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BiFeO3 (BFO), well known for its remarkable intrinsic 
multiferroic properties, is considered as a prospective can-
didate for application in memory devices, actuators, trans-
ducers, spintronic and logic devices [1–3]. Recently, the 
anomalous photovoltaic (PV) effect has been reported in 
thin films and bulk BFO single crystals with a favourable 
bandgap energy (~2.74 eV) compared to other ferroelectric 
oxides [4–9]. The bulk photovoltaic effects observed in 
semiconductor ferroelectric (SF) materials have a some-
what different charge-separation mechanism in comparison 
to conventional junction-based interfacial PV devices. In 
SFs the photo-generated charge carriers of both polarities 
are separated and driven toward the respective electrodes 
due to the polarization-induced internal electric field with-
in the material. This unique PV effect in SF materials 
opens new possibilities for optoelectronics, solar energy 
harvesting and optical information storage applications 
[10–13]. In this regard, the study of the PV effect in BFO is 
very exciting considering its multifunctional applications 

and the continued search for new PV materials for green 
energy. Diode-like unidirectional electric current flow and 
photovoltages several times higher than the band gap en-
ergy have been reported in BFO [5–7]. 

Here, we investigate the PV property of pure and 
doped polycrystalline BFO nanotubes (NTs). For fabrica-
tion details see the Supporting Information (online at 
www.pss-rapid.com). In our recent work [14], we have 
found that Pr, Cr and Pr–Cr co-doped BFO NTs exhibit 
enhanced multiferroic properties compared to pure BFO 
NTs. In this context, here we study the unknown PV prop-
erty of the pure BFO NTs and also the effect of Pr- and  
Cr-doping on its PV effect considering its versatile appli-
cations. The PV properties of BFO nanostructures have not 
been examined yet in detail. Doping of metal ions into 
semiconductors can tailor the PV properties by changing 
the position of the conduction bands and defect levels 
within it. Here, we observe significant changes of the 
open-circuit voltage (Voc) and short-circuit current density 

We report enhanced anomalous photovoltaic effects and
switchable photovoltage generation in pure and Pr–Cr co-
doped BiFeO3 (BFO) nanotubes (NTs). Influence of metal
doping on short circuit current, open circuit voltage, power
conversion efficiency and fill factor are investigated. The
power conversion efficiency of pure BFO NTs (~0.207%) is
found to be enhanced by several orders of magnitude in com-
parison with the reported bulk effect. Pr-doped NTs provide
highest values of power conversion efficiency (~0.5%). 

 

 



 

(Jsc) as a result of metal doping in BFO NTs both under 
dark and light illumination. The role of doping on the pa-
rameters like power conversion efficiency (η) and fill fac-
tor (FF) of the NTs is also studied. The value of η is found 
to be enhanced by several orders of magnitude compared 
to bulk BFO heterostructures. The role of metal doping on 
the tuning of photocurrent in the NTs upon illumination is 
also examined. 

The dark and illuminated current–voltage (I–V) curves 
for pure and doped BFO NTs measured at room tempera-
ture are shown in Fig. 1(a) and (b), respectively. All the 
NTs show a typical PV effect with good response to the in-
cident photons. The photocurrent is significantly increased 
under illumination and becomes positive at zero bias. For a 
better understanding of the change in PV effect under 
light-illumination the I–V plot of the Ag/pure BFO NTs/Ag 
structure is shown in the inset of Fig. 1(b). The change of 
Voc, the voltage at which the current becomes zero, for all 
the NTs under illumination is plotted in Fig. 1(c). Similarly, 
the change of the short-circuit current (Isc), determined as 
the current at zero bias, for the NTs under illumination is 
shown in Fig. 1(d). 

It is evident from Fig. 1(c) and (d) that the doping of Pr 
and Cr in BFO NTs significantly changes the values of Voc 
and Isc both on dark and illuminated conditions. On dark 
condition the values of Voc for pure and Pr–Cr co-doped 
BFO NTs are –0.075 V and –0.089 V, respectively, where-
as the Voc

 for the singly-doped BFO NTs is zero. On the 
other hand, the values of Isc for pure and Pr–Cr co-doped 
BFO NTs are 0.11 nA and 0.09 nA, respectively, at dark. 
The singly-doped BFO NTs provide no Isc on dark condi-
tion. Pr-doped BFO NTs show highest  values of  Isc and 
Voc of about 0.89 nA and –0.21 V, respectively, under 
light-illumination. Under light-illumination the Cr-doped 
BFO NTs provide the weakest photoresponse having low-
est Isc and Voc values among the NT samples. This is most  

 

 

     
Figure 1 (online colour at: www.pss-rapid.com) (a) Dark cur-
rent–voltage and (b) photocurrent–voltage characteristics of the 
pure and doped BFO NTs. Inset of (a): Scheme of the measurement 
setup. Inset of (b): Current–voltage characteristics of pure BFO 
NTs under dark and illuminated condition. Change in (c) Voc  and 
(d) Isc of the NTs with metal doping under white-light illumination. 

probably because of the enhanced electrical resistance due 
to Cr-doping [15]. However, a significant increase in  
the values of Voc and Isc is observed by applying the stand-
ard solar white-light illumination of average power 
10 mW/cm2 (AM1.5) to all the NTs. Hence, it is expected 
that we can achieve different values for Voc and Isc by 
changing the intensity of the incident photons as the PV ef-
fect in FSs is related to the light-induced carrier generation 
and carrier separation under the internal electric field  
[8, 16]. The change in the PV effect of the BFO NTs with 
metal doping is because of the incorporation of defect lev-
els in the optical band-gap [17] which could provide paths 
for electron recombination or improved electron transport, 
leading to a changed photocurrent [18]. The change of elec-
tron mobility (also Voc and Isc) as a result of metal doping is 
related to the concentration of defect levels which is entirely 
dependent upon the type of metal ions and the doping con-
centration [18] although the variation of defect levels with 
Pr/Cr doping in BFO is not yet studied properly. Further-
more, as BFO NTs have high surface-to-volume ratio, the 
surface charge density is found to increase compared with 
bulk because of the surface phase transition [19, 20]. Hence, 
more expectedly the doping of metal ions in BFO NTs 
might further tailor the surface phases in BFO leading to a 
significant change in their photovoltaic response. 

The light-to-current power conversion efficiency (η) of 
the NTs can be calculated as η = Pout/Pin, where Pout is the 
photovoltaic output power density and the input power 
density, Pin, is the radiation intensity (mW/cm2) received 
over the electrode surface at a certain point of the J–V plot. 
The maximum value of η is calculated by determining the 
maximum output electrical power, max

out sc oc.P J V= ¥ The 
variation of the calculated values of η at different points of 
the J–V plot as a function of voltage (V) for the NTs is 
plotted in Fig. 2(a). The value of η is found to change sig-
nificantly upon doping. The η value is found to be maxi-
mum for the Pr-doped BFO NTs and minimum for the  
Cr-doped BFO NTs. The quantum efficiency of Pr–Cr co-
doped BFO NTs is  in  between pure and Pr-doped BFO 
NTs. The change in the value of ηmax with metal doping in 
BFO NTs is shown in Fig. 2(b). The values of ηmax for pure, 
Pr- and Cr-doped BFO NTs are 0.207, 0.50 and 0.106%, 
respectively. It is evident that the value of η increases with 
Pr-doping in BFO NTs, whereas, with Cr-doping the value 
of η is reduced. However, it is important to notice that the  

 

 
Figure 2 (online colour at: www.pss-rapid.com) (a) Light-to-
electricity power conversion efficiency (η) as a function of the 
terminal voltages for different NTs. Change of (b) ηmax and (c) fill 
factor (FF) for different NTs with metal doping. 



 

values of η for pure and doped BFO NTs are found to be 
enhanced by several orders of magnitude compared to the 
theoretically predicted limit (10–6–10–7) of the power  
conversion efficiency for FSs. The values of η are also 
higher than the previously reported experimental values  
of different BFO heterojunctions; like BFO/Nb–SrTiO3  
(~3 × 10−2%) [21] and graphene/polycrystalline BFO/Pt 
(2.5 × 10−3%) [22] heterojunctions, the preferentially ori-
ented BFO (001) thin films (~7 × 10−2% [9], ~7 × 10−4% 
[16]), single crystal BFO plate (~3 × 10−3%) [5], ITO/poly-
crystalline BFO thin films/Pt capacitor (~0.125%) [8]  
and other oriented ferroelectric thin films [23, 24]. Another 
important parameter for PV devices known as FF  
which is related to η as FF = ηPin/Voc × Jsc = max

out oc sc/P V J¥  
= Jmax × Vmax/Voc × Jsc is also calculated for different NTs. 
The values of FFmax calculated using ηmax values for the 
sets of NTs are plotted in Fig. 2(c). For the singly-doped 
NTs the FF values are found to be reduced. FF is found to 
decrease noticeably in Pr-doped BFO NTs but increases a 
little in the co-doped sample compared to pure BFO. The 
significant increase of η value in the pure BFO NTs com-
pared to bulk BFO is because of the particular nanoscale 
morphology of the NTs under the Ag electrode which can 
produce a large number of photoexcited carriers under il-
lumination and hence large photocurrent to exhibit en-
hanced light-to-electricity power conversion efficiency. 
The change in the values of η upon metal doping can be 
explained based on the change in the concentration and 
mobility of the photogenerated non-equilibrium carriers in 
the NTs because of the incorporation of the dopant ions. 

The generation of photovoltage/photocurrent by light-
illumination is observed for all the NTs. Figure 3(a)–(d) 
shows the time dependence of the open-circuit photovolt-
age measured on the pure and doped BFO NTs by illumi-
nation with an AM1.5 white-light. All the NTs exhibit in-
stantaneous response to the incident photons by showing 
repeatable and stable On/Off states of the photovoltage, 
which clearly indicates the production and polarization-
induced separation of the photogenerated charge carriers in 
the material. Interestingly, metal doping also has important 
influence in the photovoltage production. The open-circuit 

 

 
Figure 3 Zero-bias photovoltage of the NTs as a function of time 
with incident light intensity of 10 mW/cm2. 

photovoltage is found to be highest for the pure BFO NTs 
and it decreases upon Cr- and Pr-doping. The switchable 
photovoltage in the pure and doped BFO NTs makes them 
suitable for potential photosensitive resistor application. 

In summary, the enhanced photovoltaic effect and 
switchable photovoltage of pure and Pr/Cr-doped polycrys-
talline BFO NTs fabricated by wet chemical template-
assisted route are studied. Pure and Pr–Cr co-doped BFO 
NTs show better PV effects than the singly doped NTs un-
der dark condition whereas, the Pr-doped BFO NTs  
are found to exhibit highest photosensitivity by showing 
highest value of photocurrent under white-light illumina-
tion. Pr-doped BFO NTs are characterized by highest  
Voc ~ 0.21 V, Isc ~ 0.89 nA and η ~ 0.5% values among the 
NTs under illumination. The PV property of the Cr-doped 
BFO NTs is the weakest among the NT samples. For all 
NTs the values of photovoltaic efficiency are found to be 
enhanced by several orders of magnitude compared to bulk 
BFO. In the doped NTs the switchable open-circuit photo-
voltage is reduced in comparison to the pure BFO NTs. In 
principle, the variation of concentration and mobility of the 
photoexcited carriers induced by metal doping can contrib-
ute to the change of photocurrent and hence PV effect. The 
enhanced PV properties in the BFO samples are because of 
the special nanoscale geometry of the NTs, which can in-
duce substantially large photocurrent. Experiments suggest 
that the BFO NTs are a potential candidate for applications 
in photo-sensitive, energy-harvesting and memory devices. 
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