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Influences of Zn and Mn ions co-dopants on the optical and
ferroelectric properties of BaTiO, thin films
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2. Instrumental Analysis & Research Center, Institute of Materials , Shanghai University , Shanghai 200444 , China)

Abstract ; Zn-Mn co-doped BaTiO, films were fabricated on Si (100) and LNO/Si (100) substrates by a sol-gel proce-
dure. In order to study the effects of different doping levels on the microstructure and ferroelectric phase of BaTiO, thin
films, -BTO films doped with Zn and Mn, respectively, were also investigated. Both the characterization of X-ray dif-
fraction (XRD) and atomic force microscope (AFM) indicate uniform and dense films with average grain size under 30
nm. By comparisons of the optical constant refractive index and extinction coefficient of BaTiO, films in the wavelength
from 400 nm to 700 nm, it was obtained that there is a change in the optical band gap due to the different amount of Zn
and Mn added. Furthermore, a better defined P-E loop with a remnant polarization of 11.26 wC/ cm’ shows that Zn and
Mn dopanting play an essential role in ferroelectric improvement.
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Introduction

Perovskite ferroelectric materials BaTiO, ( BTO)

(formula ABO, ), with different types of dopants

such as Zn, Mn, Fe and Co at its B site has been fo-

[14]

cused on by extensive research activity' . It is of in-

terest not only due to its large photorefractive effect
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when doped for optical processing applications'™®’

but also because of its excellent ferroelectric properties
for developing ferroelectric dynamic random access
memory devices'”®!.

In order to enhance its ferroelectric phase transi-
tion and ferroelectric properties, the new demands for
films with high quality have been put forward. Based

on the results of previous research works, metallicion
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doping was considered a good way to optimize the
properties of BaTiO, thin films, especially two kinds

of transition metals co-doping'*!

. The sol-gel meth-
od, which is simple and easy to manipulate, can be
used to prepare BaTiO,- based ferroelectric thin films
with low cost and high quality"®’.

In spite of the facts that co-doped BaTiO; shows
excellent photoelectric and piezoelectric properties,
few reports are available on the use of Zn and Mn as
dopants in barium titanate. Therefore, this paper
deals with the preparation and characterization of Zn-
Mn co-doped BaTiO, ( ZnMn-BTO) thin films and
the influences of doping on the optical properties as

well as the ferroelectric enhancement of the films.
1 Experiments

The precursor solution of the BTO thin films
were obtained by barium acetate [ Ba ( CH,COO), ]
and titanium tetrabutoxide [ Ti( OC,H,),]. Firstly,
barium acetate and glacial acetic acid were mixed un-
der constant stirring at 40°C for 60 min. After cool to
room temperature, the chelating agent acetyl acetone
and absolute ethyl alcohol were added successively.
Secondly, tianium tetrabutoxide in equimolar ratio
was added. This solution at a constant volume of 30
mL was dispersed on the substrates and then spin-coa-
ted on Si (100) and LNO/Si (100) substrates at
4500 rev. /min for 20 s. Lastly, the as-spun films
were annealed at 700°C for 5 min. To prepare thicker
BTO films, a multilayer deposition procedure was fol-
lowed and the spin-coating/thermal treatment cycles
were repeated up to 6 times. The chemical solution of
Zn-BTO and Mn-BTO was prepared by the same way
with adding zinc acetate, at different molar ratio of
Zn: Ti and Mn: Ti between 2% to 10% with a step
of 2% on silicon substrates. Similarly, the chemical
solution of Zn-Mn co-doped BTO was prepared at
molar ratio 1: 1: 98 of Zn: Mn: Ti. After repeating the
spin-coating and thermal treatments on Si and La-
NO,/Si (100) substrates in the same condition, the
final thickness of the films were about 500 nm.

The microstructures of the films were character-
ized by X-ray diffraction ( XRD; Rigaku D/max-
2200) using CuKa radiation and atomic force micro-
scope (AFM; Dimension 3100). The optical proper-
ties were studied by spectroscopic ellipsometry ( SE)
in the 400-1000 nm wavelength range at an angle of
65° incidence. Ferroelectric property was measured
by Precision Materials Analyzer ( Preciosion Premier

II) at 1 kHz with different applied electric field. All
measurements were carried out at room temperature.

2 Results and discussion

2.1 Microstructure and composition

Fig. 1 shows the X-ray diffraction patterns of
BTO and doped-BTO thin films, respectively, with
different doping levels grown on Si substrates by sol-
gel method. As is shown that all the films exhibit a
pure perovskite phase structure with six characteristic
peaks. Additionally, the observation of the (110)
peaks is in agreement with the formation of a BTO
perovskite phase®®!. Comparing with that of BTO
films, the intensity of the diffraction peaks for the
doped-BTO thin films are relatively strong. Moreo-
ver, no other phases are observed. It can be conclu-
ded that doping with little amount of Zn and Mn by
sol-gel method improves successfully the crystal quali-
ty of the BTO films.

From the appearance of the peak on the curve of
ZnMn-BTO thin films at 31. 62°, it can be deduced
that the changes of lattice parameters caused by dop-
ant exist but inconspicuous. It can also be seen that
the lattice parameter of (110) is found to be 3. 93A
taking account of the residual peak at 31.48°. By u-
sing Scherrer’s equation'?’ , the calculated value of
ZnMn-BTO grain size is approximately 29.2 nm.

The surface of BTO, Zn-BTO and Mn-BTO
films grown on Si substrates were observed by AFM
micrograph, respectively, as displayed in Fig.2. The
results show that the surfaces of all these films are u-
niform, dense and crack-free. The average size of the
Zn-BTO grains estimated in Fig. 2 (b) is slightly
smaller than the grain size of the BTO thin films
shown in Fig.2 (a). On the contrary, the average
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Fig.1 XRD patterns of doped-BTO thin films grown on Si
substrates
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Fig.2 AFM three dimensional surface micrographs of (a)

BTO/Si, (b) Zn-BTO/Si 10% , (¢) Mn-BTO/Si 10% thin
films
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size of the Mn-BTO grains observed in Fig.2 (c) is
slightly bigger than that. Moreover, the surface
roughness determined for Zn-BTO films is much
smaller than that of Mn-BTO films. It may indicate
that Zn dopant can lead to atomic rearrangement and
pore elimination at high annealing temperature?’.
Meanwhile Mn-BTO films present columnar growth
properties due to the differences between the radius
and electronic configuration of Zn and Mn ions' >/,
2.2 Optical properties

In order to investigate the influence of Zn and
Mn dopants on the optical properties of BTO thin
films deposited on Si, spectroscopic ellipsometry was
applied. Fig. 3 shows the refractive index n and ex-
tinction coefficient £ of the Zn-BTO and Mn-BTO
films in the ultraviolet-visible range respectively. In
this range, both n and k decrease rapidly with the in-
crease of wavelength. Besides, with the molar ratio

of Zn rises from 2% to 8% , the refractive index of

the films rises from 1. 97 to 2. 02 and the extinction
coefficient of them declines from 0. 0056 to zero at
600nm. Furthermore, with the molar ratio of Mn rises
from 2% to 8% , the refractive index of the films ri-
ses from 1.97 to 2. 04 and the extinction coefficient of
them rises from 0. 0026 to 0.01 at 600nm.

In the transparent region, refractive indexes of
the Zn-BTO films and Mn-BTO films which decrease
rapidly present the same tendency. The higher refrac-
tive index values may suggest a higher optical band
gap of the Zn-BTO films, similar to that reported for
pulsed laser deposited Zn-doping BaTO, thin films'*.
On account of the transition of Mn ion valence state
that compensate for the oxygen vacancy formed, the
band gap, which is related to the absorption cliff, in-
creases with the rising of the Mn dopant level >3]
This high refractive index makes doped-BTO films
suitable for antireflective coating'®’. Therefore, Zn
and Mn dopants lead to the changes in the properties
of polarization, deterioration and optical band gap of
BTO films.

2.3 Ferroelectric properties

The polarization-electric field ( P-E) hysteresis
loops of Mn-BTO and ZnMn-BTO thin films meas-
ured at different applied electric field are displayed in
Fig. 4, respectively. From the inset of Fig. 4, it can
be seen that the P-E hysteresis loops of Mn-BTO films
are unsaturated, although Mn dopant may optimize
the ferroelectric properties of the BTO films. Moreo-
ver, the ZnMn-BTO films show a better-defined P-E
loop with 11.26 pC/cm’ of the remnant polarization
(Pr) and 273.67 kV/cm of the coercive field ( Ec)

both of which are surprisingly large. In this work,
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Fig.3 Refractive index and extinction coefficient curves of the
BTO and doped-BTO thin films on Si substructures at different
doping levels
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owing to leakage current, the P-E loops of undoped-
BTO films are difficult to obtain and the remnant po-
larization of Zn-BTO films is also relatively weak
which is estimated under 2. 62 pC/cm’.

In the past studies, the remnant polarization of
the BTO films obtained by sol-gel method was always
lower than that of bulk BTO"*). In the meantime,
the P-E hysteresis loops were often absent due to the
leakage current and the oxygen vacancies which were
produced during deposition and annealing''™*'. From
Fig.4, it can be seen that the obtained Pr of MnZn-
BTO thin films shows very high value. This value is
not normal because there is some leakage current con-
tibuted to the Pr as it is obvious in the P-E loop. In
this work, Mn ions substituted for Ti** could be con-
sidered as negative centers. As the Mn’* ions are re-
duced to Mn®* ions, the electrons compensate the
positive charges of the oxygen vacancies, thus reduc-
ing the leakage current. On the other hand, the ac-
ceptor states formed by Zn’* may trap the unlocalized
electrons thereby creating double charged acceptor
centers that compensates for the oxygen vacan-
[1,4]

cies These are reasons why Zn-Mn co-doped

BTO films present a higher remnant polarization.
3 Conclusions

In this work, the high-quality ferroelectric BTO
and Zn-Mn co-doped BTO thin films were successful-
ly fabricated on Si substrates by the sol-gel method.
According to the X-ray diffraction patterns and the
AFM images, a little amount addition of both Zn and
Mn did not modify the perovskite structure of BTO
which remained tetragonal, and the surfaces of Zn-
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Fig.4 Polarization-electric field hysteresis loops of Mn-BTO
and ZnMn-BTO thin films
B4 1 Mn LlJ Mn #1 Zn 3£484) BTO # A P-E [H£K

doped films were more compact than un-doped ones.
By comparisons of the optical constant refractive
index and extinction coefficient of films, it was ob-
tained that there was a change of optical band gap due
to the different amount of Zn and Mn added. Zn-Mn
co-doped BTO films presented a better-defined P-E
loop with a remnant polarization of 11.26 pwC/cm’.
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