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Effects of composition of PbTiO3 on optical properties
of „1Àx…PbMg1Õ3Nb2Õ3O3-xPbTiO3 thin films
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Thin films of (12x)PbMg1/3Nb2/3O3-xPbTiO3 ~PMN-PT! with x50, 0.1, 0.3, 0.35, and 0.4 have been
fabricated on~001!MgO single-crystal substrates by pulsed laser deposition~PLD!. X-ray diffraction ~XRD!,
scanning electron microscopy~SEM!, and atomic force microscopy~AFM! were employed to characterize the
structural properties of these PMN-PT films. Our results show that these films possess excellent structural
properties and are cube-on-cube grown on~001!MgO substrates. Spectroellipsometry~SE! was used to char-
acterize the depth profiles, the microstructural inhomogeneities, including void and surface roughness, refrac-
tive indices and extinction coefficients of the films. In the analysis of the measured SE spectra, a double-layer
Lorentz model with four oscillators was adopted to represent the optical properties of the PMN-PT films. In
this model, the films were assumed to consist of two layers—a bottom bulk PMN-PT layer and a surface layer
composed of bulk PMN-PT as well as void. Good agreement was obtained between the measured spectra and
the model calculations. The film thickness measured by SEM is consistent with that obtained by SE while the
root mean square~rms! surface roughness determined by AFM is also close to our fitted effective surface layer
thickness obtained by SE. Our measurements show that the refractive indices of the PMN-PT films increase
with PbTiO3 contents. This dependence is consistent with our optical transmittance measurements which
revealed that the energy band gaps of PMN-PT films decrease with increasing PbTiO3 contents. The correlation
between the energy band gap and the refractive index is discussed.
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I. INTRODUCTION

Thin-film ferroelectrics offer unique physical character
tics that could dramatically improve the performance
many integrated optic devices. Potential applications incl
low-voltage electro-optic switching, compact low-thresho
gain devices, and second-harmonic generation.
2x)PbMg1/3Nb2/3O3-xPbTiO3 ~PMN-PT! is a useful ferro-
electric with many interesting properties. Whenx is ;0.1,
PMN-PT has high dielectric constant, while atx;0.35, it has
a very large electro-optic coefficient. Obviously, the PbTi3

~PT! content largely affects both the optical and dielect
properties of PMN-PT. Studies have been reported on
refractive indices of a PMN single crystal,1 0.7PMN-0.3PT
ceramic2 and PbTiO3 ceramic.3 The values are 2.522, 2.598
and 2.668 at 633 nm, respectively. Binget al.4 further sug-
gested that for the PMN-PT family, the refractive index i
creases with PT content due to the higher refractive inde
pure PT as compared to that of pure PbMg1/3Nb2/3O3 ~PMN!.
To our knowledge, the dependence of refractive indices
well as extinction coefficients of PMN-PT thin films as
function of PT composition has not been reported. Th
optical constants of PMN-PT films, however, are of practi
importance for advanced optical device applications of th
PMN-PT films.

In this paper we report on the refractive indices and
tinction coefficients of PMN-PT films of different PT con
tents measured by spectroellipsometry. PMN-PT films w
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grown on a MgO single crystal using the pulsed laser de
sition ~PLD! method. The choice of using the MgO substra
is based on the small lattice mismatch and the large dif
ence in the refractive index between the PMN-PT film a
the MgO substrate. The MgO single crystal has a lattice c
stant of 4.21 Å which is close to that of PMN-PT~4.02 Å!.5,6

The refractive index of 0.7PMN-0.3PT ceramic is 2.598
633 nm,2 and this value is much larger than that of Mg
~1.734! at 650 nm.7 A larger refractive index difference be
tween the film and substrate increases the amplitude of
cillations of ellipsometric spectra, and thus enhances the
curacy of ellipsometric measurements. After obtaining
extinction coefficient spectra of the films, the absorption c
efficient spectra, and hence the band gaps of PMN-PT, w
estimated. These estimated band gap values were comp
to those values measured by optical transmittance meas
ments. Good agreement was found between the two se
data. Finally, the effects of PT composition on the optic
properties as well as the optical band gap of PMN-PT fil
are discussed.

II. EXPERIMENT

PMN-PT films were grown on~001!MgO single crystal
substrates with PT contentx50, 0.1, 0.3, 0.35, and 0.4 b
PLD using an ArF excimer laser. All the 25.4-mm-diam a
5-mm-thick cylindrical PMN-PT targets were fabricate
from single phase PMN-PT powders pressed at 80 MPa
sintered at 900 °C for 10 h. Unless stated otherwise, the
©2004 The American Physical Society11-1



re
i
h
a
b

6

w
er
r
n

-

e
ly
ut
o
5
o

tic
ea

ed
P
ro

an

e
ur

r

arly
b-
re
-

ges
is
hs,
in

a-

ean

E
ur
all

tal

th

O

a

CHAN et al. PHYSICAL REVIEW B 69, 144111 ~2004!
lowing conditions for the deposition of PMN-PT films we
employed in all cases. The PMN-PT films were deposited
a high vacuum chamber equipped with a rotating holder. T
distance between the substrate and the target was kept
cm throughout the experiment. Conditions of 670 °C su
strate temperature, 200 mTorr ambient oxygen pressure,
laser repetition rate, 4 J/cm2 energy density, and 20 min
deposition time were used. After deposition, the as-gro
PMN-PT films were postannealed at the deposition temp
ture and pressure for 10 min. Afterwards, the films we
cooled naturally to room temperature. X-ray diffractio
~XRD Philip PW3710! using CuKa radiation, scanning elec
tron microscopy~SEM, Leico, Stereoscan440!, and atomic
force microscopy~AFM! were employed to characterize th
structural properties of our PMN-PT films. For optical ana
ses, spectroellipsometry~SE! measurements were carried o
by a variable angle spectroscopic phase-modulated ellips
eter ~Jobin Yvon UVISEL! at photon energy between 0.7
eV and 3.5 eV with a 0.01-eV interval. An incidence angle
70° was used throughout our measurements. Finally, op
transmittance measurements were carried out by a two-b
spectrophotometer~Shimadzu UV-2101!.

III. RESULTS AND DISCUSSION

The XRD u–2u profiles of the PMN-PT/MgO films with
different PT contents are shown in Fig. 1. Highly orient
PMN-PT films of perovskite phase are observed in all
contents. The out-of-plane lattice constants calculated f
the diffraction angles of~002! peak of PMN-PT films with
x50, 0.1, 0.3, 0.35, and 0.4 are 4.03, 4.02, 4.02, 4.02,
4.00 Å, respectively. The full width at half maximum
~FWHM! of the rocking curves for all PMN-PT films ar
;0.8°. To give an idea of the instrumentation limit of o

FIG. 1. X-ray diffraction patterns of~a! PMN, ~b! 0.7 PMN-
0.3PT, and~c! 0.6PMN-0.4PT films grown on MgO substrates wi
deposition temperature of 670 °C. The inset shows the XRDf
scans of~a! 0.7PMN-0.3PT~202! and ~b! MgO~202!.
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XRD machine, the FWHM value for single-crystal MgO
substrate is<0.2°. XRDf scans of the~202!PMN-PT and
~202!MgO were performed to confirm the epitaxy of ou
films. The inset of Fig. 1 shows a typicalf scan for the
PMN-PT film with x50.3. The peaks of PMN-PT and MgO
are at the same position and separated by 90°. This cle
shows the fourfolded symmetry of both the film and the su
strate. Our XRD results indicate that all PMN-PT films a
cube-on-cube grown on~001!MgO substrates with an in
plane epitaxial relationship of (001)PMN-PTi(001)MgO.

Figure 2 shows the surface and cross-section SEM ima
of a PMN-PT film withx50.35. The surface, in general,
smooth and crack-free as observed in SEM micrograp
while the film and the substrate are easily distinguished
the cross-section SEM image. All the films show similar fe
tures. The thickness of this 0.65PMN-0.35PT film is;561
nm and is close to the value obtained by SE. The root m
square~rms! roughness of the film was found to be;3.9 nm
using AFM. This value is similar to that obtained by S
(d253.2 nm). Figure 3 shows a typical AFM image of o
0.65PMN-0.35PT films. As shown by the data in Table I,
films have similar features with a small rms roughness.

Figure 4 shows the ellipsometric spectra of experimen

FIG. 2. SEM micrographs showing the~a! surface morphology
and~b! cross section of a 0.65 PMN-0.35PT film grown on a Mg
substrate.

FIG. 3. AFM image of a 0.65 PMN-0.35PT film grown on
MgO substrate.
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TABLE I. The physical parameters for different PMN-PT films obtained by SE, SEM, and AFM.

(12x)PMN-xPT
x d1 ~nm! d2 ~nm!

SEM
d5d11d2

~nm!
AFM d2

~nm!
Eg ~Trans!

~eV!
Eg ~Ellip!

~eV!

0 621 4.0 657 4.3 3.63 3.53
0.1 517 3.8 480 3.8 3.60 3.52
0.3 580 7.5 535 7.6 3.55 3.51
0.35 538 3.2 561 3.9 3.54 3.50
0.4 907 11 850 9.8 3.54 3.46
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and simulated ellipsometric anglesI S and I C for a 0.7PMN-
0.3PT film. Generally, SE measures the traditional ellip
metric anglesc andD as a function of energy in the exper
ment. Here, the spectroscopic phase-modulated method
used. The incident light beam was polarized before reflec
from the sample. The reflected beam, after passing throu
photoelastic modulator~M! and an analyzer~A!, was dis-
persed by a monochromator and detected by a photom
plier tube. The orientations~with respect to the plane of in
cidence! of the polarizer, modulator, and analyzer a
denotedP, M, andA, respectively. The photoelastic modul
tor consists of a fused silica block sandwiched between
ezoelectric quartz crystals oscillating at a frequency of;50
kHz. This generated a periodic phase shiftd(t) between or-
thogonal amplitude components of the transmitted beam.
detected intensity has the general form

I ~ t !5I @ I 01I S sind~ t !1I C cosd~ t !#, ~1!

whereI is a constant, and

I 0512cos 2c cos 2A1cos 2~P2M !cos 2M ~cos 2A

2cos 2c!1sin 2A cosD cos 2~P2M !sin 2c sin 2M ,

I S5sin 2~P2M !sin 2A sin 2c sinD, ~2!

I C5sin 2~P2M !@sin 2M ~cos 2c2cos 2A!sinD

1sin 2A cos 2M sin 2c cosD#.

For a suitable choice of the anglesA, M, and P, a simple
determination of the ellipsometric angles fromI 0 , I S , andI C
could be obtained. Throughout the experiment, we set

P2M5145°, M50°, and A5145° ~3!

so that Eq.~2! can be rewritten as

I 051,

I S5sin 2c sinD,

I C5sin 2c cosD. ~4!

Therefore, the anglesc andD can be determined accurate
by measuringI S and I C .

The optical properties of an oxygen-octahedral ferroel
tric are dominated by the BO6 octahedra, which governs th
low-lying conduction bands and the highest valence ban
14411
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This lowest energy oscillator is the largest contributor to
dispersion of the refractive index. Other ions in the struct
contribute to the higher conduction bands and have a sm
effect on the optical properties of these ferroelectrics. In t
paper a Lorentz oscillator model of the dielectric functi
with four oscillators,

«~v!5«`1(
j 51

4
Sj

vo j
2 2v21 ig jv

~5!

has been used to describe the dominating interband osc
tors of PMN-PT. The model parametersSj , vo j , andg j are
the oscillator strengths, resonance energies, and damping
which gives the width of the resonance, respectively. T
parameter«` represents the contributions at higher freque
cies. Our initial analysis was based on a single-layer Lore
model with four oscillators. Poor agreement, however, w
found with the experimental data. In a subsequent analy
we modified the single-layer Lorentz model into a doub
layer Lorentz model~inset of Fig. 4!. In this model, we as-
sume that the films are composed of two layers—a bott
bulk PMN-PT layer and a surface layer consisting of bu
PMN-PT and voids. These voids in the surface layer w
mainly caused by surface roughness. Letf v2 be the volume
fraction of void ~air! in the surface layer. The net optica
constants of the mixed layer (PMN-PT1void) were calcu-

FIG. 4. Spectra of the ellipsometric parameters IS and IC as
functions of energy from 0.7PMN-0.3PT films. The~1! and~s! are
the measuredI S andI C values, respectively, while the solid lines a
model fitting. The inset shows the schematic picture of the dou
layer Lorentz model.
1-3
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lated by the Bruggeman effective-medium approximati
The reference data of the refractive index of the single cr
tal MgO is used for the substrate. Using this double-la
Lorentz model to analyze the data over the spectra ra
0.75–3.5 eV, we obtained a good fit between the simula
values of I S as well asI C and the experimental data. Th
solid lines in Fig. 4 denote these results. Table I lists
physical parameters for different PMN-PT films obtain
from our double-layer Lorentz model, SEM and AFM me
surements.

Figures 5 and 6 show the refractive indexn and the ex-
tinction coefficientk of PMN-PT films with different PT
compositions as a function of energy obtained based on
~5!. In general, the extinction coefficients are fairly flat b

FIG. 5. Refractive indicesn of the bottom layers of PMN~j!,
0.9PMN-0.1PT~d!, 0.7PMN-0.3PT~.!, 0.65PMN-0.35PT~m!,
and 0.6PMN-0.4PT~h! films grown on MgO substrates. The sol
line showing the refractive index of PbTiO3 ceramics is obtained
from Ref. 3.

FIG. 6. Extinction coefficientsk of the bottom layers of PMN
~j!, 0.9PMN-0.1PT~d!, 0.7PMN-0.3PT~.!, 0.65PMN-0.35PT
~m!, and 0.6PMN-0.4PT~h! films grown on MgO substrates. Th
inset shows the plot of (ahn)2 obtained from the fitted extinction
coefficients against the energy for 0.6PMN-0.4PT films.
14411
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low 2.5 eV and increase more sensitively at higher energ
However, the refractive indices appear to be continuou
increased nonlinearly over the entire range of energies wi
more receptive increase at energies above 2.5 eV. This
havior is typical of an insulator or semiconductor in th
range of energy near the band gap. Below the band g
transmission dominates with a tiny extinction coefficient.
the band-gap energy is approached from below, bothn andk
increase whenk approaches a resonance characterized by
of the oscillators in the Lorentz model. As the PT conte
increases, the refractive index of PMN-PT film increas
This is due to the smaller band gap and hence higher ref
tive index of PT as compared to that of PMN~shown in Fig.
5!. The refractive index of PT ceramics3 is also plotted in the
figure for comparison. The dispersion profile of PT ceram
is very similar to those of our PMN-PT films of different P
contents. We notice that the refractive index of a PMN sin
crystal is larger than that of our PMN film. For example, t
refractive indices of the PMN single crystal2 and the PMN
film are 2.522 and 2.469 at 633 nm, respectively. The sligh
larger lattice constant of MgO implies that the epitaxial film
take on a lower density than in the bulk. The presence
grain boundary, lower film density, and poor crystallinity
the films contribute to a reduced refractive index. Furth
more, grain size may also affect the refractive index. Furt
investigation is needed to unravel the dependence of the
fractive index on grain size. Figure 5 shows that the exti
tion coefficientk of PMN-PT films increases sharply wit
energy for energies higher than 3.2 eV. The sharp increas
k signifies a change in the optical properties from dominan
transmission to absorption as the band-gap energy is
proached. For PMN-PT films, the main contribution of op
cal loss comes from the band gap as well as grain bound
scattering. These mechanisms become increasingly impo
for photon energies near the band gap and for photon wa
lengths comparable to the grain size of the films.8,9

The dominating features in the optical properties
PMN-PT for energies below 3.5 eV come from the interba
electronic transitions between the low-lying conducti
bands and the upper valence bands. It is, therefore, usef
investigate the change in the band gap as the PT con
changes. In order to determine the band-gap energy, the
sorption coefficientsa of the films were derived from the
extinction coefficients using

a5
4pk

l
, ~6!

wherek is the extinction coefficient andl is the wavelength,
as a function of energy. The band gaps of PMN-PT film
were then deduced from the absorption coefficienta and the
energy of the incident lighthn using the Tauc equation:10

~ahn!25B~hn2Eg!, ~7!

whereB is a constant andEg is the band-gap energy. Th
relationa}Ahn2Eg results from the joint density of states
By extrapolating the linear portion of the curve to zero,
shown in the inset of Fig. 6, band-gap energies were obta
for our PMN-PT films. The values are shown in Table I.
1-4
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In order to check the values of the band gap of PMN-
films, optical transmittance measurements were also
formed. Figure 7 shows the transmittance spectra
PMN-PT films grown on single crystal MgO. As the surfa
roughness is much smaller than visible wavelengths, the
cillating optical transmittance spectra result from multip
reflections. All the films show a good optical transmittan
of ;80% in the visible region. The transmittance of the film
decreases to zero near 350 nm due to interband transit
Figure 8 shows the plot of (ahn)2 vs hn. By extrapolating
the linear portion of the curve to zero, the band gap can t
be identified. Results are listed in Table I. We notice that
two set of values of the band gap obtained by two differ
techniques take on very similar values. They both indic
that optical band-gap energy of PMN-PT is a compositio
dependent parameter and decreases with the PT conten

IV. CONCLUSION

(12x)PbMg1/3Nb2/3O3-xPbTiO3 ~PMN-PT! films with x
50, 0.1, 0.3, 0.35, and 0.4 have been fabricated on M
single-crystal substrates by PLD. SE was used to chara
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FIG. 7. Transmission spectra of PMN-PT films with different P
compositions.
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ize the depth profile and refractive index of these films. It
found that the refractive index of PMN-PT films increas
with the PT content. Meanwhile, the extinction coefficient
a PMN-PT film is small in the visible region and increases
the energy increases. The surface roughness and the
thickness obtained from a fitting using a double-layer L
entz model are consistent with those measured by SEM
AFM. The transmittance results show that the optical ba
gap energy of the PMN-PT film is composition depende
and decreases with the PT content. A reduced band gap
a higher PT content then leads to a higher refractive inde
energies below the gap for films with a higher PT conten
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FIG. 8. Dependance of the absorption coefficients (ahn)2 on
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