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Optical study of Ba(Mn,Ti(;_,)O3) thin films
by spectroscopic ellipsometry*
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Stoichiometric Ba(MnXTiU, x) 0O3) (BMT) thin films with various values of x were deposited on Si(111) substrates
by the sol-gel technique. The influence of Mn content on the optical properties was studied by spectroscopic ellipsometry
(SE) in the UV-Vis—NIR region. By fitting the measured ellipsometric parameter (¥ and A) with a four-phase model
(air/BMT+voids /BMT/Si(111)), the key optical constants of the thin films have been obtained. It was found that the
refractive index n and the extinction coefficient k increase with increasing Mn content due to the increase in the packing
density. Furthermore, a strong dependence of the optical band gap E, on Mn/Ti ratios in the deposited films was observed,
and it was inferred that the energy level of conduction bands decreases with increasing Mn content.
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1. Introduction

Perovskite ferroelectric materials have attracted consid-
erable attention for a wide range of applications, such as dy-
namic random access memories (DRAMSs), microwave tun-
able phase shifters, second harmonic generators (SHGs),
electro-optic switches, pyroelectric detectors, optical modula-
tors, and mixers.!'3] Among these materials, BaTiO3 is a typ-
ical ferroelectric material and considered to be very promising
for optical information processing and storage.!*> Further-
more, element doping has a great effect on the physical prop-

[6-11] This offers an approach

erties of ferroelectric materials.
through which the properties of materials can be modified by
selecting a proper element as the dopant. Optimal cation dop-
ing (Ti4+) is a widely accepted approach to tailor the physical
properties, such as transition temperature, ferroelectric char-
acteristics, and dielectric properties. There has been an in-
creased interest in transition metal (TM) doped wide-band-gap
materials, which was amplified by theoretical predictions sug-
gesting that ferromagnetism of diluted magnetic compounds
with Curie temperatures above room temperature (RT) can be
obtained.!!'?) The manganese (Mn) element is a typical TM
and its doping can produce some perturbation on the physical

s.[8:101 Therefore, it is

properties in the ferroelectric material
interesting and significant to investigate the optical properties
of Mn-doped BaTiOs films due to the unique characteristics
by the replacement of Ti**.

Spectroscopic ellipsometry (SE), which is very sensi-

tive to ultrathin films and surfaces, is a novel, nondestruc-
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tive, and powerful technique to investigate the optical char-
acteristics of materials, and particularly to measure simulta-
neously the thickness and the dielectric function of a mul-
tilayer system.!!3-1°] Recently, researchers reported the in-
frared optical properties of BaTiO3 thin films using spectro-

517181 In their work, however, the mea-

scopic ellipsometry.|
sured wavelength range is only in the infrared range. Up to
now, there is little data on the optical constant spectra of dop-
ing BaTiOj3 thin films in a wide wavelength range. The in-
vestigations of the UV-Vis—NIR optical properties of doped
BaTiOj3 thin films are of particular importance for, e.g., opti-
cal modulation and optical display devices.

In this paper, we report on the SE measurements of the
key optical constants for Ba(MnxTi<1,x)O3) (BMT) thin films
in the UV-Vis—NIR range, and the main objective is to deter-
mine the optical properties of BMT thin films as a function of
their compositions.

2. Experimental details

In this work, BMT thin films with various val-
ues of x (x = 0, 0.01, 0.02, 0.05, and 0.10) were
prepared on Si(111) substrates by the sol-gel method.
High-purity barium acetate [Ba(CH3COO);],
[Mn(CH3COO),4H,0], and
tanate [Ti(OC4Hy)4] were used as starting materials. 2-
methoxyethnaol (CH30CH,CH,OH) and acetylacetone
(CH3COCH,;COCH3) were used as the solvent and the chem-
ical modifier, respectively. It should be emphasized that all

mangane-

sel acetate tetrabutyl  ti-
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chemical materials and organic reagents are analytically pure.
Therefore, the effects from impurities in the solution could
be neglected, as compared to the Mn doping concentration
in the present work. The precursor solution was spin-coated
directly on Si(111) substrate to form a uniform wet film at
room temperature. The rotation speed and the spin time were
fixed at 4000 rpm and 30 s, respectively. Each layer of the wet
films was initially dried at 180 °C to evaporate the solvent, and
then rapidly heated to 380 °C to remove the residual organics.
Finally, the films were annealed at 700 °C. Each section of the
rapid thermal treatment was held for 5 min. The spin-coating
and thermal treatments were repeated four times.

The crystalline structure of the films was determined by
X-ray diffraction (XRD, DX2500) using Cu K¢ radiation. The
ellipsometric measurements were carried out at room temper-
ature by a variable-angle spectroscopic ellipsometry (V-VASE
with Auto Retarder), with a synchronously rotating polarizer
in the UV-Vis—NIR region (290-1700 nm, or 0.73—4.28 eV).

3. Results and discussion

Figure 1 shows the XRD patterns of the BMT thin films.
Several peaks corresponding to BMT reflection peaks accom-
panied by Si (111) substrate reflection peaks were observed
in the pattern, indicating that the samples are cubic perovskite
and no pyrochlore phase exists. This indicates that 700 °C is
high enough for the films to be crystallized. We find no obvi-
ous shift of the peak positions by comparing the four curves.
This means that the changes in the lattice constant caused by
different Mn contents are too small to be detected when the
Mn content is lower than 0.1. This result is similar to the phe-
nomena observed in Ba(Ti;_, Fe,)03.1"°! The average parti-
cle size in the samples is estimated from the X-ray line widths
given by Scherrer’s equation: D = kA /f3 cos 0, where D is the
particle diameter, k is the Scherrer constant (shape factor is
about 0.9), 4 is the wavelength of X ray, B is the full width
at half maximum of the X ray diffraction peak, and 0 is the
diffraction angle. The average grain size in our samples is
20 nm. In Fig. 1, the Si (111) peaks are absent for the BMT
thin films with x = 0.02 and x = 0.10. This may originate
from infinitesimal uneven areas of the samples during the test,
resulting in a crystal plane angle which slightly deviates from
the exact Bragg angle.

A schematic of the experimental setup is shown in
Fig. 2(a). Electromagnetic radiations are emitted by a light
source and linearly polarized by a polarizer. It can pass
through an optional compensator (retarder, quarter wave plate)
and fall onto the sample. After reflection, the radiation passes
a compensator (optional) and a second polarizer, which is
called an analyzer, and falls into the detector. The system oper-
ations, including data acquisition and reduction, preamplifier
gain control, incident angle, wavelength setting, and scanning,

were fully and automatically controlled by a computer. The
incident angle was continuously varied between 20° and 90°.
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Fig. 1. XRD patterns of BMT thin films deposited on Si (111) substrates
annealed at 700 °C for 3 min with rapid thermal annealing (RTA).
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Fig. 2. (a) Schematic images of the experimental setup and (b) the film
structure used in the SE fitting.

Ellipsometry measures two of the four Stokes parameters,
which are conventionally denoted by ¥ and A. The polariza-
tion state of the light incident upon the sample may be decom-
posed into an s and a p component (the s component oscillates
in the direction perpendicular to the plane of incidence and
parallel to the sample surface, and the p component oscillates
in the direction parallel to the plane of incidence). The ampli-
tudes of the s and p components, after reflection and normal-
ization to their initial value, are denoted by r; and ry, respec-
tively. Ellipsometry measures the ratio of s and rp,, which is
described by the fundamental equation of ellipsometry,

p::—i:tan(w)eiA. (1)
Thus, tan'¥ is the amplitude ratio upon reflection, and A is the
phase shift (difference). Since ellipsometry measures the ratio
(or difference) of two values (rather than the absolute values),
it is very robust, accurate, and reproducible. For instance, it is
relatively insensitive to scatter and fluctuations, and requires
no standard sample or reference beam.

117801-2



Chin. Phys. B Vol. 22, No. 11 (2013) 117801

Commonly, p is transformed into the pseudodielectric

function (€) which is given by!?’!

(e) = (e1)+i(e)

gasin®¢ {1+tan’¢[(1-p)/(1+p)]}, (2

where ¢ is the angle of incidence, and &, is the dielectric func-
tion of the ambient.

The optical functions of a material are usually expressed
in terms of the complex refractive index defined as

i=n+ik=+/¢, 3)

where n is the refractive index, and k is the extinction coef-
ficient. Meanwhile, the optical constants such as n and k are
determined by!!8!

|
_ [02 1 02
n_ﬂ £+ & +ei,
1
k=—1\/\/e?+&2—¢g. 4
V2 1 2 1 4)

Ellipsometry is an indirect method, which means that in
general the measured ¥ and A cannot be converted directly
into the optical constants of the sample. Normally, a model
analysis must be performed. For a layer sample, the measured
spectra may be analyzed using an appropriate fitting model,
constructed on the basis of the sample structure. Using an iter-
ative procedure (least-squares minimization), unknown optical
constants and/or thickness parameters are varied, and ¥ and A
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values are calculated using the Fresnel equations. The calcu-
lated ¥ and A values, which match the experimental data best,
provide the optical constants and thickness parameters of the
sample. In our work, the optical constants derived from the
ellipsometric parameters of tan¥ and cosA are analyzed by
using a four-phase model (air/BMT+voids/BMT/substrate), as
shown in Fig. 2(b). The presence of a rough surface layer is
a common feature for sol-gel-derived oxide thin films.*!! The
rough surface layer was modeled using a Bruggeman effective
medium approximation!??! consisting of voids and BMT.

The SE spectra for BMT thin films with x from 0.01 to 0.1
are shown in Fig. 3. In the higher energy range, the spectra ex-
hibit oscillations. This is only due to the interference effect of
light, and indicates that the films are transparent. The oscillat-
ing frequency depends on the thickness of the film. Generally,
the thicker the film is, the higher the frequency is. With the
help of simulated annealing optimization,'?*! the fitting pa-
rameters as well as the film thicknesses were determined by
fitting the ellipsometric spectra. Figure 3 also shows the fit-
ting curves for BMT thin films, which exhibits good accor-
dance. Table 1 shows the details of the fitting parameters for
four BMT films.

Table 1. The fitted thickness of BMT films with different Mn/Ti ratios
determined by SE.

X BMT+voids/nm
x=0.01 4.37
x=0.02 4.36
x=0.05 4.33
x=0.10 4.32

BMT/nm Si(111)/mm
299.53 0.5
299.43 0.5
296.60 0.5
293.61 0.5
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Fig. 3. Ellipsometric spectra of BMT thin films as a function of Ti contents. (a) x = 0.01, (b) x =0.02, (c) x = 0.05, and (d) x = 0.10.
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Figure 4 shows the refractive index (n) and extinction co-
efficient (k) obtained from the fitting parameters for four BMT
films. From Fig. 4, we find that the optical constants of all
BMT films decrease rapidly in the near-ultraviolet region, and
then approach unity (normal dispersion). They show a high re-
fractive index (n = 1.8-2.5) in the UV-Vis—NIR region as well
as the fundamental absorption edge in the near-ultraviolet re-
gion. The n and k agree with the Cauchy scatter expressions
and Urbach absorption relations, respectively. In addition, we
also find different values of n and k due to different composi-
tions. The refractive index of the BMT films increases with in-
creasing Mn content in the range shown in the inset of Fig. 4.
This is the same as PZT ceramics, whose refractive index is
largely controlled by the Zr/Ti ratio.!**! When Mn** is a sub-
stitute for Ti** in the BaTiO3 films, Mn*t ions with small
radii (» = 0.53 nm) will occupy the lattice site of the Ti** ions
with a big radii (r = 0.605 nm), which will enhance the cou-
pling effect between the Ba?* and O?~ ions because the effect
of the Mn-O bond is stronger than that of the Ti—O bond. A
higher Mn content in BMT films enhances the formation of
larger and more closely packed crystals. The increase in n
with increasing Mn content can be partly attributed to the in-
crease in the packing density. The extinction coefficient (k)
spectra for the samples with different Mn contents are also
shown in Fig. 4. It is interesting that the extinction coefficient
also increases as the Mn content increases. The values of the
extinction coefficient, as we know, result from the absorption
and grain scattering when the photon wavelength is equivalent
to the grain size in the high-energy region. The possibility of
scattering of the grains increases as the Mn content increases,
which can also be attributed to the increase in grain size and
surface density of the films. The extinction coefficient near
the fundamental band gap energy is not zero because of the
noise, and the results demonstrated that some other types of
absorption are present in addition to the fundamental transi-
tion. A good agreement is obtained between the experimental
and calculated spectra in the measured wavelength range, >
especially near the fundamental band gap region. Beyond the
fundamental optical band gap, there are high-energy critical
point transitions. For the BaTiO3 material, they are far away
from 4.28 eV and cannot be detected by the present measure-
ments due to the spectral limitation and sensitivity.

The optical absorption coefficient is also a useful param-
eter and is given by a = 41k /A, where A is the wavelength of
light. The dependence of (hva)? on hv of BMT thin films is
shown in Fig. 5. In the high-energy region of the absorption
edge, (hvoc)2 varies linearly with hv, which is taken as the
prime evidence for the direct band gap. Based on the above
analysis, the relation between absorption coefficient ¢ and the

band gap E,; can be described as 26!

(hva)? = C(hv —E,). )
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Fig. 4. Optical constants (n and k) of BMT films with different Mn/Ti
ratios.
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Fig. 5. Optical band gap energies of BMT films as a function of Ti
contents (x denotes the content of Mn).

This corresponds to an allowed direct transition between va-
lence and conduction bands. By extrapolating the linear por-
tion of the curves to intersect with the x axis, the band gap
energies of the BMT films were obtained. The band gap en-
ergy values are 3.73, 3.71, 3.67, and 3.63 eV for Mn: Ti (1/99),
Mn: Ti (2/98), Mn: Ti (5/95), and Mn: Ti (10/90) thin films,
respectively. This indicates that the band gaps of BMT thin
films decrease with increasing Mn contents. This decrease in
the energy band gap was already observed in Co-doped SnO,
and BaTiO3,!*?" as well as in other transition metal doped

(23] This observation can be explained on the basis of

oxides.
the sp—d exchange interactions between the band electrons and
the localized d electrons of the Mn** ions substituting Ti**+
ions. The s—d and p—d exchange interactions give rise to a
negative and positive correction to the conduction-band and
valence-band edges, respectively.!”®! A direct band gap is at
the center of the Brillouin zone I" point in BaTiO3.[>5) The
states at the bottom of conduction band arise from the three-
fold degenerate Ti3d tp, orbits, which have lower energy than
the twofold degenerate Ti3d e, orbits at I" point. Meanwhile,
the top of the valence band at the center of I consists of O2p
orbits, which is consistent with results by X-ray photoemis-
sion spectroscopy.!?’! The energy gap in Ba(Ti;_,, Mn,)O3 is
determined by the energy difference between the Ti3d orbit
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and O2p orbit. The bottom of the conduction bands may grad-
ually declines with increasing Mn content, which results in the
decrease in the band gap values. These facts could induce the
red shift of E, values.

4. Conclusions

In conclusion, the optical properties of BMT thin films
with various values of x coated on Si(111) substrates by the
sol-gel method have been investigated by the spectroscopic el-
lipsometry in the UV-Vis—NIR region. Using a four-phase fit-
ting model, the spectra of the optical constants have been de-
termined by means of optimization. Our studies show a strong
dependence of the optical constants on the Mn/Ti ratio in the
deposited films. The refractive index n and the extinction co-
efficient k increase with increasing Mn content due to the in-
crease in the packing density. On the other hand, the optical
band gap energies have been found to decrease from 3.73 to
3.63 eV as the Mn content in the films is increased from 0.01
t0 0.10. The properties of E, are assigned to the contribution of
interband transition from valence band O2p levels to conduc-
tion band Ti3d levels, which may have potential applications
in devices based on ferroelectric thin films.
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