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Orientation effects on the bandgap and dispersion
behavior of 0.91Pb(Zn;/3Nby,3)03-0.09PbTiO;
single crystals™®
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0.91Pb(Zn; /3Nby/3)03-0.09PbTiO3 (PZN-9%PT) single crystals with different orientations are investigated by
using a spectroscopic ellipsometer, and the refractive indices and the extinction coefficients are obtained. The Sellmeier

dispersion equations for the refractive indices are obtained by the least square fitting, which can be used to calculate

the refractive indices in a low absorption wavelength range. Average Sellmeier oscillator parameters Fo, Ao, So, and

Eq4 are calculated by fitting with the single-term oscillator equation, which are related directly to the electronic energy

band structure. The optical energy bandgaps are obtained from the absorption coefficient spectra. Our results show

that the optical properties of [001] and [111] poled crystals are very similar, but quite different from those of the [011]

poled crystal.

Keywords: dispersion, bandgap, orientation

PACS: 42.50.Ct, 78.20.Ci, 78.20.—¢

1. Introduction

Single crystals of relaxor rhombohedral (1-
x)Pb(Zn;,3Nby/3)03-2PbTiO3 (PZN-2PT, 0 < z <
0.1) cut and poled in the [001] direction ex-
hibit extraordinarily large dielectric and piezoelectric

[1=5] and have been used for electromechan-

constants,
ical transducers and actuators in a broad range of ad-
vanced applications, such as medical ultrasonic imag-
ing and underwater communication.®=9 Materials
with large piezoelectric effects often have large electro-
optic effects too, because the combination of the piezo-
electric and the photoelastic effects substantially en-
hances the electro-optic effect. A large electro-optic
effect has been observed in PZN—zPT single crys-
tals with compositions near the morphotropic phase
boundary (MPB).[19~14] For PZN-8%PT single crys-
tal poled along the (001) direction, 33 ~ 450 pm/V,
for PZN-10%PT single crystal, 33 ~ 177 pm/V
(A = 632.8 nm).!'516 Therefore, PZN-zPT single
crystals could be good candidates for use in highly
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efficient electro-optic devices.

In spite of the intensive research on the large
piezoelectric response, the optical properties of PZN—
2PT single crystals have not been sufficiently under-
stood. Optical dispersion plays an important role in
the research of optical materials, because it is a signif-
icant factor in designing devices of spectral dispersion
and optical communication. The optical bandgaps of
the ferroelectric crystals are of great interest for theo-
retical studies and numerous applications in quantum
optics. In the present work, the optical properties
of PZN-9%PT single crystals with different orienta-
tions are investigated. The dispersions of the refrac-
tive indices are described in terms of the Sellmeier
dispersion equations, and the optical bandgaps are es-
timated after the extinction coefficient spectra have

been obtained.[*7]
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2. Experiment

High-quality and large-size PZN-9%PT single
crystals were grown by using a modified Bridgman
technique.'®19 The unpoled ferroelectric crystals
were macroscopically of the m3m phase.
each of them retained an optical isotropic pseudocu-
bic state. The grown crystals were oriented along the
[001], the [011], or the [111] direction using an X-ray
orientation device and an X-ray diffractometer. Then
the crystals were cut into square slices. Silver paste

Namely,

was painted on the sample surfaces and sintered at
580 °C for 30 min. The samples were poled under an
electric field of 1 kV/mm for 15 min near 150 °C in
silicone oil, then slowly cooled to room temperature
while maintaining half of the applied electric field.

The square surfaces for light reflection were
mirror-polished using alumina and diamond polishing
compounds (with decreasing average grit size down to
0.25 um). The spectroscopic ellipsometer is a very
powerful technique to measure the refractive index
and the extinction coefficient. Optical measurements
were carried out at room temperature by using a spec-
troscopic phase-modulated ellipsometer (Jobin YVON
UVISEL). An incidence angle of 70° and intervals of
1.6 nm were used throughout our measurements.

3. Results and discussion

3.1. Refractive index and extinction co-
efficient

In the spectroscopic ellipsometer, a linearly po-
larized monochromatic light illuminates the sample
surface, relative changes in amplitude and phase of
the reflected light are measured. Generally, the spec-
troscopic ellipsometer measures the traditional ellip-
sometric angles each as a function of the wavelength.
They are related to optical and structural properties
of the samples as

p=tanWe'? = % = ’-Zp exp[i(dp —&s)], (1)

where the complex Fresnel reflection coefficients R,
and R correspond to the parallel and the perpen-
dicular components, respectively. They are complex
functions of refractive index n and extinction coeffi-
cient k. For the bulk isotropic samples investigated
here, their complex refractive indexes (n = n + ik)
can be revealed automatically by comparing the com-
puter modeling data with the experimental data.
Figure 1 shows refractive index n and extinction
coefficient k of PZN-9%PT crystals each as a func-
tion of the wavelength for different orientations. In

general, the refractive indexes appear to continuously
decrease nonlinearly with the increase of the wave-
length over the entire range of wavelength. However,
the extinction coefficients decrease more sensitively at
lower wavelengths and are flat at wavelengths above
500 nm. This behavior is typical for an insulator or
a semiconductor in the range of wavelength near the
bandgap. Below the bandgap, the transmission domi-
nates with a tiny extinction coefficient. This indicates
that PZN-9%PT single crystals are transparent in the
visible light region, which is consistent with the results
obtained in their optical transmission spectra.'2:20]
For PZN—zPT single crystals, the main contribution
of optical loss comes from the bandgap as well as the
domain wall scattering. These mechanisms become
increasingly important when the photon energies are
near the bandgap.
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Fig. 1. (a) Refractive indexes and (b) extinction coeffi-
cients of PZN-9%PT single crystals with different orien-
tations each as a function of wavelength. Solid curves in
panel (a) are the fitting results with dispersion Eq. (2).

3.2. Dispersion behavior

The typical Sellmeier dispersion equation of crys-
tal is

2 B 2
n- = A + m — D)\ 5 (2)
where A, B, C, and D are all constants, and A
is the wavelength in micrometers.
are shown in Table 1, which are obtained by the
least square fitting of Eq. (2).?!] The dispersion be-
haviors of PZN-9%PT single crystals are similar to

These constants
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those of most ABO3 type perovskite structure com-
pounds, since they are all oxygen-octahedron ferro-
electrics. The basic BOg octahedron building block
in perovskite ferroelectrics leads to the similarities in
the band structure and in the polarization-induced
Stark-like energy band shifts. The B-cation d or-
bitals and the O-anion 2p orbitals associated with each
octahedron are the major contributors to the refrac-
tive indexes. The common structural unit in oxygen-
octahedron ferroelectrics leads to the similar disper-

sion behavior.[22]

Table 1. Coefficients in the Sellmeier dispersion equation
for PZN-9%PT single crystals with different orientations.

Orientation [001] [011) [111]
A 6.071(5) 5.991(7) 6.031(9)
B 0.149(2) 0.101(6) 0.144(9)
C 0.072(1) 0.075(5) 0.069(5)
D 0.006(3) ~0.026(9) 0.018(8)

Equation (2) fits the dispersion of refractive index
quite well for most materials. However, the resulting
curve fitting parameters have no special physical sig-
nificance. By using an excellent long-wavelength ap-
proximation, Wemple and Didomenico??! developed a
single-term Sellmeier relation

SoA2 E4E,

2 _ —
C1-22/A2 E2-EY )

n®—1

where n is the refractive index, S, is the average os-
cillator strength, A, is the average oscillator position,
FE, is the single oscillator energy, Fq is the dispersion
energy, A and E are the wavelength and the energy
of the incident light, respectively. The parameters in
Eq. (3) can be obtained by plotting 1/(n? — 1) versus
A~2 and E? as shown in Fig. 2. The results are listed
in Table 2. The refractive index dispersion parame-
ter E,/S, describes the dispersion behavior, depends
on the characteristics of the interband transitions, and
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Fig. 2. Linear fitting curves of A\=2 dependence of
(n? — 1)~ for PZN-9%PT single crystals with different
orientations.

enters directly into the evaluation of the electro-
optic and nonlinear optical constants of the oxygen-
octahedron ferroelectrics.

Table 2. Single oscillator dispersion parameters, bandgap
Eg, and Urbach energy Ey of PZN-9%PT single crystals
with different orientations.

Orientation [001] [011] [111]
Eo/eV 6.352(8)  7.506(16)  6.477(6)
Eq/eV 31.85(4)  37.29(8)  32.19(3)
Ao/pm 0.1952(2) 0.1652(4) 0.1914(2)
So/10 m—2 1.316(3)  1.820(9)  1.356(3)
Eo-S51/10714 ev.m?2  4.827(6)  4.124(9)  4.777(5)
Eg/eV 3.04(3) 2.98(7) 3.09(8)
Ey/eV 0.442(6)  0.530(5)  0.446(6)
3.3. Bandgap

The dominating features in the optical properties
of PZN—zPT for wavelengths above 400 nm come from
the interband electronic transitions between the low-
lying conduction bands and the upper valence bands.
It is, therefore, useful to investigate the change in the
bandgap as the crystal orientation changes. In or-
der to determine the bandgap energy, the absorption
coefficient « of the single crystal is derived from the

extinction coefficients k as
a =4nk/\. (4)

The bandgap of PZN-9%PT single crystal can be de-
duced from absorption coefficient o through the Tauc
equation

ahy = C(hv — Eg)", (5)

where C' is a constant, I, is the allowed bandgap en-
ergy, hv is the energy of the incident light, and n is the
index determined by the nature of the electron transi-
tion in the absorption process.24=26] It is well known
that there are two types of fundamental optical transi-
tions, namely direct transition and indirect transition
(n = 1/2 for the allowed direct transition, n = 2 for
the allowed indirect transition). As shown in Fig. 3,
the curves of (ahv)? versus hv are found to change
into straight lines near the absorption edge, thus sup-
porting the interpretation of the direct rather than the
indirect bandgap for all crystals. The straight lines of
(ahv)? versus hv can be used to provide the values of
optical bandgap E, which are extrapolated by the lin-
ear portions of the plots to (ahr)? = 0. The bandgaps
are listed in Table 2.
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Fig. 3. Photon energy hv dependences of (ahv)? for

PZN-9%PT single crystals with different orientations.
The inset shows the linear fitting curves for obtaining the
Urbach energy Ey.

The absorption tail at lower photon energy usu-
ally follows the Urbach rule

a = apexp(hv/Ey), (6)

where aq is a constant, and Fy is the Urbach energy,
which is interpreted as the width of the tail to the
localized states in the bandgap.27=291 The absorption
in this region is due to the transitions between the
extended states in one band and the localized states
in the exponential tail of the other band. By plotting
In v as a function of energy hv in Fig. 3, the values of
Ey can be obtained. As listed in Table 2, the Urbach
energies of [001] and [111] oriented crystals are nearly
the same, but lower than that of the [011] oriented
crystal.

At room temperature, the PZN-9%PT single
crystal has a rhombohedral phase (3m symmetry).
The (111) is the spontaneous polar direction. Af-
ter the crystal is poled along [111], its major phase
is thombohedral. The [001] poled crystal has an en-
gineered multi-domain structure. The coexistence of
domains with four equivalent polar vectors results in
a 4-fold axis along [001], consequently resulting in
the macroscopic symmetry 4mm from the local 3m
symmetry.[39 After being poled along the [011] direc-
tion, which is the polar direction of the orthorhom-
bic phase,!] the metastable single domain state is
induced.?? For [111] and [001] poled PZN-9%PT
crystals, the common microscopic structure results in
a similar electronic energy band. Thus, they have sim-
ilar optical behaviors, which are quite different from
the [011] poled crystal.

4. Conclusion

Refractive indexes and extinction coefficients of
PZN-9%PT single crystals with different orientations
are measured by using a spectroscopic ellipsometer.

The Sellmeier dispersion equations are obtained by
means of least square fittings. The typical Sellmeier
dispersion equation, which involves four parameters, is
intrinsically capable of numerically fitting the disper-
sion of the refractive index to a higher accuracy than
the single-oscillator Sellmeier equation that involves
only two parameters. However, the single-oscillator
Sellmeier equation is also important, because the os-
cillator parameters are of physical significance, which
are related directly to the energy band structure. Our
results show that the optical properties of [001] and
[111] poled crystals are almost the same, but quite
different from those of the [011] poled one. These re-
sults provide an important basis for further theoretical
study and practical device fabrication of PZN—zPT
single crystals.
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