Journal of the Korean Physical Society, Vol. 66, No. 7, April 2015, pp. 1093~1096

Effects of Zn’" and Mn?" Co-doping in BiFeO; Thin Films
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Bi(Feg.99—2Zn9.01Mn,)Os (z = 0.01, 0.03, 0.05) thin films were deposited on Pt(111)/Ti/
Si02/Si(100) substrates by using a pulsed laser deposition method. The effects of Mn*T con-
tent in the BiFeOs3 thin films on their leakage current and their ferroelectric properties were mainly
investigated. Bi(Feo.06Zno.01Mno.03)Os thin film exhibited the best ferroelectric properties among
them. The leakage current density of the film capacitor was 2.0 x 107° A/cm? at 200 kV/cm.
The remnant polarization (2P,) and the coercive electric field (2E.) of the film capacitor were 83
puC/em? and 577 kV/cm at an applied electric field of 695 kV/cm, respectively. This can be ex-
plained based on the Fe?* concentration associated with oxygen vacancies and the grain size caused

by doping of Zn?* and Mn*" in BiFeOs thin films.
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I. INTRODUCTION

Multiferroic materials have simultaneous ferroelectric-
ity and ferromagnetism, which can be potentially utilized
for magnetoelectronic devices. BiFeO3 (BFO) has been
extensively studied due to its room-temperature multi-
ferroic properties [1,2]. However, BFO suffers from a
high leakage current because of the existence of Fe?*t
ions and oxygen vacancies [3]. Reports indicate that the
formation of Fe?t and the creation of oxygen vacancies
can be controlled by doping or substitution at the Fe
sites in BFO. Doping of 4+ ions is expected to decrease
the creation of oxygen vacancies, and the doping of 2+
ions is expected to prevent the formation of Fe?t ions
[4]. Compared to BFO thin films, reduced leakage cur-
rent density was observed in Zn?*-doped BFO thin films
and Ti**-doped BFO thin films [5-7]. In the case of
Mn-doped BFO thin films, the valence state of Mn is
important because Mn is a multivalent element. The
BFO thin film with Mn** doping exhibits a much lower
leakage current density than the Mn?*-doped BFO thin
film does, which is related to the concentration of oxy-
gen vacancies [8,9]. On the other hand, oxygen vacancies
can form defect complexes with other negatively-charged
defects such as Zn?t in the Fe?t sites. In Zn?t-doped
BFO thin films, the leakage current has been reported
to be reduced with increasing formation of defect com-
plexes between oxygen vacancies and Zn?* in Fe37 sites
[10]. Thus, an effective way to reduce the leakage cur-
rent in BFO may be to eliminate oxygen vacancies by
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the introduction of 4+ ions at the Fe sites and by the
formation of defect complexes.

In this study, we prepared Bi(FeO.gg,‘angTBani-'—)Og
(z = 0.01, 0.03, 0.05) thin films by using a pulsed laser
deposition method. The dependences of the leakage cur-
rent and the ferroelectric properties on the Mn** content
were investigated, and the Bi(Feg g96Zng.01 Mng g3)O3 thin
film was found to show the lowest leakage current density
and the largest remnant polarization, which is related to
the Fe?t concentration associated with oxygen vacancies
and grain size. This provides some important informa-
tion about control of the leakage current in doped-BFO
thin films.

II. EXPERIMENTS AND DISCUSSION

Bi(Feo.ggf:pZno‘O]an)Og ({E = 00]., 003, 005) thin
films were deposited on Pt(111)/Ti/SiO2/Si(100) sub-
strates by using a pulsed laser deposition (PLD) method.
PLD targets with 5% Bi excess were prepared by using
a traditional solid-state reaction with BisO3 (99.999%,
Sigma-Aldrich), FesO3 (99.999%, Sigma-Aldrich), MnOs
(99.99%, Sigma-Aldrich), and ZnO (99.9%, Sigma-
Aldrich) powders. A KrF excimer laser with a wave-
length of 248 nm and a repetition rate of 5 Hz was used
to ablate the targets. The laser’s energy density was
about 1.7 J/cm? per pulse. During the deposition of
the films, the substrate temperature was kept at 520 °C
under an oxygen partial pressure of 30 mTorr. After
deposition, the films were cooled to room temperature
under an oxygen partial pressure of 760 Torr.
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Fig. 1. (Color online) XRD patterns of Bi(Fep.99—x
Znp.01Mn;)O3 (z = 0.01, 0.03, 0.05) thin films. The “*”
indicates substrate peaks.

The crystal structure and the microstructure of the
films were investigated by using X-ray diffraction (XRD)
equipment (Rigaku, MiniFlex II) and atomic force mi-
croscopy (AFM, Park Systems, XET), respectively. The
oxidation states of the Fe ions were measured by using
X-ray photoelectric spectroscopy (XPS, VG Scientifics,
ESCALAB 250, Korea Basic Science Institute, Busan
Center). The ferroelectric hysteresis loops and the leak-
age current density were measured by using a modified
Sawyer-Tower circuit and a semiconductor parameter an-
alyzer (HP 4145b), respectively. For electrical measure-
ments, Pt top electrodes were deposited on the tops of
the films by using ion sputtering through a shadow mask.

Figure 1 shows XRD patterns of Bi(Fepgg_s
Zng.01Mn,)O3 (z = 0.01, 0.03, 0.05) thin films deposited
on Pt(111)/Ti/SiO2/Si(100) substrates. The diffraction
peaks were indexed based on the pseudocubic structure
of BFO. Compared to the crystal structure of BFO thin
films [11], no significant changes in the crystal structure
were observed because the ionic radii of the Zn?* and
the Mn** ions are close to that of the Fe3T ions [12]. No
impurity peaks were observed in the XRD patterns, indi-
cating that the Zn and the Mn ions were well-substituted
into BFO. The Bi(Fep.94Zng.01Mng.5)03 (110) reflec-
tion was shifted to higher 260 angle, indicating that
the lattice constant of Bi(Feg.g4Zng 01 Mng g5)O3 had be-
come smaller than those of Bi(Feg.g9gZng.01Mng.o1)O3
and Bi(FeO.QGZH0.0lMHO‘Og)Og because the Bi(Fe().94
Zng.01Mng 5)O3 thin film has the largest number of Fe?*
ions, whose radius is smaller than that of Fe3* ions, as
shown in Fig. 3.

AFM images of the surface morphologies of the
films are shown in Fig. 2. The shapes of the grains
were irregular. Small grains were merged to form
larger grains for the Bi(Feg.9sZng.01Mng g1)O3 and the
Bi(FeO.94ZDO.01MIl0.O5)03 thin films. However, this was
not observed in the Bi(FGQ_QGZHQ_Qan0A03)03 thin film.
The average grain size of the Bi(Feg.96Zng.01Mng.03)O3
thin film was approximately 170 nm in diameter, which
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Fig. 2. (Color online) AFM images of the surface mor-
phology of (a) z = 0.01, (b) z = 0.03, and (c¢) =z = 0.05
Bi(Feo.99—2Zn0.01Mn; )O3 thin films. The size of each image
is 1l pum x 1 pm.

is larger than those of the Bi(Feg.gsZng.01Mng.o1)O3
and the Bi(Feg.94Zng.01Mng g5)O3 thin films, indicating
that the lowest leakage current may be expected in the
Bi(Feg.96Zng.01Mng 03)Os thin film. The thicknesses of
Bi(FeO.99,$ZH0A01MHI)03 (3? = 0.01, 0.03, 005) thin
films were 718, 614, and 679 nm, respectively.

Figure 3 shows XPS data for the oxidation states of
the films. The binding energy of the 2P;,, state is
709.5 eV for Fe?T and 711.0 eV for Fe3* [4]. The vol-
ume fractions of Fe?t and Fe3" were estimated by using
the XPSPEAK 4.1 software, as shown in Figs. 3(a)—(c).
The fractions of Fe?t were 28%, 25%, and 31% for the
Bi(Feoigg_wZno_()anI)Og, (J} = 001, 003, 005) thin
films, respectively, as shown in Fig. 3(d). With in-
creasing Mn*t content, the Fe?t concentration is re-
ported to increase, and the oxygen vacancy concen-
tration to decrease [4]. However, in the case of the
Bi(Feg.96Zng.01 Mng 03)O3 thin film, the concentration of
Fe?* is lower than that of the Bi(Feg.9sZng.01Mng.o1)O3
thin film. The full width at half maximum of the
Fngr peak of the Bi(Feo_QGZno_OlMH0.03)O3 thin film
(Fig. 3(b)) is wider than that of the other films. Fe**
ions may have been creating, thus resulting in a reduced
Fe?* concentration.

Figure 4 shows the leakage current density as a func-
tion of the applied electric field measured at room
temperature.  The leakage current density of the
Bi(Feo.gg_xZno.()anx)Og (IE = 001, 003, 005) thin-
film capacitors were much lower than that of BiFeOg
thin-film capacitor [11]. The values of the leakage
current densities of the Bi(Feo.gg_xZn()_Oanx)Og (1‘ =
0.01, 0.03, 0.05) thin-film capacitors were 1.6 x 107,
2.0 x 107°, and 3.9 x 107* A/cm? at 200 kV/cm,
respectively. The Bi(FeO'QGZDO'QlMDOA()z;)Og thin film
exhibited the lowest leakage current density among
them. The reduced leakage current observed in the
Bi(FeO‘QGZDO.()l MH0,03)03 thin film could have originated
from the small Fe?" concentration. Thus, fewer oxy-
gen vacancies existed in the Bi(Feg.g6Zng.01Mng.o3)O3
thin film.  Another origin is the large grain size
observed in the Bi(FeO.g6Zn0‘01Mnob03)03 thin ﬁlm,
as shown in Fig. 2(b). In the low-electric-field
region, a lower leakage current was observed in
the Bi(Fe0,98Zn0,01Mn0,01)03 thin film than in the
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Fig. 3. (Color online) XPS results of (a) z = 0.01, (b) z = 0.03, and (c) = = 0.05 Bi(Fep.99—zZno.01Mn;)O3 thin films, and
(d) volume fractions of Fe* and Fe?*t of Bi(Feo.99—2Zn0.01Mn; )03 (z = 0.01, 0.03, 0.05) thin films.
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Fig. 4. (Color online) Leakage current density as a func-
tion of applied electric field for Bi(Feg.99—zZng.01Mn;)O3 (x
= 0.01, 0.03, 0.05) thin-film capacitors measured at room
temperature.

Bi(FeO_94Zn0_01Mn0.O5)O3 thin film whereas the leak-
age current of the Bi(Feg.g9gZng 01 Mngo1)Os thin film
was higher in the high-electric-field region. This could
be explained by the observation that the defect com-
plexes formed between the oxygen vacancies and Zn?*
ions at the Fe3* sites in the Bi(Feg.9sZng.01Mng.o1)O03
thin film can be more easily release, compared with the

Bi(Feq.94Zn9.01Mng 5)O3 thin film, with increasing elec-
tric field.

Figures 5(a)—(c) shows the frequency-dependent fer-
roelectric hysteresis loops of Bi(Feg.g9—.Zng.01Mn, )O3
(x = 0.01, 0.03, 0.05) thin-film capacitors. The loops
were measured by using a triangular voltage pulse with
a frequency of 1, 10, or 100 kHz. The loops at 1 kHz
were leaky while the loops at 10 and 100 kHz were sat-
urated. Figure 5(d) shows the ferroelectric hysteresis
IOOpS of the Bi(Feo_gg_mzno.Oanm)Og (l’ = 001, 0037
0.05) thin-film capacitors measured under a 10 kHz tri-
angular voltage pulse. All films showed well-saturated
loops. The values of the remnant polarization (2P,) of
the Bi(FeO.QQ,IZIlo_OanZ)Og ((K = 00].7 003, 005) thin-
film capacitors were 59, 83, and 49 ;C/cm?, respectively.
The values of the coercive electric field (2E,) were 523,
577, and 558 kV/cm, respectively. Among the films in-
vestigated in this study, the Bi(Fep.96Zng.01Mng.03)O3
thin film exhibited the best ferroelectric properties due
to its low leakage current.

III. CONCLUSION

In summary, Bi(Fegg9_,Zngp1Mn,)Os (x = 0.01,
0.03, 0.05) thin films were deposited on Pt(111)/
Ti/Si0O2/Si(100) substrates by using a pulsed laser de-
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Fig. 5. (Color online) Ferroelectric hysteresis loops of (a) z = 0.01, (b) z = 0.03, and (c) z = 0.05 Bi(Fep.99—»Zn¢.01Mn, )O3
thin-film capacitors measured by using a triangular voltage pulse with 1, 10, and 100 kHz, and (d) Bi(Feo.99—»Zno.01Mn;)Os3
(z = 0.01, 0.03, 0.05) thin-film capacitors measured at a 10 kHz triangular voltage pulse.

position method. The effects of Zn?>* and Mn** dop-
ing on the leakage current density and the ferroelec-
tric properties of BFO thin films were investigated.
A reduced leakage current density was observed in
Bi(Feo_gg_xZIlo.Qanx)Og (:Z? = 001, 003, 005) thin-film
capacitors compared to BFO thin-film capacitor. Among
them, the Bi(Feg.96Zng.01Mng 3)O3 thin film capacitor
showed the lowest leakage current density and the largest
remnant polarization because of the small Fe?* concen-
tration associated with oxygen vacancies and the large
grain size. This result implies that controlling the con-
tents of Zn?* and Mn** in BFO thin films is important
for reducing the leakage current and improving the fer-
roelectric properties.
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