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Optical and microstructural characterization of
sol–gel derived cerium-doped PZT thin films
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Optical properties of cerium-doped PZT thin films on sapphire prepared by a sol—gel

technique are investigated using both transmission and reflection spectra in the wavelength

range 200 to 900 nm. The refractive index, extinction coefficient and thickness of the film are

determined from the measured transmission spectra. The packing density of the film is

calculated from its refractive index using the effective medium approximation (EMA), and

average oscillator strength and wavelength are estimated using a Sellmeir-type dispersion

equation. Absorption coefficient (a) and the band gap energy (Eg) of each film composition

are also calculated. Possible correlations of microstructure and phase formation behaviour

with changes in band gap energy and other optical properties are discussed.
1. Introduction
Thin ferroelectric films are at present being studied
intensively due to their proposed uses in various fields.
Materials under active consideration include lead
zirconate titanate (PZT), lead titanate (PT) and
lanthanum-doped PZT (PLZT). These compounds
have a unique blend of properties such as ferroelectric-
ity, piezoelectricity and electro-optic phenomena [1].
Thin films of these materials have been successfully
employed in the fabrication of non-volatile memories
[2], surface acoustic wave (SAW) devices, delay
lines [3], infrared (IR) optical field effect transistors
[4] and electro-optic switches and modulators [5].
For successful device application the films should be
characterized in terms of their phase formation behav-
iour, microstructure and ferroelectric properties
[6—9].

Very limited reports exist on the optical character-
ization of PZT thin films. The optical characterization
gives valuable insight into the structural parameters of
the thin film such as packing fraction ( f ), thickness
(d

&
) and surface roughness (indicated qualitatively by

the extinction coefficient (k)) [10]. The properties of
the films can be modified by the addition of small
amounts of dopants which replace one or more host
atom(s) in the PZT lattice. In general dopants can be
of two different types: donors (having valency higher
than the host atoms they replace) and acceptors (hav-
ing valency lower than the host atom). To maintain
the electrical neutrality vacancies are produced and
the presence of these vacant lattice sites modifies the
properties [1].

Limited reports exist on the structure—property
relationship of doped PZT thin films. A few reports
are available on acceptor-doped PZT [11, 12] and
donor-doped PZT thin films [13, 14] but there are

hardly any reports on the effect of isovalent substitu-
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tion. Ce4` has large solid solubility in ZrO
2

[15]. In
the present work we have studied Ce4`-doped PZT
films. Ce4` is expected to occupy the B (Zr4`, Ti4`)
sites and act as an isovalent dopant. The ionic radii of
Ce4` (atomic radius, r"0.094 nm, coordination
number (CN)"6) and Zr4` (r"0.086 nm, CN"6)
are the same to within 15%. In the present work the
phase formation behaviour, surface morphology and
optical properties of the Ce-doped thin films have
been studied and possible correlations have been dis-
cussed.

2. Experimental details
2.1. Preparation of precursor sol for coating
Pb(Zr

0.535~dCedTi
0.465

)O
3

thin films were prepared
on sapphire (1 1 21 0) substrates by a sol—gel route. The
mole concentrations (d) of Ce were taken to be 0 (un-
doped), 0.05, 0.1 1, 3, 5 and 10. Pb-acetate was dis-
solved in glacial acetic acid and heated to 110 °C in
a three neck flask condenser assembly to remove the
associated water of crystallization. Zr-4-propoxide
and Ti-4 -butoxide were also co-mixed in the required
amounts. Glacial acetic acid was added to this mixture
and stirred for 15 min. A calculated amount of
Ce(NO)

3
· 6H

2
O was separately dissolved in iso-

propanol and after dissolution it was added drop-
wise to the Zr—Ti sol with continuous stirring. The
complex Ce—Zr—Ti sol thus produced was added to
Pb-acetate solution at 90 °C with continuous stirring
for about 20 min and stored in an airtight poly-
propylene container. The complex PZT—Ce sol thus
prepared is termed as the parent sol. The amounts
of chemicals used are summarized in Table I.
For the coating, the parent sol was diluted to
0.3 M L~1 with the isopropanol and the acetic acid

mixture.
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TABLE I Composition of the precursor sol

(moles)

Lead acetate trihydrate 1.05
Zirconium-4-propoxide (0.535!d)

d"0, 0.0005, 0.001, 0.01 0.03,
0.05 and 0.1

Cerium nitrate hexahydrate d
Ti-4-butoxide 0.465
Glacial acetic acid 6
Isopropanol 1.25

2.2. Deposition and heat treatment
of the films

Sapphire single crystals were cleaned thoroughly in
a series of organic solvents by ultrasonication and
finally with absolute alcohol. The diluted sol was spun
coated on cleaned sapphire at 5000 r.p.m. for 20 s. Just
after deposition the film was directly inserted in a pre-
heated furnace at 400 °C and heated for 20 min in
flowing oxygen to remove organics, and then quen-
ched in ambient air. The film was recoated and re-
heat-treated 10 times, as above, to increase the film
thickness. After the last coating, the furnace temper-
ature was increased at a rate of 8—10 °C min~1 up to
700 °C, held for 1 h and then cooled down to room
temperature.

2.3. Phase evaluation
The phases in the films were evaluated using a X-ray
diffractometer (Rich Seifert Iso-Debyeflex 2002) with
Ni-filtered CuKa radiation. It was found that for all
compositions only a rhombohedral phase was present.
Lattice parameters a

R
and a

R
of the rhombohedral

phase were determined using the (2 0 0) and (1 0 2)
peaks following a procedure employing hexagonal
conversion [16].

2.4. Surface morphology
The surface morphology of the film was studied in
a scanning electron microscope (SEM) (JSM 840A
Jeol Corporation) after coating the film with a thin
layer of Au—Pd. The grain size distribution of the film
was measured using a semi-automated image analyser
(Leitz ASM 68K).

2.5. Optical transmission and reflection
spectra measurement

The transmission and reflection spectra were recorded
by a UV—VIS scanning spectrophotometer with integ-
rating sphere arrangement (Hitachi 150-20). The
transmission spectra of the samples were measured
using air as reference. The reflectance spectra of the
samples were recorded with respect to a standard
sample having 100% reflectance. During the measure-
ments the range of wavelength scanned was
200—900 nm at scanning rate 200 nmmin~1 and

sampling interval of 5 nm.
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Figure 1 Reflection and transmission of light by a single film
deposited on a weakly absorbing transparent substrate.

3. Optical constants evaluation
In the present work the optical constants were evalu-
ated using the ‘‘envelope method’’ originally de-
veloped by Manifacier et al. [17]. For an insulating
film on a transparent substrate (Fig. 1), if we assume
that (i) the film is weakly absorbing and (ii) the sub-
strate is completely transparent, then using this
method the refractive index (n), extinction coefficient
(k), the film thickness (d ) and the absorption coeffi-
cient (a) of the film can be evaluated from the trans-
mission spectra as summarized below.

When
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wavelength, k,
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Figure 2 Transmittance and reflectance spectra and the ¹
.!9

and ¹
.*/

envelopes for undoped PZT film.
Light waves from air—film and film—substrate interfa-
ces interfere giving rise to interference fringes. A satis-
factory free-hand envelope curve is drawn through the
maxima and minima points of the interference fringes.
Then the graph is digitized and polynomial best fits
¹

.!9
(k ) and ¹

.*/
(k) are obtained. In other words the

transmittance spectrum is enveloped by ¹
.!9

(k) and
¹

.*/
(k ) best fitted curves. Fig. 2 shows the % ¹,

% R spectra along with the best fitted ¹
.!9

(k ) and
¹

.*/
(k ) curves.

Now from Equations 3 and 4 one can solve,
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The refractive index (n
4
) of the sapphire substrate as

a function of photon wavelength (k) can be calculated
using the following dispersion relation [18]

n2
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Ck2
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(8)

where A"1.023 798, B"1.058264, C"5.280 792,
k "0.003 775 88, k "0.012 2544, k "321.3616,

1 2 3

and k is in lm.
3.1. Evaluation of the refractive index (n)
of the film

The refractive index (n) of the film as a function of
the incident photon wavelength (k) was calculated
using Equation 7. The data n (k) can be fitted to
a Sellmeir-type dispersion relation [19]. For pure ma-
terial the wavelength dependence of optical constants
was treated by Lorentz [20]. The theory assumes that
the material is composed of a series of independent
oscillators which are set to forced vibrations by the
incident radiation. For semiconducting and insulting
materials the single term Sellmeir dispersion formula
for one dominant electronic oscillator is [19]

n2 (k )!1"
S
0
k2
0

1!(k
0
/k)2

(9)

where S
0

is an average oscillator strength and k
0

is an
average oscillator wavelength, obtained from the slope
and infinite wavelength intercept of the extrapolated
straight line of (n2(k)!1)~1 versus 1/k2 plot.

3.2. Determination of the film thickness
The thickness (d) of the film was calculated using the
following relation [10]

d@"
k
1
k
2

2[n(k
1
)k

2
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2
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(10)

where n(k
1
) and n (k

2
) are the refractive indices at two

adjacent maxima (or minima) at k
1

and k
2
. A number

of d@ values are thus obtained. Their average (dN )@ is
calculated. Now the well known formula for interfer-
ence fringes is
2ndN @"m@k (11)
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Here m@ is an integer for maxima and a half integer for
minima. Using (dN )@, m@ is obtained from Equation 11. It
is rounded off to the nearest integer for maxima or half
integer for minima to get the modified m. Now again
from Equation 11 using these m, k and n, a set of
accurate d is obtained. The thickness of the film is the
average of d, i.e. dN .

3.3. Evaluation of the absorption coefficient
(a) and extinction coefficient (k)

Knowing x from Equation 6 and the thickness (d) as
described above, we have calculated a from Equation
5 and k from Equation 2.

3.4. Calculation of optical constants
near optical band-gap

Near the absorption edge, the refractive index can be
calculated using the following relation [10]:

n"
(1#R0.5)

(1!R0.5)
(12)

The transmittance value here is less than 40%. The
absorption coefficient (a) has been calculated from the
following relation [10].
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4
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where R and ¹ are the reflectance and transmittance
at a particular wavelength, n and n

4
are the refractive

indices of film and substrate, respectively, and d is the
film thickness.

For a direct band gap material the absorption coef-
ficient as a function of photon energy can be expressed
as [21]

a2"Constant(hc/k!E
'
) (14)

where a is the absorption coefficient, (hc/k) is the
incident photon energy and E

'
is the band gap energy.

By plotting a2 versus (hc/k), E
'

can be evaluated
from the extrapolated linear portion of the plot.

3.5. Evaluation of packing fraction
In a heterogeneous medium the effective dielectric
constant is related to the dielectric constant of each
component according to the effective medium approx-
imation (EMA) as described by Bruggeman [22]

n
+
i/1

f
i

e
i
!e

e
i
#2e

"0 (15)

where e
i
and f

i
are the dielectric constant and volume

fraction, respectively, of the ith component and e is the
effective dielectric constant. However for most insula-
ting films the extinction coefficient (k) is much smaller
than the refractive index (n) and the dielectric constant

(e) is related to the refractive index by the following
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e"n2 (16)

In the present case the film is assumed to be a single
phase material containing some amount of porosity.
Hence

f
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"
!n2

n2
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#2n2

#(1!f )
(1!n2)

(1#2n2)
"0 (17)

where n
"

is the refractive index of bulk PZT having
Zr/Ti ratio 0.53/0.47 and f is the fractional porosity.
The value of n

"
at this composition could not be found

in the literature. Thatcher [23] reported n
"

for lead
zirconate (PZ) and lead titanate (PT) as 2.420 and
2.668, respectively, at k"632.8 nm. We have interpo-
lated these two data points to obtain n

"
"2.55.

4. Results and discussion
4.1. Phase analysis
All the films used for optical measurements had perov-
skite structure. Fig. 3 shows the X-ray diffractograms
of undoped and Ce-doped films. The undoped PZT
film has a rhombohedral crystal structure. No signifi-
cant change in peak position is observed up to 5 at%
Ce addition, whereas in the 10 at% Ce-doped sample
the broad hump around 2h"28.7° is due to CeO

2
precipitation. This is clearer in the slow-scanned X-ray
diffractogram (Fig. 3 inset).

The lattice parameters for different compositions
are given in Table II. For undoped PZT the measured
values of a

R
and a

R
are 0.408 nm and 90.06° respec-

tively. These compare well with the values reported in
the literature [24]. No appreciable change in lattice
parameters with composition is found (Table II) and
the small changes are within experimental error. Kala
[25] also found that the rhombohedral phase para-
meter did not change with Zr/Ti ratio.

4.2. Surface morphology
The SEM micrographs and grain size distribution of
the samples are shown in Figs 4 and 5, respectively. In
the undoped film the grain boundaries are clearly
visible (Fig. 4a), but for the 0.05 and 0.1 at% Ce-
doped films the grain boundaries are relatively blur-
red. In the PZT films PbO is the only volatile species
which can evaporate during the annealing treatment.
The blurred nature of the grain boundaries in 0.05 and
0.1 at% Ce-doped samples probably indicates that
the Pb loss has reduced in these samples.

There is a distinct increase in grain size upon initial
addition of CeO

2
up to 1 at% (Fig. 4a—d and Fig. 5.)

However further additions of CeO
2

result in a very
significant decrease in grain size. Voids and craters
within the grains are clearly visible in 1, 3 and 5 at%
CeO

2
-doped samples. The large grains in 1 at% sam-

ples are cracked. Apparently the addition of CeO
2

increases the grain boundary mobility leading to grain
growth and trapping of porosity within the grains.
The cracks nucleate from these pores in large grains

due to the thermal stresses produced during cooling.



Figure 3 X-ray diffractograms of pure and cerium doped PZT films; inset shows CeO precipitation at 10 at% Ce doping.

2

TABLE II Lattice parameters of Ce-doped PZT film

% CeO
2

2h d
h k l

(h k l) Phase Lattice Angular
parameter distortion
(a

R
) (nm) (a

R
) (°)

0 44.35 2.040 20 0 Rhombohedral 0.408 90.05
49.95 1.824 10 2

1.0 44.4 2.038 20 0 Rhombohedral 0.407 89.53
49.8 1.829 10 2

3.0 44.35 2.040 20 0 Rhombohedral 0.408 89.77
49.85 1.827 10 2

5.0 44.3 2.040 20 0 Rhombohedral 0.408 89.80
49.8 1.829 10 2
Further addition of CeO
2

inhibits grain growth, per-
haps due to the presence of precipitated CeO

2
which is

not detectable by X-rays except at the highest CeO

2

concentration (10 at%).
4.3. Evaluation of the optical constants
Fig. 2 shows the typical transmission spectra of the
weakly absorbing PZT film on a completely transpar-

ent sapphire (1 1 21 0) substrate. The interference fringes
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Figure 4 SEM micrographs of undoped and cerium doped PZT
thin films on sapphire: (a) undoped, (b) 0.05 at% Ce, (c) 0.1 at% Ce,

(d) 1 at%, Ce, (e) 3 at% Ce, (f) 5 at% Ce and (g) 10 at% Ce.
are a result of the interference between two interfaces:
the air—film and film—substrate. Even slight variation
in the thickness of the film will destroy the fringe
pattern. In the present set of experiments for almost

all the samples (except 1 at% Ce-doped film), well

2146
resolved fringe patterns have been obtained. It indi-
cates that there is little variation of thickness in the
annealed film [26]. As expected, the maxima of the
interference fringes in the reflection spectra are the

minima in the transmission spectra and vice versa.



Figure 5 Grain size distribution of PZT and Ce-doped PZT thin films (Key: K 0 at% Ce; q 1 at% Ce; e 3 at% Ce; n 5 at% Ce;

L 10 at% Ce).
The transmission spectra can be sub-divided into
three distinct regions: weak absorption region
(¹'0.6), medium absorption region (0.6*¹*0.4)
and strong absorption region (¹)0.4). The weak and
medium absorption range of the spectra have been
used to determine refractive index (n) as a function of
wavelength (k) using the ‘‘envelope method’’ described
earlier. In the weak absorption region the transmit-
tance ¹(k) of the sample has been enveloped by two
dashed curves ¹

.!9
and ¹

.*/
as shown in Fig. 2 and

the refractive index of the film as a function of k cal-
culated using Equation 7, as described earlier.

Fig. 6 shows the plot of refractive index (n) as
a function of photon wavelength (k) for the undoped
PZT film. At He—Ne laser wavelength of
k"632.8 nm, it is seen that the refractive index value
of the undoped PZT is lower than the corresponding
bulk and thin film refractive index values which
are 2.55 [23] and 2.32 [10], respectively. The
10.0 792 800 2.15

lower n value obtained could be due to the porosity
Figure 6 Refractive index as a function of wavelength for undoped
film (K transmittance measurement; j reflectance measurement).

and/or stresses in the films [10]. Table III summar-
izes the value of the optical constants obtained
from the present study. The slight increase of n

with Ce doping is attributed to improved densification
TABLE III Summary of the optical results

Composition Thickness (nm) Refractive, Extinction Packing fraction, Band gap,
at% Ce index, n coefficient, k f E

'
(eV)

(100d) Optically Surface
determined profilometer (at 632.8 nm)

0 1765 1750 1.94 0.002 0.623 3.39
0.05 1055 1000 2.00 0.005 0.663 3.33
0.1 853 850 2.01 0.007 0.666 3.25
1.0 — 1000 — — — 3.31
3.0 808 790 2.02 0.003 0.671 3.48
5.0 1228 1200 2.14 0.009 0.743 3.16
0.007 0.747 3.25
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TABLE IV Calculation of the thickness of undoped PZT film

Composition k n d@ dN @ m@ m d dN dN
(nm) (nm) (nm) (nm) S.P.

O—Ce PZT 773.58 (p) 1.98 1745.83 8.76 9 1761
686.79 (p) 1.95 1787.04 9.74 10 1765
620.75 (p) 1.94 1713.8 10.70 11 1762 1765 1750
834.61 (v) 1.98 1553.77 8.15 8.5 1788
728.30 (v) 1.97 1817.92 9.25 9.5 1760
652.83 (v) 1.94 1664.73 10.19 10.5 1765
592.45 (v) 1.94 11.22 11.5 1756
NB p"peak position, v"valley position, S.P."measured by surface profilometer.
of PZT with Ce addition or change in Zr/Ti
ratio [10].

The function (n2!1)~1 was plotted against k~2 in
accordance with the single-term Sellmeier dispersion
formula for one dominant electronic oscillator as de-
scribed in Section 3.1. For undoped PZT film the
typical values of S

0
, k

0
and refractive index dispersion

parameter, hc/ek
0
S
0

(where h, c and e are the Planck’s
constant, velocity of light and electronic charge), were
0.26]1015 m~2, 0.13 lm and 3.81]10~14 eVm2, re-
spectively. The value of S

0
, k

0
obtained are low as

compared to the reported values of sputter deposited
perovskite PZT films [27]; this could probably arise
from the different processing routes, lower density or
stress in our films. On the other hand, the refractive
index dispersion parameter compares well with that of
the model of Di Domenico and Wemple [19] which
states that its value should be smaller than
(6$0.6)]10~14 eV m2 owing to the contribution of
Pb2` in PZT solid solutions.

The very occurrence of interference fringes points to
the homogeneity of thickness in the films. The thick-
ness can be calculated with precision as described
earlier if the refractive index corresponding to adjac-
ent maxima or minima is known. Table IV shows an
example of such a calculation for undoped PZT film.
The accuracy in thickness values is significantly in-
creased by this procedure. Thus in Table IV the stan-
dard deviation for d@ is 94.12 nm whereas that for d is
9.95 nm. Although the films were prepared using an
identical number of coating cycles, the range of thick-
ness of final annealed film varies from 793 to 1765 nm.
Not all sols were prepared at the same time, and since
there is a gradual rise in sol viscosity with time during
storage, this leads to this variation in thickness.

The thickness values were used to calculate the
extinction coefficients (k) as a function of k for all the
films. Fig. 7 shows the plot of k as a function of k for
undoped PZT. The extinction coefficients of cerium-
doped PZT thin films in the visible and infrared re-
gions were in the order of 10~3 which is comparable to
reported values for metalorganic chemical vapour de-
position (MOCVD) PZT films [10] indicating good
surface homogeneity of the films studied.

Since the envelope method is not valid in the strong
absorption region, the calculation of the absorption
coefficients of the film needs both the transmission

and reflection spectra. Equation 12 has been used to
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Figure 7 Extinction coefficient as a function of wavelength for
undoped film.

Figure 8 Square of absorption coefficient as a function of photon
energy for undoped (K), 0.1 (e), 3 (L) and 5 at% (n) Ce-doped
PZT thin films.

calculate the absorption coefficient (a) as a function of
photon energy (hm). Fig. 8 shows the plot of a2 versus
hm. Assuming direct band transition we have cal-
culated the band gap (E

'
) of all the films. Table III and

Fig. 9 show the variation of optical band energy (E
'
) of

the films with % Ce doping. There is a significant and
sharp drop in E

'
upon initial doping up to 0.1 at%

CeO . E then increases and reaches a peak at 3 at%

2 '

CeO
2

before decreasing and nearly levelling off



Figure 9 Variation of band gap energy (E
'
) with Ce addition.

between 5 to 10 at % CeO
2
. The observed variations

are significant and the magnitude of the changes are
much larger than the experimental uncertainties.

Rajopadhye et al. [28] reported that in the case of
Nb-, Sr- and La-doped Pb

0.95
D

0.05
(Zr

0.53
Ti

0.47
)O

3
film where D denotes the dopant concentration, there
is no change in the absorption edge position, indicat-
ing that the band gap in PZT does not change due to
the addition of dopants. On the other hand, Sreenivas
et al. [29] have reported that the optical absorption
edge is a very strong function of film composition.
They reported the absorption edge for pure PZT
at 340 nm. However the as-deposited film had an
absorption edge at 380 nm (when the substrate
temperature was 25 °C) or 360 nm (when substrate
temperature was 200 °C). Okada [30] reported an
absorption edge change from 330 nm in the pyro-
chlore phase to 295 nm in the perovskite phase for r.f.
diode sputtered films. Krupanidhi et al. [31] reported
a similar change occurring from 430 to 350 nm in r.f.
magnetron sputtered films. It was concluded that the
incorporation of excess PbO into the perovskite phase
during film growth or loss of PbO due to evaporation
results in the observed shift from the higher wavelength
(more free PbO) to the lower wavelength (single
perovskite phase film or lead deficient film) [31]. In
the present case there is no systematic variation in
E
'

with % CeO
2

which shows that there must exist
competing factors controlling the absorption edge and
thereby the band gap value. An attempt is made in the
following to correlate these factors with the changes in
E
'
. Region a in Fig. 9 corresponds to the first addition

of CeO
2
to PZT. Even though while preparing the film

it is assumed that Ce goes to B(Zr) sites, it is quite
posssible that at least some of the Ce may go to A(Pb)
sites. This would result in the creation of A site
vacancies to balance the charge. Also the introduction
of Ce in the lattice would result in some strain. One or
both of these factors may be responsible for the
observed sharp drop in E

'
up to 0.1 at% CeO

2
.

Between 0.1 and 3 at% CeO (region b in Fig. 9)

2

E
'
gradually increases and peaks at 3 at % CeO

2
. The
Figure 10 Comparison of the calculated transmission spectrum (—)
with the experimental spectrum (L) for the 3 at% Ce-doped PZT
film.

stresses in the lattice in this composition range are
likely to be relieved due to void and crack formation
in the film (Fig. 4d—e). Also there may be a change in
the relative occupancy of A and B sites by Ce. These
factors may be responsible for the observed increase in
E
'
. Between 3 and 10 at % CeO

2
, the grain size of the

film is reduced drastically and there is precipitation of
free CeO

2
. This is accompanied by a decrease and

levelling off in the value of E
'
. These results demon-

strate that optical properties are quite sensitive to
processing conditions and microstructure of the film.

The packing fraction ( f ) of each film was calculated
using the effective medium approximation (EMA).
Table III summarizes these results. The packing frac-
tion shows a slight increase with Ce doping from 0.62
(undoped) to 0.75 (10 at% Ce doped film). This indi-
cates the improved densification of the film with Ce
doping. It should be noted that since the bulk n value
(at k"632.8 nm) for undoped PZT, corresponding
to morphotropic phase boundary composition
(Zr/Ti"0.53/0.47), is not known, in calculating f we
have used an interpolated n value as suggested in the
literature [10] for all the compositions in this present
study. It could lead to a lower calculated f value.

As a demonstration of the validity of our proced-
ures and consistency of values of optical constants
derived from it, we use them to fit the transmission
spectra of which a typical plot is shown in Fig. 10. The
excellent fit obtained requires only less than 1%
change in the d value and reproduces all features of the
experimentally obtained spectra.

5. Conclusions
Transparent cerium-doped PZT thin films (0.7—1.7 lm
thick) have been prepared on single-crystalline sap-
phire (1 1 21 0) substrates. X-ray analysis reveals that
the films have a predominantly perovskite rhombo-
hedral structure. Up to 5 at % Ce no phase separation
is detectable, however, at 10 at % Ce doping, CeO

2
precipitates out. Addition of a small quantity of
Ce4̀ into the PZT lattice probably inhibits the PbO

loss. Addition of more than 1 at % Ce4̀ reduces the
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average grain size of the films. The refractive indices of
the film are low compared to the bulk material. This is
attributed to the porosity in the films. The low values
of the extinction coefficients indicate excellent surface
homogeneity of the films. The thickness values ob-
tained from optical measurement compare well with
the surface profilometer data. There is some improve-
ment in the packing fraction with cerium doping.
Significant change in the band gap energy values with
Ce4̀ addition have been obtained. Several factors
including Pb loss, induced lattice strain due to cerium
inclusion or change in Zr/Ti ratio in the films, could
have influenced this change. Further study is required
to identify the exact contribution of each of the above
factors.
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