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Abstract: The need for ferroelectric materials with both narrow bandgaps (Eg) and large remanent 
polarization (Pr) remains a key challenge to the development of high-efficiency ferroelectric photovoltaic 
(FPV) devices. In this work, [(K0.43Na0.57)0.94Li0.06][(Nb0.94Sb0.06)0.95Ta0.05]O3 (KNLNST)-based 
lead-free ceramics with narrow Eg and large Pr are obtained via Fe2O3 doping. By optimizing the level 
of Fe2O3 doping, a KNLNST+1.3% Fe2O3 ceramic is fabricated that simultaneously possesses a 
narrow Eg of 1.74 eV and a large Pr of 27.05 μC/cm2. These values are much superior to those of 
undoped KNLNST ceramics (Eg = 3.1 eV and Pr = 17.73 μC/cm2). While the large Pr stems from the 
increment of the volume ratio between the orthorhombic and tetragonal phases (VO/VT) in KNLNST 
ceramics by proper amount of Fe3+ doping, the narrow Eg is attributed to the coupling interaction 
between the Fe3+ dopants and the B-site Sb3+ host ions. Moreover, a switchable photovoltaic effect 
caused by the ferroelectric depolarization electric field (Edp) is observed in the KNLNST+1.3% Fe2O3 
ceramic-based device. Thanks to the narrower Eg and larger Pr of the doped ceramic, the photovoltaic 
performance of the corresponding device (open-circuit voltage (Voc) = −5.28 V and short-circuit 
current density (Jsc) = 0.051 μA/cm2) under a downward poling state is significantly superior to that of 
an undoped KNLNST-based device (Voc = −0.46 V and Jsc = 0.039 μA/cm2). This work offers a 
feasible approach to developing ferroelectric materials with narrow bandgaps and large Pr for 
photovoltaic applications. 
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[(Nb0.94Sb0.06)0.95Ta0.05]O3 (KNLNST) 
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1  Introduction 

Ferroelectric materials have attracted enormous attention 
in the field of solar cells since the bulk photovoltaic 
effect was discovered in 1956 [1–3]. The bulk 
photovoltaic effect is associated with the spontaneous 
polarization induced by the inversion symmetry 
breaking of ferroelectric materials and is different from 
the working mechanism of traditional p–n junction 
solar cells [4]. In traditional p–n junction solar cells, 
the photogenerated carriers are separated by the 
built-in electric field at the p–n junction interface. As a 
result, the open-circuit voltage (Voc) of these solar cells 
is lower than the bandgap (Eg) of the light-absorbing 
layer material, leading to a limited power conversion 
efficiency (PCE) of the solar cells that cannot exceed 
the Shockley–Queisser limit (33.7%) [5,6]. In contrast, 
the driving force of photogenerated carriers in 
ferroelectric photovoltaic (FPV) devices is caused by a 
polarization-induced electric field throughout the 
materials. Thus, an FPV device shows an anomalous 
photovoltaic effect with an over-bandgap Voc, which 
makes it possible for such devices to break the 
Shockley–Queisser PCE limit [7]. Moreover, the 
photovoltaic performance of these devices can be 
modulated by external poling electric fields [6,8]. 
These features have made ferroelectric-based photovoltaic 
devices an ideal alternative and/or complement to 
traditional p–n junction solar cells. However, most 
ferroelectric materials, such as K0.5Na0.5NbO3 (KNN; 
Eg = 3.2 eV) [9], PbZr0.65Ti0.35O3 (Eg = 3.4 eV) [10], 
and BaTiO3 (BTO; Eg = 3.2 eV) [11], possess wide 
bandgaps of above 3.0 eV, which result in the 
insufficient absorption of sunlight. Therefore, most 
reported FPV devices exhibit very low PCE values of 
below 1% [12,13]. 

Huge efforts have been made to decrease the 
bandgaps of ferroelectric materials via appropriate ion 
doping to improve their absorption of sunlight. 
(1−x)KNbO3–xBa(Ni1/2Nb1/2)O3−δ (KBNNO) ceramics 
with direct narrow bandgaps of around 1.39 eV were 
first fabricated in 2013 by Grinberg et al. [14] by 
introducing BaNi1/2Nb1/2O3−δ to KNN, which was 
further explored by other researchers [5,15]. A 
Bi2(Fe,Cr)O6 ferroelectric thin film with an Eg of 
1.4 eV and a room-temperature remanent polarization 
(Pr) of 5 μC/cm2 was achieved in 2015 [16], with the 
corresponding photovoltaic device showing a high 
PCE of 8.1% under 1 sun illumination. Unfortunately, 

narrowing the bandgaps of ferroelectric materials 
usually causes deterioration in the ferroelectricity (i.e., 
a decrease in Pr), which is unfavorable to the separation 
of photogenerated carriers. Hence, the development of 
ferroelectric materials with both large Pr and narrow Eg 
is an urgent priority. Consequently, several new ferroelectric 
materials including Bi0.98Ca0.02Fe0.95Mn0.05O3 (Eg = 
2.41 eV and Pr = 92.5 μC/cm2) [12], 0.8KNbO3– 
0.2SrFeO3−δ (Eg ≈ 2.18 eV and Pr ≈ 2.5 μC/cm2) [17], 
and PbTiO3–BiFeO3–Bi(Ni1/2Ti1/2)O3 (PT–BF–BNT; 
Eg = 2.25 eV and Pr =32 μC/cm2) [18] with narrow Eg 
and large Pr have recently been developed. However, 
the bandgaps of these reported ferroelectric materials 
are still above 2.0 eV, which is not beneficial to the 
absorption of visible light. 

Among ferroelectric materials, KNN-based ceramics 
have aroused significant attention because of their 
excellent thermal stability, piezoelectric properties, and 
non-toxicity [19]. In particular, (Li,Sb,Ta)-doped KNN 
ceramics have been widely investigated since Saito 
et al. [19] reported (Na0.52K0.44Li0.04)(Nb0.86Ta0.10Sb0.04)O3 
ceramics with a high piezoelectric constant (d33) that is 
comparable to those of lead-based ceramics. In 
Ref. [20], it was found that the ferroelectricity of 
[(K0.43Na0.57)0.94Li0.06][(Nb0.94Sb0.06)0.95Ta0.05]O3 (KNLNST) 
ceramics was significantly improved by Fe3+ doping. 
Moreover, it was recently reported that the doping of 
transition metal ions (Fe3+, Co3+, and Ni3+) effectively 
reduced the bandgaps of ferroelectric materials by 
introducing abundant energy levels within the bandgap 
[21]. It is therefore feasible to simultaneously decrease 
the Eg and improve the Pr of KNLNST-based ceramics 
by incorporating Fe2O3. 

In this work, we introduce Fe2O3 into a lead-free 
ferroelectric KNLNST ceramic in an optimal quantity 
according to Refs. [20,22–24]. It is found that Fe2O3 
doping can simultaneously decrease the Eg and 
enhance the Pr of the KNLNST-based ceramics 
effectively. In particular, the KNLNST+1.3% Fe2O3 
ceramic shows a narrow Eg of 1.74 eV and a large Pr of 
27.05 μC/cm2, which are superior to those of the 
previously reported ferroelectric materials. Moreover, 
the KNLNST+1.3% Fe2O3 ceramic-based photovoltaic 
device shows a switchable photovoltaic effect under 
various poling states, with a Voc of −5.28 V and a 
short-circuit current density (Jsc) of 0.051 μA/cm2 
under a downward poling state. These values are 
significantly superior to those of the undoped KNLNST- 
based device (Voc = −0.46 V and Jsc = 0.039 μA/cm2). 
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2  Materials and methods 

In this work, KNLNST+x% Fe2O3 (Fe2O3 doping 
amount (x) = 0–2.2) lead-free ceramics were prepared 
by using the conventional solid state method, and the 
raw materials were Na2CO3 (99.8%), K2CO3 (99%), 
Li2CO3 (99.99%), Nb2O5 (99.99%), Ta2O5 (99.5%), 
Sb2O3 (99.99%), and Fe2O3 (99%). The detailed 
synthesis procedure was described in Ref. [20]. All the 
disks were sintered in air at 1100 ℃ for 5 h in a 
10-mL enclosed alumina copple by adding powders of 
the same chemical composition as the assisting 
sintering atmosphere. Both surfaces of the polished 
0.2-mm-thick ceramic disks were coated with a silver 
(Ag) paste for the electrical measurements. For the 
fabrication of relevant FPV devices, the 0.2-mm-thick 
ceramic disks were further polished to 30 μm, and 
transparent indium tin oxide (ITO) square electrodes 
(500 μm × 500 μm) were prepared by pulsed laser 
deposition (PLD) on one surface of the ceramics as top 
electrodes while keeping the other-side Ag pastes as 
bottom electrodes to form ITO/KNLNST+x% Fe2O3/Ag 
devices. 

The crystal structures of the sintered ceramic disks 
were determined by the X-ray diffractometer (D8 
Advance, Bruker, Germany) with Cu Kα radiation ( = 
1.54184 Å). The morphologies and elemental mappings 
of the ceramics were characterized by a field emission 
scanning electron microscope (FE-SEM; Sigma 500, 
Zeiss, Germany) and an attached energy dispersive 
spectrometer (X-flash 6/30, Bruker, Germany), 
respectively. The temperature (T)-dependent dielectric 
properties of the ceramics were measured by an 
impedance analyzer (WK6500B, Wayne Kerr Electronics,  
UK) at 10 kHz. The elemental analyses of the ceramics 
were performed by an X-ray photoelectron spectrometer 
(Escalab 250Xi, Thermo Scientific, USA) with an Al 
K source (the photon energy (hν) = 1486.6 eV, where 
h is the Planck constant, and ν is the frequency). The 
room-temperature polarization–electric field (P–E) 
hysteresis loops were recorded at 100 Hz by a ferroelectric 
analyzer (Precision LC II, Radiant Technologies Inc., 
USA) with a high-voltage power supply. To prevent the 
electrical breakdown of air during ferroelectric testing, 
the samples were immersed in silicone oil for the P–E 
measurements. The diffuse reflectance spectra of the 
ceramic disks were recorded by an ultraviolet–visible– 
near infrared (UV–Vis–NIR) spectrophotometer 
(UV-3600 Plus, Shimadzu, Japan) equipped with an 

integrating sphere attachment (ISR-603). The photocurrent 
response properties at different wavelengths were 
measured at room temperature with a photoelectric 
testing system including a 150-W xenon lamp, a 
monochromator (Onim-λ3027i, Zolix, China), and a 
source meter (2635B, Keithley, USA). The current 
density–voltage (J–V) and current–time (I–t) 
characteristics were measured by the source meter 
(2635B, Keithley, USA) under the illumination of a 
500 W xenon lamp, which was used to simulate the 
solar spectrum of AM 1.5 G (100 mW/cm2). 

3  Results and discussion 

Figure 1(a) shows the room-temperature X-ray 
diffraction (XRD) patterns of the KNLNST+x% Fe2O3 
ceramics with x = 0, 0.25, 0.7, 0.8, 1.0, 1.3, 1.6, 1.9, 
and 2.2 in the range of 2θ = 20°–60°. All diffraction 
peaks in the XRD patterns can be indexed 
straightforwardly according to JCPDS No. 32-0822, 
and no additional peaks are observed in the patterns, 
indicating that all the KNLNST+x% Fe2O3 ceramics 
have a pure perovskite structure [20,25,26]. Moreover, 
with the increasing Fe2O3 doping content, the 
(220)/(002) diffraction peaks of the KNLNST+x% 
Fe2O3 ceramics shift toward higher angles when x < 
1.0, but then shift toward lower angles as the doping 
content increases further (Fig. 1(b)). These results 
indicate that the lattice constants of the KNLNST+x% 
Fe2O3 ceramics show a “V”-type variation trend with 
the increasing Fe2O3 doping content, which is 
attributed to the substitution of A-site (K+/Na+) or 
B-site (Nb5+) cations of KNLNST by Fe3+. There are 
abundant A-site vacancies occurred in KNLNST+  
x% Fe2O3 ceramics resulting from the volatilization of 
K+/Na+ ions during the high-temperature sintering 
process, and thus Fe3+ is more likely to occupy A-site 
K+/Na+ vacancies for low levels of Fe2O3 doping (x < 
1.0) but tends to replace B-site Nb5+ when x > 1.0. As 
the ionic radius of Fe3+ (0.785 Å) is smaller than that 
of K+ (1.38 Å) or Na+ (1.02 Å) but larger than that of 
Nb5+ (0.64 Å) [27], the evolution of Fe3+ substitution 
from the A site to B site causes the V-type variation of 
lattice constants, as observed in Fig. 1(b). The (220) 
and (002) diffraction peaks of the KNLNST+x% Fe2O3 
were fitted, and a typical example of this Gaussian 
fitting is presented in Fig. 1(c). The intensity ratio of 
(220) and (002) peaks (I(220)/I(002)) is widely used to  
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Fig. 1  (a) XRD patterns of KNLNST+x% Fe2O3 ceramics. The diffraction peaks are indexed for the O phase according to 
JCPDS No. 32-0822. (b) Magnified patterns in the 2θ range of 44°–47°. (c) Gaussian fitting of (220) and (002) diffraction peaks 
of KNLNST. (d) Calculated I(220)/I(002) ratios of KNLNST+x% Fe2O3 ceramics. (e) XPS survey spectra and (f) high-resolution 
Fe 2p spectra of KNLNST+x% Fe2O3 ceramics with x = 0.8 and 1.3. 

 

represent the volume ratio between the orthorhombic 
and tetragonal phases (VO/VT) in KNN-based ceramics, 
as seen in Refs. [20,25]. Figure 1(d) shows the 
calculated I(220)/I(002) ratio of the KNLNST+x% Fe2O3 
ceramics as a function of the Fe2O3 doping content. As 
clearly seen, the I(220)/I(002) values of the ceramics 
increase from 1.25 (x = 0) to 1.92 (x = 1.6) at first, and 
then decrease to 1.64 (x = 2.2), implying that both the 
orthorhombic (O) and tetragonal (T) phases coexist in 
the ceramics, and the VO/VT reaches a maximum value 
(most predominance of the O phase) in the KNLNST+ 
1.6% Fe2O3 ceramic. Figure 1(e) presents the X-ray 
photoelectron spectroscopy (XPS) survey spectra of 
two representative KNLNST+x% Fe2O3 ceramics with 
x = 0.8 and 1.3. Characteristic peaks of Na, K, Nb, Ta, 
Sb, Fe, and O are shown in Fig. 1(e), confirming the 
existence of these elements in the ceramics. No signals 
from Li are detected by the XPS because of its low 
content and very low sensitivity factor associated with 
its small atomic number. In Fig. 1(f), the high-resolution 
XPS spectra of Fe 2p are displayed for both ceramics. 
The peak intensities in both spectra vary according to 

the Fe doping contents. More importantly, for each 
spectrum, the peaks located around 710.3 and 723.8 eV 
are assigned to the Fe 2p3/2 and Fe 2p1/2, respectively, 
confirming the presence of Fe3+ in the ceramics. This 
validates our above discussion (cf. Fig. 1(b)) about the 
evolution of Fe occupation from the A site to B site 
based on the ionic-size comparison between the hosts 
of K+/Na+ and Nb5+ with the Fe dopant assuming its 
valence of +3. 

The SEM images revealing the surface morphology 
of the KNLNST+x% Fe2O3 ceramics are displayed in 
Fig. S1 in the Electronic Supplementary Material 
(ESM). All the ceramics show a dense microstructure 
with square-shaped grains, and there is no obvious 
difference in the grain sizes of these ceramics. The 
SEM image and corresponding energy dispersive 
spectroscopy (EDS) elemental mapping images of the 
representative KNLNST+1.3% Fe2O3 ceramic are 
shown in Fig. 2. It is seen that each element is 
uniformly distributed, and no elemental segregation 
occurs in the ceramic. This indicates that the Fe dopants 
are well incorporated into the lattice of KNLNST, in  
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Fig. 2  (a) SEM image and (b–h) corresponding EDS elemental mapping images of KNLNST+1.3% Fe2O3 ceramic. 

 
accordance with the above XRD measurements, which 
reveal no detectable Fe-containing secondary phases in 
the KNLNST+x% Fe2O3 ceramics. 

Figure 3(a) presents the T-dependent relative 
permittivity (εr) curves of the KNLNST+x% Fe2O3 
ceramics recorded between room temperature and 
400 ℃. There are two permittivity peaks shown in 
each curve, which correspond to the orthorhombic– 
tetragonal (O–T) and tetragonal–cubic (T–C) phase 
transitions in the ceramics. With the increasing Fe2O3 
content in the ceramics, both the O–T phase transition 
temperature (TO–T) and the T–C phase transition 
temperature (TT–C) first increase, and then decrease, 
reaching the maximum values at x = 1.6 (Fig. 3(b)). 
This reveals a phase evolution with varying VO/VT in 
the ceramics that is in accordance with the XRD results, 
as shown in Fig. 1. 

 

 
 

Fig. 3  (a) T-dependent εr curves measured at 100 kHz 
for representative KNLNST+x% Fe2O3 ceramics. 
(b) Enlargement of the dotted box in (a). 

Figure 4(a) shows the P–E hysteresis loops of the 
KNLNST+x% Fe2O3 ceramics measured at an electric 
field of 80 kV/cm. All of the ceramics exhibit saturated 
hysteresis loops, indicating excellent ferroelectricity. 
The coercive electric field (Ec) and Pr of the ceramics 
are extracted from the P–E hysteresis loops, as shown 
in Fig. 4(b). The varying trend of the Pr is basically 
consistent with that of the I(220)/I(002) (VO/VT) ratios, as 
shown in Fig. 1(d), which might be attributed to the 
fact that there are more polarization directions (twelve) 
in the O-phase than those in the T-phase ceramics (six) 
[28]. Conversely, with the increasing Fe3+ doping 
content, the Ec of the ceramics first decreases, and then 
increases with a minimum Ec of 21.79 kV/cm appearing 
at x = 1.0. For x < 1.0 samples, the Fe3+ dopants with a 
higher valence occupy the A-site Na+/K+ vacancies, as 
indicated in Fig. 1(b), acting as donors and causing a 
“soft doping effect” in the ceramics, which results in 
decreased oxygen vacancies, and thus suppressed 
domain-wall pinning effect, making the ceramics easier 
to pole [29]. Hence, the Ec of the ceramics (x < 1.0) 
first decreases with the increasing Fe3+ content. As the 
Fe3+ doping content is further increased (x > 1.0), the 
Fe3+ starts to substitute the even higher-valence Nb5+ at 
B sites, behaving like an acceptor, and thus causing 
“hard doping effect” [30], which leads to increased Ec 
in the samples. 

The optical properties of the KNLNST+x% Fe2O3 
ceramics were investigated by the diffuse reflectance 
spectroscopy with a UV–Vis–NIR spectrophotometer. 
The absorption coefficients (α) of the ceramics were 
obtained according to the Kubelka–Munk (K–M) 
function: α/s = F(R) = (1 − R)2/(2R) [15,31], where s  
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and R are the scattering coefficient and reflectance of the 
ceramics, respectively. Figure 5(a) presents the absorption 
spectra of the ceramics. An obvious redshift of the 
absorption edge of the ceramics is observed with the 
increasing Fe2O3 doping content, implying a narrowed 
bandgap in the ceramics. The Eg of the samples can be 
estimated by the equation: (αhν)2 = A(hν− Eg) [12,15], 
where A is a constant. By extrapolating the linear part 
of the (F(R)hν)2 curve to the hν-axis (Fig. 5(b)), the 
optical bandgap values of the ceramics were obtained. 
Figure 5(c) shows the Eg values of the ceramics with 
various Fe2O3 doping contents. It is clearly seen that 

Fe2O3 doping can effectively decrease the bandgap of 
KNLNST ceramics, resulting in a continuously tunable 
Eg ranging from 3.1 to 1.71 eV, which endows 
KNN-based materials high potential for the application 
in next-generation solar cells. Moreover, the decrease 
in the bandgap of the KNLNST+x% Fe2O3 ceramics 
leads to varying colors of the ceramics from white (x = 0) 
to brown (x = 0.8) and finally to deep brown (x = 1.6) 
(the inset of Fig. 5(c)). As the grain sizes of these 
ceramics are similar (Fig. S1 in the ESM), the bandgap 
narrowing of the KNLNST+x% Fe2O3 ceramics has 
origins other than the grain size effect. 

 

 
 

Fig. 4  (a) P–E hysteresis loops of KNLNST+x% Fe2O3 ceramics. (b) Ec and Pr as a function of x. 
 

 
 

Fig. 5  (a) Optical absorption spectra, (b) (F(R)hν)2–hν plots, and (c) optical bandgaps of KNLNST+x% Fe2O3 ceramics. The 
inset in (c) shows the KNLNST+x% Fe2O3 ceramic samples for x = 0, 0.8, 1.0, 1.3, and 1.6. (d) Optical absorption spectra of 
KNN+1.3% Fe2O3, [(K0.43Na0.57)0.94Li0.06]NbO3 (KNLN)+1.3% Fe2O3, [(K0.43Na0.57)0.94Li0.06](Nb0.95Ta0.05)O3 (KNLNT)+1.3% 
Fe2O3, [(K0.43Na0.57)0.94Li0.06](Nb0.95Sb0.05)O3 (KNLNS)+1.3% Fe2O3, and KNLNST+1.3% Fe2O3 ceramics. (e) Energy band 
diagrams of KNN, KNN+1.3% Fe2O3, and KNLNST+1.3% Fe2O3 ceramics. 
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To determine the bandgap narrowing mechanism in 
the KNLNST+x% Fe2O3 ceramics, we further fabricated 
KNN+1.3% Fe2O3, KNLN+1.3% Fe2O3, KNLNT+1.3% 
Fe2O3, and KNLNS+1.3% Fe2O3 ceramics by using the 
conventional solid state method and investigated the 
optical properties of the ceramics. The prepared 
KNLN+1.3% Fe2O3, KNLNT+1.3% Fe2O3, and 
KNLNS+1.3% Fe2O3 ceramics show a pure perovskite 
phase (Fig. S2(a) in the ESM). As shown in Fig. S2(b) 
in the ESM, the diffraction peaks located at around 45° 
for the ceramics containing Sb (KNLNS+1.3% Fe2O3 
and KNLNST+1.3% Fe2O3) shift toward higher angles 
compared with those of the Sb-free ceramics 
(KNLN+1.3% Fe2O3 and KNLNT+1.3% Fe2O3), 
which might be attributed to the higher volume ratio of 
the O phase in the ceramics containing Sb. Figure 5(d) 
presents the optical absorption spectra of the KNN+ 
1.3% Fe2O3, KNLN+1.3% Fe2O3, KNLNT+1.3% 
Fe2O3, KNLNS+1.3% Fe2O3, and KNLNST+1.3% 
Fe2O3 ceramics. The KNN+1.3% Fe2O3, KNLN+1.3% 
Fe2O3, and KNLNT+1.3% Fe2O3 Sb-free ceramics 
show several absorption peaks located at 390, 560, 660, 
and 860 nm, which is consistent with those reported in 
Refs. [32,33]. We attribute the optical transitions at 
wavelengths of 390–900 nm to the splitting of the Fe3+ 3d 
energy level caused by the distortion of the FeO6 
octahedra in the KNN-based materials. Similar optical 
absorptions have been observed in (Na0.5Bi0.5)TiO3– 
Ba(Ni0.5Ti0.5)O3, (K0.48Na0.52)NbO3–(Bi0.5Na0.5)(Ni0.45Zr0.55)O3, 
and (Pb1–xLax)(Zr0.65(1–y)Ti0.35(1–y)Niy)O3 (x = 0.08, 0.09; 
y = 0, 0.025) (PLZTN) materials and attributed to Ni2+ 
3d energy level splitting [9,34,35]. In contrast, the 
ceramics containing Sb (KNLNS+1.3% Fe2O3 and 
KNLNST+1.3% Fe2O3) show only one absorption 
edge in the visible light region. These results indicate 
that both Sb3+ and Fe3+ are the key elements that are 
responsible for the narrowed bandgap of the KNLNST 
(KNLNS)+1.3% Fe2O3 ceramic. The bandgap of the 
KNN ceramics is determined to be 3.25 eV (Fig. S3 in 
the ESM), with the conduction band minimum (CBM) 
and valence band maximum (VBM) composed mainly 
Nb 4d and O 2p, respectively (Fig. 5(e)). When Fe2O3 
is introduced into the KNN, the Fe 3d orbitals interact 
with the O 2p orbitals, resulting in the narrower 
bandgap of KNN+1.3% Fe2O3 (3.15 eV) [32]. 
Moreover, the absorption peaks of KNN+1.3% Fe2O3 
can be well explained by the crystal field theory. The 
3d orbitals of Fe3+ in the KNN+1.3% Fe2O3 ceramic 
are split into high-energy eg and low-energy t2g orbitals, 

as a result of the Jahn–Teller effect. Thus, the optical 
absorption peaks of the KNN+1.3% Fe2O3 ceramics 
located at 390, 560, 660, and 860 nm may be ascribed 
to the electron transitions of t2g → Nb 4d (I), O 2p → 
eg (II), t2g → eg (III), and eg → Nb 4d (IV), respectively 
(Fig. 5(e)). In particular, the narrow bandgap of the 
KNN+1.3% Fe2O3 ceramic is attributed to the high- 
energy shift of the VBM caused by the interaction of 
t2g orbitals split by Fe 3d orbitals with O 2p orbitals. 
The Sb and Fe co-doped KNN-based ceramic 
(KNLNST+1.3% Fe2O3) has an even narrower 
bandgap of 1.74 eV, which might be attributed to the 
interaction of both eg and t2g orbitals split by Fe 3d 
orbitals with Sb 5s orbitals. Xiao et al. [36] proposed a 
similar strategy for achieving narrow-bandgap 
Na0.5Bi0.5TiO3–BTO-based ferroelectric material without 
introducing gap states; by N3− and Ni2+ co-doping, they 
obtained 0.95Na0.5Bi0.5TiO3–0.05Ba(Ti0.5Ni0.5)(OxN1−x) 
ceramic powders with a much reduced bandgap (from 
3.2 to 2.06 eV) and a single absorption edge in the 
optical absorption spectrum. 

The KNLNST+x% Fe2O3 ceramic with x = 1.3 
possesses the highest Pr (27.05 μC/cm2) and relatively 
narrow Eg (1.74 eV) compared to the other prepared 
samples. In Fig. 6, we further compare the Eg and Pr of 
the KNLNST+1.3% Fe2O3 ceramics fabricated in our 
work with those of the ferroelectric materials reported 
in the literature [6,9,14,16–18,34,35,37–56]. The 
detailed data for these materials are summarized in 
Table 1. Obviously, the Pr of a ferroelectric material is 
highly correlated with its Eg, showing a decreasing 
trend as Eg decreases. Moreover, most ferroelectric 
materials have bandgaps above 2.0 eV (significantly 
larger than the ideal bandgap of ~1.4 eV for a 
photo-absorption layer material), making them 
inappropriate for the application in solar cells. 
Unfortunately, ferroelectric materials with bandgaps 
below 2.0 eV usually have relatively low Pr values. 
Representative narrow-bandgap ferroelectric materials 
such as BiFe0.5Cr0.5O3 (BFCO) (1.4 eV) and BiMnO3 
(BMO) (1.3 eV) have very small Pr values of 5 and 
6.6 μC/cm2, respectively (Table 1) [16,37]. It is known 
that a high Pr induces a strong ferroelectric depolarization 
electric field (Edp) in a ferroelectric material, which 
favors the separation of photogenerated carriers in FPV 
devices. Thus, most of the currently reported FPV 
materials are inappropriate for solar cell applications 
because of their relatively small Pr but large Eg values. 
The KNLNST+1.3% Fe2O3 ceramic prepared in this  
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Fig. 6  Comparison of Eg and Pr values of KNLNST+ 
1.3% Fe2O3 ceramics prepared in this work with those 
reported in the literature. 
 
 

work has a narrow Eg of 1.74 eV and a high Pr of 
27.05 μC/cm2. These values are significantly superior 
to those of the previously reported FPV materials, and 
thus the KNLNST+1.3% Fe2O3 ceramic is a promising 
material for the application in solar energy harvesting. 

As the KNLNST+1.3% Fe2O3 ceramic exhibits the 
highest Pr and relatively narrow Eg, we now further 
investigate the photovoltaic effect of this sample. 
Figure 7(a) shows a structural diagram of a KNLNST+ 
1.3% Fe2O3 ceramic-based device for photovoltaic 
measurements. Before each measurement, the ceramics 
were poled by applying a 220 V positive bias voltage 
to the top ITO electrode of the device for 6 min 
(denoted as the downward poling state). The J–V  

Table 1  Data on ferroelectric materials studied for photovoltaic applications in Refs. [6,9,14,16–18,34,35,37–56] 

Material Eg (eV) Pr (μC/cm2) Preparation method Thin film or bulk Ref. 

Bi(Ni2/3Ta1/3)O3–PbTiO3 (BNT–PT) 1.85 17 Solid state method Ceramics [6] 

(1−x)(K0.48Na0.52)NbO3–x(Bi0.5Na0.5)(Zr0.55Ni0.45)O3−δ (KNN–BNZN) ~2.5 30.7 Solid state method Ceramics [9] 

KBNNO 1.1–3.8 0–5 (at 77 K) Solid state method Ceramics [14] 

BFCO 1.4 5 PLD Thin film [16] 

KNbO3–SrFeO3−δ (KN–SF) 2.18 < 0.5 Solid state method Ceramics [17] 

PT–BF–BNT 2.25–2.8 32–39 Solid state method Ceramics [18] 

0.05Na0.5Bi0.5TiO3–0.05Ba(Ti0.5Ni0.5)O3−δ (NBT–BTN) ~2.3 31.2 Solid state method Ceramics [34] 

PLZTN 2.5 34.4 Solid state method Ceramics [35] 

BMO 1.3 6.6 PLD Thin film [37] 

BTO 3.3 25 PLD Thin film [38] 

BiFeO3 (BFO) 2.72 50 — Single crystal [39] 

Bi4Ti3O12 2.97 12.04 Sol–gel Thin film [40] 

(1−x)KNbO3–xBaCo1/3Nb2/3O3 (KN–BCN) 1.87–3.26 0.31–2.14 Solid state method Ceramics [41] 

Ba1−x(Bi0.5Li0.5)xTiO3 (BBLT) 3.2 9.75 Solid state method Ceramics [42] 

BiFe1−xCoxO3 (Co–BFO) 2.3–2.7 26.1–60 Sol–gel Thin film [43] 

BiMnO3–K0.5Na0.5NbO3 (BM–KNN) 2.4 ~16 Sol–gel Thin film [44] 

Pb(Zr0.52Ti0.48)O3 (PZT) 3.73 40.3 Sol–gel Thin film [45] 

h-RFeO3 2.07 4.7 
Radio frequency (RF)  
magnetron sputtering 

Thin film [46] 

Sr0.91Bi2.09Nb1.91Ni0.09O8.91 (SBNN) 2.25 2.5 Solid state method Ceramics [47] 

KBiFe2O5 (KBFO) 1.6 < 0.05 — Single crystal [48] 

KNN–Mn (KMNN) 3.2 33.6 Sol–gel Thin film [49] 

Pb(Zr0.2Ti0.8)0.70Ni0.30O3−δ (PZTN) 3.4–4.0 13–20 PLD Thin film [50] 

Holmium-doped Bi5Ti3FeO15 (HBTF) 2.47 27.6 Chemical solution deposition Thin film [51] 

Bi3.25La0.75Fe0.25Co0.75Ti2O12 (BLFCT) 2.48 2.6 PLD Thin film [52] 

PbTiO3–Bi(Ni2/3+xNb1/3–x)O3−δ (PT–BNN) 2.9–3.0 33 Solid state method Ceramics [53] 

(Ba,Ca)(Ti,Sn,Zr)O3 (BCTSZ) 2.58 9.25 Solid state method Ceramics [54] 

(1−x)KNbO3–xMgMnO3−δ (KN–MM) 1.02 4 Solid state method Ceramics [55] 

KNbO3–BaFeO3−δ (KN–BF) 1.82 0 Solid state method Ceramics [56] 

KNLNST+1.3% Fe2O3 1.74 27.05 Solid state method Ceramics This work
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Fig. 7  (a) Structural diagram of KNLNST+1.3% Fe2O3 ceramic-based photovoltaic device. (b) J–V characteristics and 
(c) photocurrent responses of KNLNST+1.3% Fe2O3 ceramic-based device in upward and downward poling states under AM 
1.5 G illumination. Diagrams of separation process of photogenerated carriers of device under (d) upward poling state and 
(e) downward poling state. Note: e− and h+ mean the electrons and holes, respectively. (f) Comparison of photovoltaic 
performance of KNLNST+1.3% Fe2O3 and KNLNST ceramic-based devices. 

 
curves for the KNLNST+1.3% Fe2O3 ceramic-based 
device under the upward and downward poling states 
under AM 1.5 G illumination are shown in Fig. 7(b). 
The device shows a clearly switchable photovoltaic 
effect. The Voc and Jsc of the device under an upward 
poling state are 5.27 V and −0.057 μA/cm2, 
respectively, while totally reversed values of Voc 
(−5.28 V) and Jsc (0.051 μA/cm2) are observed for the 
device under a downward poling state. The 
above-bandgap Voc of the device is consistent with 
those reported in Refs. [18,53] involving ferroelectric 
ceramics. It is noted that the Jsc of the device is rather 
small, which is ascribed to the low conductivity of the 
ceramics. Figure 7(c) shows the steady photocurrent 
responses at zero bias for the device under various 
poling states. It is clear that the photocurrents (Iph) of 
the device under upward and downward poling states 
are consistent with the Jsc values (Fig. 7(b)), which 
further confirms the J–V measurements. The switching 
of the Voc and Jsc observed in the KNLNST+1.3% 
Fe2O3 ceramic-based device can be attributed to the 
switching of the ferroelectric polarization caused by 
the external poling electric field. For the 
KNLNST+1.3% Fe2O3 ceramic under an upward 
poling state, an Edp with a direction pointing from the 
top ITO electrode to the bottom Ag electrode is 

induced by the external poling electric field (Fig. 7(d)). 
Meanwhile, a reverse Edp of the same magnitude with 
its direction pointing from the bottom Ag electrode to 
the top ITO electrode is generated in the ceramic when 
the device is under a downward poling state (Fig. 7(e)). 
Thus, the Voc and Jsc for the device under various 
poling states are of the same magnitude but in reversed 
directions (polarities). We further compare the photovoltaic 
performance of the KNLNST+1.3% Fe2O3 ceramic 
with the Fe-free KNLNST ceramics (Fig. 7(f)). The Voc 
(−5.28 V, corresponding to a photogenerated electric 
field (Ep) of 1.76 kV/cm) and Jsc (0.051 μA/cm2) of the 
KNLNST+1.3% Fe2O3 ceramic-based device are 
obviously superior to those of the KNLNST-based 
device (Voc = −0.46 V and Jsc = 0.039 μA/cm2). Moreover, 
the photovoltaic performance of the KNLNST+1.3% 
Fe2O3 ceramic-based device is comparable to those of 
the previously reported ferroelectric ceramics, due to 
its large Pr and narrow Eg. For example, the Ep of the 
BBLT (Pr = 9.75 µC/cm2) [42], KBNNO (Pr = 
5 µC/cm2) [14], and PT–BF–BNT ceramics (Pr = 
32 µC/cm2) [18] are 0.32, 1.4, and 1.7 kV/cm, 
respectively, which are inferior to that of our device. 

As shown in Fig. 8(a), the photocurrent responses of 
the KNLNST+1.3% Fe2O3 ceramic under light 
illumination of various wavelengths were investigated.  
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Fig. 8  (a) Photocurrent responses of KNLNST+1.3% 
Fe2O3 ceramic under illumination with incident light of 
various wavelengths. (b) Iph as a function of incident light 
wavelength. 

 

The KNLNST+1.3% Fe2O3 ceramic shows a steady 
and reproducible photocurrent response to UV light 
and visible light, spanning a spectral range of 350– 
700 nm. It exhibits two photocurrent response peaks at 
400 and 475 nm (Fig. 8(b)). These results further 
verify the narrow bandgap of the KNLNST+1.3% 
Fe2O3 ceramic, which is consistent with the results of 
the optical absorption spectra (Fig. 5(a)). In comparison, 
the photocurrent response of the KNLNST ceramic 
without Fe doping is too weak to be detected under 
zero bias because the weak Edp in the KNLNST 
ceramic is unable to separate photogenerated carriers 
efficiently. Thus, a positive bias of 1 V was applied to 
the top electrode of the KNLSNT device to separate 
the photogenerated carriers produced in the KNLSNT 
ceramic. An evident photocurrent response to UV light 
is observed (Fig. S4 in the ESM), which is correlated 
with the band edge transition of e−. No obvious 
photocurrent response can be observed in the visible 
light range because the hν is too low to trigger the band 
edge transition in the KNLNST with a bandgap of 
3.1 eV. Thus, the superior device performance of the 
KNLNST+1.3% Fe2O3 ceramic-based device can be 
ascribed to the following factors. (i) The narrower 
bandgap of the KNLNST+1.3% Fe2O3 ceramic leads to 
more photogenerated carriers being produced in the 
KNLNST+1.3% Fe2O3 ceramic-based device than 
those in the KNLNST-based device. (ii) The larger Pr 
in the KNLNST+1.3% Fe2O3 ceramic results in a 
larger Edp in the device, which is favorable to the 
separation and transport of photogenerated carriers. 

4  Conclusions 

In this work, a series of lead-free KNLNST+x% Fe2O3 

ceramics (x = 0–2.2) with a pure perovskite phase 
structure were fabricated by using the traditional solid 
state method. The XRD results suggest that the 
ferroelectric O and T phases coexist in these ceramics. 
The VO/VT ratio of the ceramics first increases, and 
then decreases. The Pr of the ceramics shows a similar 
variation trend to the VO/VT ratios, and reaches a 
maximum value of 27.03 μC/cm2 at x = 1.3, which is 
attributed to the fact that O-phase KNN-based ceramics 
have more polarization directions (twelve) than T-phase 
ones (six). The bandgap of the KNLNST+x% Fe2O3 
can be continuously modulated from 3.1 eV (x = 0) to 
1.71 eV (x = 2.2) by increasing the Fe2O3 doping content, 
which is originated from the co-doping of Fe3+ and 
Sb3+. The KNLNST+1.3% Fe2O3 ceramic simultaneously 
possesses the highest Pr (27.03 μC/cm2) and relatively 
narrow Eg (1.74 eV) among the samples. The KNLNST+ 
1.3% Fe2O3 ceramic-based photovoltaic device shows 
a switchable photovoltaic behavior due to the polarization 
flipping in the ceramic caused by the external poling 
electric fields. An above-bandgap Voc of −5.28 V and 
Jsc of 0.051 μA/cm2 were observed in the downward-poled 
KNLNST+1.3% Fe2O3 ceramic-based photovoltaic 
device. These values are much superior to those of a 
photovoltaic device based on KNLNST without Fe 
doping. This improvement in the photovoltaic 
performance can be attributed to the narrower Eg and 
higher Pr of the KNLNST+1.3% Fe2O3 ceramic. The 
lead-free KNN-based ferroelectric material with a 
narrow bandgap and large Pr developed in this work 
has broad application prospects in solar cells. 
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