obtained in the present work (Fig. 6) are
well in this trend. Meanwhile the increase of dielec-
tric constant and loss tangent of doped specimens with
respect to pure one can be explained in terms of con-
tribution of domain walls oscillation the small signal
dielectric properties. Observed dependence of & and
tand on the atomic number of doping element is not
well understood.

The decrease in ¢’ and tan§ for doping levels higher
than 5 mol% may be explained in terms of the appear-
ance (in the case of Er doping) of second pyrochlore
phase, which is non-ferroelectric, or (in the case of
Sm doping) to segregation effects/formation of second
phases at grain boundaries which may act as pinning
centres.

The previous discussion was based on the sup-
position that lanthanide elements ions replace lead
in A-sublattice. Strictly speaking, distribution of Ln-
elements between A and B sites in perovskite lat-
tice is an object of controversy. From the calcula-
tions of cell volume and density of Ln elements doped

PZT ceramics [12] it was inferred that with increasing
atomic number (i.e. decreasing the ionic radii) substi-
tution type of Ln ions changes from A- to B-type. Ln
elements from La to Gd are considered to be A-site
substituting donors, whereas elements from Th to Ho
can substitute both A- and B-site, i.e. they are ampho-
teric, and elements from Er to Lu substitute Ti or Zr
in B-site i.e. act as an acceptor impurities. The results
obtained above show clearly that the addition of Er and
Dy leads to higher dielectric constants and higher loss
tangent which reflect just the opposite of what should
be expected for acceptor doping elements. Therefore,
it is thought that the dielectric results rather militate for
Ln substitution being on A-site, i.e. donor type doping
(see also the next section).

4.3.  Curie Phase Transition Temperature of Pure
and Ln-Elements Doped PbTiO; Films

(a) Pure PbTiO3;. The dielectric constant and ferro-
electric phase transition temperature of ferroelectric
thin films are influenced by many factors. First of all,
solvent evaporation during thin film deposition and dif-
ference in thermal expansion coefficients of the film
and substrate can cause the development of stress in fer-
roelectric thin films [27, 28]. Value and sign of the stress
are strongly dependent on thin film deposition con-
dition. Another factor affecting Curie transition tem-
perature of the films is grain size. In particular, Shaw
et al. [29] have shown that (Ba, Sr)TiO3 (BST) thin
films deposited on Si substrate undergo ferroelectric-
to-paraelectric phase transition at lower temperature
as compared to BST ceramics. Chattopadhyay et al.
[30] investigated phase transition in nanocrystalline
PbTiO;, and the same effect (lowering of Curie tem-
perature with decreasing particle size) was observed.
Pronounced effect was observed when particle size was
below 100 nm. It is thought that the shift of the ferro-
electric transition of pure lead titanate thin film to lower
temperature observed in the present work (450°C for
PbTiO; thin film in comparison to 490°C of PbTiO; ce-
ramics) may be explained both in terms of stress state
and grain size (see Fig. 2). It is obvious that observed
shift of Raman lines for PT and PLnT films and Curie
transition temperature lowering have the same nature.

(b) Ln-Doped PbTiO3;. The Curie transition temper-
ature, T¢, was found to depend on the atomic num-
ber of the Ln elements, i.e. on the ionic radii. The
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results show (Figs. 8—10) that 7¢ decreases with the
type of Ln-doping and concentration which suggest
that Ln-doping leads to the weakening of the ferroelec-
tric order, e.g. by decreasing the tetragonal distortion
of the lattice (c/a) (in our previous work [31] we have
demonstrated the decreasing of tetragonal distortion in
sol-gel fabricated PbTiO; thin films caused by Er dop-
ing). However, the results obtained do not agree with
those reported by Park et al. [12] and Tan et al. [13]
on Ln-doped PZT ceramics, where 7¢ was found to
increase with decreasing ionic radii. The results were
explained in terms of the site occupancy of Ln-ions be-
ing changed from A to B with decreasing ionic radii.
The results of dielectric characterization, obtained in
the present work can not be explained from the same
point of view. We suggest that in the case of lead titanate
thin films, Ln-elements substitute lead in A-sublattice,
although more investigations are needed to confirm this
suggestion.

5. Conclusions

From the data of the present work next conclusions are

inferred:

® Films doped with Ce, Sm, Dy and Er showed higher
values of the dielectric constant. &’ and tané increase
with increasing atomic number of the doping ele-
ments. At low doping level (up to 5 mol%) the val-
ues of ¢ and tand of Sm, Dy and Er doped speci-
mens were found to increase proportionally to dop-
ing level, x. Further doping mainly caused decrease
in ¢’ and tand

® Curie transition temperature was shown to be depen-
dent on the radius of dopant and doping level. Based
on electrical measurements it is supposed that the
doping elements preferentially substitute A sites in
PbTiOs3.
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