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As a low-bandgap ferroelectric material, BiFeO3 has gained wide attention for the potential photovoltaic applications,
since its photovoltaic effect in visible light range was reported in 2009. In the present work, Bi(Fe, Mn)Os3 thin films
are fabricated by pulsed laser deposition method, and the effects of Mn doping on the microstructure, optical, leakage,
ferroelectric and photovoltaic characteristics of Bi(Fe, Mn)O3 thin films are systematically investigated. The x-ray diffrac-
tion data indicate that Bi(Fe, Mn)Os thin films each have a rhombohedrally distorted perovskite structure. From the light
absorption results, it follows that the band gap of Bi(Fe, Mn)O3 thin films can be tuned by doping different amounts of
Mn content. More importantly, photovoltaic measurement demonstrates that the short-circuit photocurrent density and the
open-circuit voltage can both be remarkably improved through doping an appropriate amount of Mn content, leading to
the fascinating fact that the maximum power output of ITO/BiFey7Mng 303/Nb-STO capacitor is about 175 times higher
than that of ITO/BiFeO3/Nb-STO capacitor. The improvement of photovoltaic response in Bi(Fe, Mn)Oj3 thin film can
be reasonably explained as being due to absorbing more visible light through bandgap engineering and maintaining the

ferroelectric property at the same time.
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1. Introduction

As a novel candidate of photovoltaic materials, ferro-
electric materials have been extensively investigated, since
Choi et al. reported the visible light range photovoltaic ef-
fect in bismuth ferrite (BiFeOs, shortened to BFO) in 2009.H1
Compared with the common photovoltaic effect in semicon-
ductor p—n junction, the photovoltaic effect in ferroelectric
has several unique characteristics: (i) the anomalous photo-
voltaic effect: as a result of the bulk photovoltaic effect, a
large open circuit voltage can be obtained, which is much
larger than the band gap;[?! (ii) the switchable photovoltaic
response: the photocurrent and photovoltage direction can be
switched upon external electric field, while it is impossible in
conventional semiconductor p—n solar cells.*! In contrast to
the known semiconductor interfacial photovoltaic effect, the
bulk photovoltaic effect in ferroelectric materials, promoted
by the polarization-induced internal electric field, provides
an opportunity to simplify the solar cell into a simple elec-
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trode/ferroelectric/electrode sandwich structure, without com-
plicated junction structures.

Although the photovoltaic effect and several unique ad-
vantages in ferroelectrics have been known for more than
half a century, these materials have not been considered for
practical application to solar cells due to their small power
conversion efficiencies, partly resulting from the relatively
wide band gap of ferroelectric materials such as LiNbO3, 48]
Pb(ZrTi)0O3,>1% and BaTiO3.['!! The BFO with a relatively
low bandgap of 2.67 eV has aroused great interest in the ferro-

d.['>=14] However photons with wave-

electric photovoltaic fiel
length larger than 464 nm (accounting for more than 80%
of the solar spectrum) cannot be absorbed by BFO materi-
als either.l1>15:161 Recently, some novel ferroelectric mate-
rials with narrow band gap such as KBiFe;O5 (1.6 eV)l7l
and [KNbO3];_,[BaNig sNbg 503], (1.1 eV)[!¥] have been ob-
served, which can effectively absorb visible light. However,

the ferroelectric polarization of these materials is too low to
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separate the photo-exited carriers, which is detrimental for
photovoltaic performance in ferroelectric materials.
Therefore, to achieve efficient ferroelectric-based photo-
voltaic devices, it is essential to balance both band gap and
ferroelectric polarization, which promote the generation and
separation of the photogenerated carriers. In 2014, Nechache
et al."! experimentally reported that by tuning the Fe/Cr
cationic ordering and domain size, the double perovskite
BiyFeCrOg ferroelectric films can absorb the wide solar spec-
trum range from 1.4 eV to 3.2 eV and maintain the ferro-
electric performance at room temperature, thereby providing
a higher power conversion efficiency of 8.1% under AM 1.5 G
irradiation (100 mW-cm~2). Actually, various doping ele-
ments have been considered for reducing the bandgap of BFO
and absorbing more photon energy in solar energy, such as
La, Nd, Sm, Pr, Dy, Cr, Mn. Among these eminent doping
contributions, besides the Cr’* doping elements producing a
higher photovoltaic response, it should be noted that Mn3+
dopant element deserves to be further studied. Xu et al. have
already proved that the bandgap of BFO can be straightfor-
wardly tuned from 1.1 eV to 2.7 eV in Bi(Fe, Mn)O3 films,
with the Mn element content varying from 100% to 0, which
provides another potential candidate of ferroelectric material

(201 However, few experimental re-

for photovoltaic materials.
sults concerning the Mn dopant effect on the photovoltaic re-
sponse in BFO film have been reported. Therefore, we fab-
ricate various Mn element dopant BFO films by the pulsed
laser deposition method and study the effects of Mn content
on the microstructure, optical, ferroelectric and photovoltaic
performance of BFO thin films systematically. We find that
the photovoltaic response in ITO/Bi(Fep3Mng 7)O03/Nb-STO
film capacitor can be increased by almost 175 times than that
in ITO/BiFeO3/Nb-STO film capacitor, due to absorbing more
visible light and maintaining excellent ferroelectric perfor-
mance in Bi(Fe, Mn)Oj3 films.

2. Experimental procedure

The BiFe;_Mn,O3 (x =0, 0.1, 0.3 and 0.5) [shortened
to BFMO] targets were synthesized via a solid state reaction
route, where the starting materials were MnO;, Fe,03, and
Bi»03. The Mn compositions in different ceramic targets were
0 mol%, 10 mol%, 30 mol%, and 50 mol% in total content
of B-site element, respectively. The oxide mixture of BFMO
composition was calcined at 700 °C in air for 2 h to form the
desired BFMO phase, before it was sintered at 750 °C for 4 h
to form the polycrystalline ceramic BFMO target. The 60-
nm-thick BFMO ferroelectric films were grown on the (100)-
orientation Nb-doped SrTiOs substrates by the pulsed laser
deposition at 560 °C and 9-Pa oxygen pressure, with a KrF
excimer laser (248 nm, Coherentlnc.) running at a repeti-
tion rate of 3 Hz and an energy density of 2.3 J/cm?. We

denote the samples with the Mn content values of 0 mol%,
10 mol%, 30 mol%, and 50 mol% as BMO, BM1, BM3, and
BMS, respectively. In order to measure the electrical proper-
ties of the films, circular ITO top electrodes of 100 pm in di-
ameter were deposited by the pulsed laser deposition method
through shadow masks. The surface morphologies and fer-
roelectric property of the films were studied using an atomic
force microscope (AFM, Veeco Dimension 3100V). The mor-
phology measurements were made using an 8-nm diameter tip
with k = 35 N/m, while a PtIr coated tip with k = 40 N/m for
piezoresponse force microscopy (PFM) testing. The phases
and textures of the films were determined by x-ray diffrac-
tometer (D8 Advance, Bruker) with Cu K, radiation. Their
leakage behaviors were characterized by using a Keithley me-
ter 4200 parameter analyzer. The photovoltaic response per-
formances were measured by a Keithley meter using a stan-

dard xenon lamp light source with an intensity of 85 W/m?.

3. Results and discussion

Figure 1(a) shows the XRD patterns of the BFO thin films
with different amounts of Mn doping content. Each of the
BFMO films exhibits a strong (100) texture which is in accor-
dance with the substrate orientation. Weak peaks of impurity
phases (Bi;O3 and BipFe4Oq) are detected in BMO, BM1, and
BM3, while the peaks of BioO3 in BMS5 are much stronger.
This result can be ascribed to the fact that Bi deficiencies are
produced during migration of ablated species on the substrate
before crystallization.[?->?] The enlarged view of Fig. 1(a) il-
lustrates that the (100) diffraction peaks of BFMO shift to-
wards higher diffraction angle gradually with increasing Mn
content, which confirms the presence of lattice distortion in
the previous reports.[>>->3] From the AFM topography images
in Fig. 1(b), it is found that Mn substitution seems to affect the
microstructure of the film. For the pure BFO film, the mor-
phology of a quite smooth surface (with a surface roughness
of 1.94 nm) is obtained. However, rough surface morpholo-
gies are found in Mn-doped BiFeO3 films, which display root-
mean-square roughness values of about 4.44 nm, 8.76 nm, and
56.2 nm respectively. As a result, the surface roughness is re-
markably increased with the increase of Mn content due to the
formation of many nanoparticles.[?!! This behavior seems to
be mainly caused by the volatilization of Bi element, and the
nanoparticles have been proved to be Bi; O3 phase.?*2"! Fur-
thermore, we find that the Bi, O3 nano-pillar structures become
larger with the increase of the Mn content, which is corre-
sponding to the strong Bi»O3 peaks appearing in XRD pattern
of BMS5 sample.
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Fig. 1. (color online) (a) XRD 6-26 scan patterns of BiFeO3 (black),
BiFep9Mng O3 (blue), BiFep7Mng 303 (red), and BiFeysMng 503
(green) thin films deposited on Nb-STO (100) substrates. The peaks
are indexed as B for BFMO, S for Nb-STO. The left image is the en-
larged view of XRD image. (b) AFM images of BiFe;_,Mn,O (x =0,
0.1, 0.3, 0.5) thin films.

Figure 2(a) shows the plots of leakage current density ver-
sus input voltage of BFMO film capacitors doped with various
amounts of Mn element content. The Mn-doped films each
show a greatly reduced leakage current compared with pure
film. The large leakage current density in BiFeO3 thin film
is greatly associated with the presence of Fe’* and oxygen
vacancies, while the leakage current density decreases remark-
ably due to the formation of deep traps.[?8! The horizontal shift
from zero in the leakage current curve may be due to the
stored space charges at the electrodes/BiFeOs interface, which
was also investigated in other papers.!?%*°1 Furthermore, we
demonstrate that the device interface contact is of Schottky
barrier mode through fitting the /-V curve at different tem-
peratures. As mentioned before, the separation of the photo-
excited carriers in ferroelectric films results from the ferroelec-
tric induced depolarization field. In order to check the ferro-
electric performance in a BFMO film, the piezoelectric force
microscope method is used. Figure 2(b) exhibits a clear loop
of local response of the phase to the bias field and the inset

shows the switchable out-plane domain piezoresponse force
microscopy image under plus or minus 6-V bias in BM1, all
of these are the evidence of ferroelectric polarization switch-
ing. It should be mentioned that this switchable ferroelectric
performance can be observed in all BFMO films, which is crit-
ical for the photovoltaic applications in ferroelectric films.

(a) = BMO
= BM1
—~ 1072 = BM3
C\‘E = BM5
3]
~
< 105
~
>
h
0
§ 1078
o)
+
=]
&
5 1071
O
10-14 1 1 " 1 1
—1.0 —0.5 0 0.5 1.0
Voltage/V
120 ®)
—— BM1
90
= 60
8
&
[f 30F 180°
-6V
0
—30r 0 6.0 pm
| ,Phase 1 | |
—10 -5 0 5 10 15

Sample bias/V
Fig. 2. (color online) (a) Plots of current density versus input voltage
in Bi(Fe, Mn)O3 films doped with various amounts of Mn element con-
tent. (b) PFM piezoelectric response phase loop for BM1 sample. The
insert is ferroelectric domains image of BM1 sample after applying +6-
V poling bias.

Besides the ferroelectric properties of BFMO films, the
property of light absorption is critical to improving the pho-
tovoltaic response. Figure 3 shows the room-temperature
absorption spectra of the BFMO films doped with various
amounts of Mn element content. Absorption coefficient is cal-
culated from a(E) = —1/dIn[.7 < E], where d is the film
thickness, .7 is the measured transmittance, and E is the en-
ergy, respectively. It is preceded by a small shoulder centered
at ~ 2.25 eV, which yields an absorption onset near 2.00 eV
in BMO sample. First, the small shoulder at 2.25 eV is broad-
ened obviously and begins to be red-shifted with the increase
of Mn content. For each of BMO and BM1 samples, the onset
of optical absorption is near 2.00 eV, however, for the BM3 it
is about 1.9 eV. Then, the shoulder at 3.2 eV becomes intense
and obvious with Mn content increasing. The direct band gap
is extracted by linearly extrapolating the plot of (¢t - E)? versus
E to zero (as shown in the insert). We find that the direct band

067702-3



Chin. Phys. B  Vol. 26, No. 6 (2017) 067702

gap values are at 2.86 eV, 2.82 eV, 2.71 eV in BM0O, BM1,
BM3 samples respectively, the bandgap variation tendency is
consistent with that of the results by Xu ez al.!*°! However,
the BMS5 sample exhibits the less light absorption performance
than the BM3 sample. The reason for the small absorption in
the BMS is not clear at this moment. It is clear that BiFeOj3
films doped with Mn element can improve the performance of
the spectrum absorption in visible light, which is significantly
beneficial to the light-to-electricity conversion process due to
the fact that more photo-induced carriers are generated. This
may provide an effective candidate of photovoltaic material
for potential solar cell applications.
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Fig. 3. (color online) Variations of absorption coefficient with energy
of Bi(Fe, Mn)O3 films on the quartz substrates. The insert image shows
the direct band gap analyses of these thin film samples.
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The photovoltaic responses in various ITO/Bi(Fe,
Mn)O3/Nb-STO film capacitors are measured [Fig. 4(a)], indi-
cating an improved photovoltaic response in Mn-doped BFO
film. The photocurrent density (Ji.) of 0.17 A/cm? and pho-
tovoltage (Voo) of 0.04 V are exhibited under 85-W/m? illu-
mination conditions in BMO sample and subsequent larger J.
and V. values are obtained in Mn-doped samples. Meanwhile,
the values of J. and V. are improved to 1.66 pA/cm? and
0.31 V in BMI, 1.81 uA/cm? and 0.33 V in BM3, respec-
tively. However, the Jy. and V, are 0.5 uA/sz and 0.25 V in
BMS, which is probably due to the formation of higher con-
tent of impurity phase (BipO3) as shown in the XRD pattern
and AFM image (see Fig. 1). Figure 4(b) shows the corre-
sponding terminal voltage dependence of output for various
ITO/Bi(Fe, Mn)O3/Nb-STO capacitors. By comparison with
BMO capacitor, the output power of Mn-doped BiFeOs film
is much higher. Specifically, the output power value of the
ITO/Bi(Feo7Mny 3)03/Nb-STO capacitor is almost 175 times
larger than that of the ITO/BiFeO3/Nb-STO capacitor. The
variations of Jg. and V. with illumination intensity are also
shown in Figs. 4(c) and 4(d). Apparently, the values of Js. and
Voc are both proportional to incident light intensity as shown
in Figs. 4(c) and 4(d). The Jy is observed to increase almost
linearly with the illumination intensity rising (Fig. 4(c)), while
Voc becomes saturated gradually with illumination intensity in-
creasing (Fig. 4(d)). These variation trends are similar to those
of the semiconductor solar devices.?!!
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Fig. 4. (color online) (a) Plots of current density versus the input voltage of Bi(Fe, Mn)Oj3 films with visible light at 85 W/m?.
(b) Corresponding terminal voltage dependence of output (voltage x current) for ITO/Bi(Fe, Mn)O3/Nb-STO capacitors. (c) Plots of
short-circuit current density, Jsc versus light intensity. (d) Plots of open-circuit voltage, Vo, versus light intensity.
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4. Conclusions

In this work, the effects of doping Mn on the microstruc-
ture, optical, leakage, ferroelectric and photovoltaic charac-
Op-
tical measurements demonstrate that the bandgap and the

teristics in BFO films are investigated systematically.

light absorption performance can be effectively tuned by

doping various amounts of Mn content. From the pho-

tovoltaic results, it is clear that the photovoltaic output in
ITO/Bi(Feg 70My 30)O3/Nb-STO capacitor is almost 175 times
larger than that in ITO/BiFeO3/Nb-STO capacitor. Our exper-
imental results demonstrate that Mn element doping would be
an effective method to improve the photovoltaic response of
BiFeO; film.
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