AI P Journal of
\ Applied Physics w17/
Calcium-doping effects on photovoltaic response and structure in multiferroic BiFeO3

ceramics
C. S. Tu, C.-M. Hung, Z.-R. Xu, V. H. Schmidt, Y. Ting, R. R. Chien, Y.-T. Peng, and J. Anthoninappen

Citation: Journal of Applied Physics 114, 124105 (2013); doi: 10.1063/1.4823856

View online: http://dx.doi.org/10.1063/1.4823856

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/114/12?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Significantly enhanced ferroelectricity and magnetic properties in (Sr0.5Ca0.5)TiO3-modified BiFeO3 ceramics
J. Appl. Phys. 117, 174101 (2015); 10.1063/1.4919705

Effect of diamagnetic barium substitution on magnetic and photovoltaic properties in multiferroic BiFeO3
J. Appl. Phys. 115, 17D901 (2014); 10.1063/1.4862381

Enhanced dielectric and multiferroic properties of single-phase Y and Zr co-doped BiFeO3 ceramics
J. Appl. Phys. 114, 154103 (2013); 10.1063/1.4825216

Photo-induced electric phenomena in antiferromagnetic BiFeO3 ceramics
J. Appl. Phys. 113, 17D905 (2013); 10.1063/1.4794743

Photovoltaic phenomena in BiFeO3 multiferroic ceramics
J. Appl. Phys. 111, 07D912 (2012); 10.1063/1.3675984

lied Physi ‘
AP ’agelewsm

B -
NEW Special Topic Sections
—

NOW ONLINE PP
Lithium Niobate Properties and Applications: PRHEC BIYSES
Reviews of Emerging Trends AI P | Reviews



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/574800043/x01/AIP-PT/JAP_ArticleDL_032316/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=C.+S.+Tu&option1=author
http://scitation.aip.org/search?value1=C.-M.+Hung&option1=author
http://scitation.aip.org/search?value1=Z.-R.+Xu&option1=author
http://scitation.aip.org/search?value1=V.+H.+Schmidt&option1=author
http://scitation.aip.org/search?value1=Y.+Ting&option1=author
http://scitation.aip.org/search?value1=R.+R.+Chien&option1=author
http://scitation.aip.org/search?value1=Y.-T.+Peng&option1=author
http://scitation.aip.org/search?value1=J.+Anthoninappen&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4823856
http://scitation.aip.org/content/aip/journal/jap/114/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/117/17/10.1063/1.4919705?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/17/10.1063/1.4862381?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/15/10.1063/1.4825216?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/17/10.1063/1.4794743?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/111/7/10.1063/1.3675984?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 114, 124105 (2013)

@ CrossMark

Calcium-doping effects on photovoltaic response and structure

in multiferroic BiFeO; ceramics

C.S.Tu,"2? C.-M. Hung," Z.-R. Xu,? V. H. Schmidt,® Y. Ting,? R. R. Chien,® Y.-T. Peng,?

and J. Anthoninappen’

'Graduate Institute of Applied Science and Engineering, Fu Jen Catholic University, New Taipei City 24205,

Taiwan

2qu)artrm:nt of Physics, Fu Jen Catholic University, New Taipei City 24205, Taiwan
3Department of Physics, Montana State University, Bozeman, Montana 59717, USA

(Received 7 June 2013; accepted 16 September 2013; published online 27 September 2013)

Photovoltaic (PV) effects, power-conversion efficiencies, and structures have been systematically
measured in (Bi;_,Ca,)FeOs;_s ceramics for x=0.05, 0.10, and 0.15. The heterostructures
of indium tin oxide (ITO) film/(Bi;_,Ca,)FeO3;_s ceramics/Au film exhibit significant PV
effects under illumination of A=405nm. The maximum power-conversion efficiency in the
ITO/(Big.90Cag.19)Fe0,95 (BFO10C)/Au can reach 0.0072%, which is larger than 0.0025%
observed in the graphene/polycrystalline BFO/Pt films [Zang et al., Appl. Phys. Lett. 99, 132904
(2011)]. A theoretical model based on optically excited current in the depletion region between
ITO film and Ca-doped BFO ceramics is used to describe the I-V characteristic, open-circuit
voltage, and short-circuit current density as a function of illumination intensity. This work suggests
that the Ca-substitution can reduce the rhombohedral distortion and stabilize the single-phase
structure. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823856]

. INTRODUCTION

Photovoltaic (PV) effects in ferroelectric perovskite
oxides, such as LiNbOs,! BaTiOs,> Pb(Zr,Ti)O5 (PZT),>*
and La-doped PZT5 have been reported for dependences
on light wavelength, thickness, and ion substitution.
However, most of these materials have not been considered
for PV applications due to small power-conversion efficien-
cies. The maximal power-conversion efficiencies are about
0.005% under sunlight and 0.28% under narrow-band ultra-
violet in the La-doped PZT films.® Recent studies have
shown promising PV and photostrictive properties in BFO
films and crystals.'"®* The maximal power-conversion effi-
ciencies in the Au/polycrystalline BFO/Pt films and indium
tin oxide (ITO)/polycrystalline BFO/Pt films capacitors are
about 0.005% and 0.125%, respectively, at intensity (/) of
4.5W/m>'* The maximal power-conversion efficiency in
the graphene/polycrystalline BFO/Pt films is about 0.0025%
at I~10°W/m%."> A high external quantum efficiency of
10% under illumination of 4 =340nm was reported in the
epitaxial ITO/BFO/SrRuO; films.*

Several PV mechanisms have been proposed for BFO,
including asymmetric ferroelectric PV effect,*'® domain-
wall model,'” and p-n junction model.?* BFO and ITO films
have exhibited p- and n-type semiconductivities with carrier
densities of 1n,~ 10%m™2® and n,~10*-10""m >,
respectively.”>2* The recent PV results observed in the
ITO/BFO ceramic/Au heterostructure show dependences on
BFO thickness, light wavelength, and electric poling.*>*
The PV responses can be attributed to photo-excited charge
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carriers in the interface between BFO ceramic and ITO
film.>

Recent structural results of (Bi;_,Ca,)FeO;_s suggested
ferroelectric rhombohedral (or monoclinic) phase and para-
electric tetragonal (or pseudo-tetragonal or orthorhombic)
phase, respectively, for 0 <x<0.1 and 0.18 <x<0.5, with a
two-phase coexistence for the intermediate compositions.?’ 2
The electric properties of (Bi;_,Ca,)FeO;_s ceramics are
sensitive to the oxygen pressure during synthesizing process
and the conductivity can change from p-type semiconduction
to an ion conduction.’’ A p-n junction could be formed in
Ca-doped BiFeO; thin films (with coplanar platinum electro-
des) by oxygen vacancy movement under an electric-field
application.*?

Il. EXPERIMENTAL PROCEDURE

The (Big95Cag,05)Fe02 975 (BFO5C), (BigooCap.10)Fe02.05
(BFO10C), and (BiggsCag15)Fe0,9>5 (BFO15C) ceramics
were prepared by the solid state reaction method, in which
Bi,05;, CaO, and Fe,O; powders (purity >99.0%) were
weighed in 0.95:0.1:1.0, 0.90:0.20:1.0, and 0.85:0.3:1.0 ratios,
respectively. The powders were mixed in an agate mortar with
alcohol as a medium for more than 24 h. The chemical reactions
are 095B1203 +0.1Ca0 + F62034’2(Bi0_95C30_05)F602.975,
090B1203 + 0.2Ca0 + F8203—>2(Bi0.9()ca().1())F602A95, and
085B1203 +0.3Ca0 + FCQO3—>2(B10185C30_15) FCOQ.925,
respectively. The dried mixtures were calcined at 800 °C for 3 h
for all compositions. The sintering temperatures are in the range
of 845-925 °C with dwelling time of 3 h.

A Rigaku Multiplex Diffractometer with radiations of Ko,
(1.5444 A) and Ko, (1.5406 1&) was used for structure analysis.
For PV measurements, Au and ITO films (~100 nm) electro-
des were deposited on ceramics by dc sputtering deposition.

© 2013 AIP Publishing LLC
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The thickness and illuminated area (also electrodes’ area) of
samples are 0.2 mm and ~0.15 cm>.

lll. RESULTS AND DISCUSSION

The X-ray diffraction (XRD) spectra are shown in Fig. 1
with grain morphologies in the insets. BFO5C shows a rhom-
bohedral structure at room temperature, the same as the pure
BFO ceramic.?’” As Ca content increases, the XRD reflec-
tions of BFO10C and BFO15C become narrower and shift
slightly to higher 20 positions, mainly due to the smaller
ionic radius of the Ca*" ion (0.99 A) compared with the Bi*"
ion (1.03 A) in the A site of the perovskite unit cell. BFO15C
shows no splitting in all XRD peaks, revealing a
single-phase pseudocubic structure. This result suggests that
Ca doping in BFO can reduce rhombohedral distortion and
volume of unit cell. Based on the (110) reflections, the calcu-
lated lattice parameters of the pseudocubic structure for
BFO10C and BFO15C are, respectively, a ~3.951 A and
a~3.910 A, which are close to the pseudocubic lattice pa-
rameters predicted in Ref. 33. In addition, BFO10C and
BFO15C show no second phase, suggesting that the
Ca-substitution in the A site of the perovskite unit cell can
stabilize the single-phase structure.

For PV measurements, a diode laser of A =405nm was
used as the illumination source. The laser beam was incident
perpendicular to the sample surface with ITO film. Figure 2
shows open-circuit voltage (V,.) and short-circuit current

BFO15C

(110)

L 100
L (111)

L (210)
{>(211)

BFO10C

10 um

Intensity (arb. unit)

20 30 40 50 60
20 (degrees)

FIG. 1. XRD spectra at room temperature. Insets are grain morphologies
observed by SEM.
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density (Jy.) as the laser was switched on and off with
increasing intensity (/). V,,. and J,. are plotted in Fig. 3 as a
function of illumination intensity. BFO10C exhibits stronger
PV responses than BFO5C and BFO15C, especially for J..
Both V,. and J,. exhibit strong dependences on illumination
intensity for /< 1000 W/m?. V,. and J,. at I~ 900 W/m?
are about 0.45V and 0.053A/m”> for BFOS5C, 047V
and 0.46 A/m> for BFOI0C, and 0.45V and 0.32 A/m’
for BFO15C. These PV responses are comparable with
Ve 044V and J,.~025A/m> at I~1x10°W/m?
observed in the heterostructure of graphene/polycrystalline
BFO/Pt films."> The poled lead lanthanum zirconated tita-
nate (PLZT) (3/52/48) piezoelectric ceramic  has
e 2x 1074 A/m2 at I ~2 x 10 W/m? under illumination
of . =366nm.”

To understand the illuminated V. and J,., we consider a
heterojunction diode consisting of an n-type ITO layer and a
p-type Ca-doped BFO ceramic. The analysis is similar to
that presented by Fahrenbruch and Bube®* in their Fig. 6.9
and Eq. (6.13) with two exceptions. The first exception is
that they discuss the photo-induced current i, in terms of an
intensity spectrum over wavelength, whereas we derive an
expression for i, based on monochromatic light. The second
exception is that they use the sign convention that applies to
ordinary diodes, that a large positive V gives a large positive
i, and a large negative V gives a small negative i of magni-
tude i,. We use Shockley’s sign convention,* which for a
photodiode the sign of the output current i is positive.

The expression of diode current under an applied volt-
age V can be expressed as

- (a) —— BFOS5C
0.6 | —— BFO10C 2200
| - 1253 2280
BFO15C 013 1503233
~ 569 - =
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FIG. 2. (a) Open-circuit voltage V,,. and (b) short-circuit current density J;,.
as light was switched on and off with increasing incident intensity labeled
on the tops of illuminations.
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FIG. 3. Intensity-dependent (a) V,,. and (b) J,.. The solid lines are the theo-
retical fits with parameters given in Figure.

ig = i,{explg(V — iaRy)/EKT] — 1}, (1)

where R, and ¢ are the source resistance and diode-quality
factor. To find i, and R, the characteristic curves of current
vs. voltage were measured in the dark as shown in Fig. 4. By
using Eq. (1) with g=1.6x10"" C, k=1.38 x 10 % J/K,
and T=300K, we obtained i,=1 x 1075 A, R,=75000 Q,
and ¢ = 1.6 for BFO5C, i, =1 x 107> A, R, = 13000 Q, and
¢=1.4 for BFO10C, and i,=1x 107" A, R,=280009,
and {=1.6 for BFO15C. ¢ usually vary from 1 to 3 for

o
=~

R=75000 ohms
£-1.6

o
w

BFO10C
i=1x10™ A
R¢13000 ohms
£=1.4

BFO15C
i=1x10™ A
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o
(3]

I
=

o
o
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FIG. 4. Characteristic curves of current versus applied dc voltage in the
dark.
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homojunction and heterojunction diodes.>* Sen and Tyagi
predicted that ¢ should depend on grain size.*

For brevity, below, we introduce a “thermal voltage con-
stant” V7, which has dimensions voltage and is proportional
to T, given by V; = £kT/q. Based on Eq. (1), the measured
current i can be expressed as a function of measured voltage
under illumination by

i =iy~ ip(exp{lV — (i~ )RV} = 1), @)
where i, and i, is the photo-induced and diode currents. We
now consider the photo-induced current i, in Eq. (2).
Because the energy gap in the ITO exceeds the photon
energy, the light intensity is assumed to decay only in the
BFO-Ca side with a general form of I(z) =1exp(—z/f),
where f is the attenuation length for which > d,,. d,, is the
depletion-region width in the Ca-doped BFO side. The
absorbed intensity /,, in the depletion region can be estimated
by 1,=1d/f5. The creation rate of electron-hole pairs is esti-
mated to be the absorbed intensity divided by the photon
energy, I,/(hc/2). Then, i, is given by the following equation,
in which for brevity we introduce the “illumination current
constant” i; = .¢qS/I/hc, which has dimension of current:

iy = qdyISA/hcf = i1d,/p, 3)

where § is the illuminated area. The depletion width d, is
related to the potential step —U across the entire depletion
region of the diode, and —U is found by the following standard
derivation. In the ITO-side depletion region (—d,, < x < 0), the
net charge density p,=gn, comes from the ionized donors
that have donated electrons to the conduction band. Similarly,
in the Ca-doped BFO depletion region (0 <x<d,), p,=qn,
comes from the acceptors that have accepted electrons from
the valence band. Using Gauss’s Law in the region
—d,, <x <0, the position-dependent E field is

B0 = [ (ufan)ad = (fe) ). @

Then, the total contribution from the n-type ITO and p-type
Ca-doped BFO sides to -U is

0 d,
U= —J E(x)dx — J E(x)dx
—d, 0

= (_Q/zso)(npd[%/sp + nndﬁ/gn): (5)

where ¢, is the vacuum permittivity and ¢, and ¢, are the
dielectric permittivities. The requirement that there is no net
charge in the depletion region gives d, = (n,/n,)d,. The car-
rier densities of p-type BFO film and n-type ITO film are
1y, ~ 102m > and n,~10*-10""m >, respectively.”**
Thus, the depletion-region width d, in the ITO is much less
than d,, in the Ca-doped BFO side, so d, can be designated as
simply d. Then, Eq. (5) yields

-U = f(qdzn,,/Zsos,,)(l + nye,/en,) = —Bd’,

6
B = (qny/2¢,8y) (1 + npey/enny). ©)
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The room-temperature dielectric permittivities (g,) of
BFOS5C, BFO10C, and BFO15C ceramics are, respectively,
about 120, 90, and 170 for measuring frequency f=1 MHz.
The ratio ¢,/¢, is much smaller than n,/n,, so nyep/n,e, < 1
in Eq. (6), and using the above numerical values it can be
rewritten approximately as

~U = —Bd* =~ —qd’n,/2¢,¢,. (7)

The voltage step across the depletion region (p side
minus n side) is designated “—U,” without illumination. We
assume unilluminated ohmic contacts to the ITO and Ca-
doped BFO, which together will provide an emf 4 U, which
can be assumed to change little when current flows due to
illumination of the ITO—Ca-doped BFO junction.
Illumination and/or externally applied voltage can change
the depletion region width and correspondingly change the
-U, voltage step to —U. The measured voltage V across the
diode then can be described by

V=U,-U-~(I, - L))Ry, ®)

where I,,-1; is the measured current. For V =0 and no illumi-
nation, we designate the corresponding d value as d,,. The pa-
rameters U, and f§ should be independent of / and V. To find
them, we use Egs. (3), (7), and (8)

B = aiSI[(Uy = ixcR,)/B]' [hcipec, ©)
_ 2 . 2 2
Uo = (VDClp.vc - lSCRSlpoc)/(lpxc - l[m(‘)' (10)

We now consider the short and open circuits with corre-
sponding subscripts “sc¢” and “oc,” respectively. For the
short-circuit V=0 case, Eq. (2) takes the form

l.sc - ipxc - io [exp(iscRx/VT) - 1]; (11)
where i, =i, —iz. The only unknown in Eq. (11) is i,
and in Eq. (3) for iy the unknowns are d,. and f, so for
known light intensity / and measured ;. we can solve Eq. (3)
to estimate the ratio d,./f3, which is given by

d‘wr/ﬂ = l.pxzr/il - {isc + io [GXP(C]lchv/fkT) - 1]}/11 (12)

For the short-circuit case, Eq. (8) becomes
V=0=U,—U-iy R, and we then use Eq. (7) to obtain

U, — Bd% — i R; = 0. (13)

By squaring Eq. (12) and substituting into Eq. (13), we
obtain one of the two desired relations between U, and f:

iscRy = U, — B{is + i,[exp(iscRs/ V1) — 1}}2/32/1'%. (14)

Eq. (14) can be used to fit the measured i,. = /.S as a func-
tion of illumination intensity /.

For the open-circuit case (J/ =0), Egs. (2), (3), (7), and
(8) take the respective forms
io[exp(Voe/Vr) — 1], (15)

e =0 = lpoc —

J. Appl. Phys. 114, 124105 (2013)

ipoc = ildoc/ﬂ7 (16)
Upe = Bd,,, (17)
Voc - Uo - Uoc- (18)

Combining Egs. (15)—(18) gives us the other relation
between U, and f§

Voe = U, — Bi2[exp(Voe/Vr) — 172 )i2. (19)

By solving Egs. (14) and (19) simultaneously, we can find
U, and B. The expression for /i is

B = (Vo — iscR\) 2 /B({ise + iolexpliscRy/Vr) — 1]}
— 2[exp(Voe/Vr) — 1%). (20)

Using this * expression, U, can be found from either Eq.
(14) or (19). U, and f can be estimated using the measured
isc and V. for one I, then Egs. (14) and (19) can be used to
fit the measured J,. and V. respectively as a function of
intensity.

The solid lines in Fig. 3 are fits of V. and J. by using
Egs. (14) and (19), respectively, with parameters given in
Fig. 3(a). The theoretical fits agree with experimental results
well with physically reasonable parameters. In particular, the
i, value may appear small, but it does allow for a reverse cur-
rent contribution, which significantly reduces the short-
circuit current density, and minimizing such reduction is a
well-known design consideration for p-n junction PV
devices.

From the fitting B(=2 gn,/2¢,¢,) values listed in Fig.
3(a), the calculated carrier densities of BFO5C, BFO10C,
and BFOI15C are, respectively, n,~1.1X 10*! m73,
n,~ 1.0 x 10”m™, and n,~ 1.9 x 10°°m—>, which are
smaller than n,~10*”m~> in BFO film.*> From Eq. (7),
d,~ (UO/B)l/ 2, the depletion-region  widths for no

0.06 I (a) BFO5C

1253 W/m®

J (A/m%)

0.02

0.00
0.0006

0.0004

n (%)

0.0002

0.0000

0.2 0.3
Voltage (V)

FIG. 5. Illuminated curves of (a) current density (J) versus voltage and (b)
power-conversion efficiency (1) versus voltage for BFO5C ceramic.
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(a) BFO10C

1253 W/m’

0.0

0.008

0.006
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0.004

0.002

LN B B B B L B B B B B B S B B B S B

0.000

Voltage (V)

FIG. 6. Illuminated curves of (a) current density (J) versus voltage and (b)
power-conversion efficiency (1) versus voltage for BFO10C ceramic.

illumination are d,~2.6 ym, d,~23 um, and d,~7.3 ym
for BFO5C, BFO10C, and BFO15C, respectively. The deple-
tion layer between ITO and BFO films was estimated to be
few hundred nanometers.”> The theoretical attenuation
lengths (f) are about 15.2, 15.9, and 6.4 mm for BFO5C,
BFO10C, and BFO15C, respectively. These f§ values are cal-
culated for absorption caused only by electron-hole creation

(a) BFO15C

(b)

LIS L B N L L L L ° BN LN AL B L L L A LN B A

0.0 . 0.2
Voltage (V)

FIG. 7. Illuminated curves of (a) current density (J) versus voltage and
(b) power-conversion efficiency (1) versus voltage for BFO15C ceramic.

J. Appl. Phys. 114, 124105 (2013)

and are much larger than actual values, because of other
absorption and dissipation mechanisms, such as internal
reflection by grain boundaries and charge recombination.

For measurement of power-conversion efficiency (#), an
adjustable load resistance (R;) was used to obtain the relation
between current and voltage of the load. The curves of illumi-
nated total current density (/) and power-conversion efficiency
(n) versus total voltage (V) for several intensities are given in
Figs. 5-7, respectively. The maximum power-conversion effi-
ciency shifts to higher voltages as illumination intensity
increases. BFO10C exhibits stronger power-conversion effi-
ciencies than BFO5Ca and BFO15C. As shown in Fig. 6(b) for
BFO10C, the #-V curve at [ ~451 W/m? shows a maximum
power conversion of #,,,.~ 0.0075%, which is larger than
Nmax~ 0.002% in the ITO/BFO ceramic/Au structure®® and
Nmax~ 0.0025% 1in the graphene/polycrystalline BFO/ Pt
structure. '

IV. CONCLUSIONS

Strong intensity-dependent photovoltaic effects are
observed in the heterostructures of ITO film/(Bi;_,Ca,)FeO5_s
ceramics/Au film under illumination of A=405nm. The
BFOI10C exhibits stronger maximum power-conversion effi-
ciency (e than BFO5SC and BFO15C. The maximum
power-conversion efficiency (fm.x) in the ITO/BFO10C
ceramic/Au can reach 0.0072%. The theoretical model can
well describe the experimental results of I-V characteristic (at
dark), illuminated open-circuit voltage V,., and short-circuit
current density J. as a function of illumination intensity. This
model was used to estimate physical parameters of charge car-
rier density (np), optical attenuation length (f), and
depletion-region width (d,). The heterovalent substitution from
Bi*" to Ca®" could cause the occurrences of oxygen vacancies
and an iron change of Fe>™—Fe*". The PV responses in the
ITO/(Bi,_,Ca,)FeOs_; ceramics/Au mainly depend on physi-
cal parameters and microstructure in the depletion region, such
as carrier density and depletion width. In addition, oxygen va-
cancy, grain size, and the distribution of Fe®> and Fe*" ions in
ceramics also affect the transport of charge carriers. This work
suggests that the Ca-substitution in (Bi; _Ca,)FeO;_ s ceramics
can reduce the rhombohedral distortion toward a pseudocubic
cell.
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