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Hall-Bulk photovoltaic effect in BiFeO3/SrTiO5 at

low temperatures

Hang-Bo Zhang® '™ & Marin Alexe® 1™

The bulk photovoltaic effect is considered promising for the next generation of solar cells as it
could exceed the Shockley-Queisser limit. Studies have shown many materials have the bulk
photovoltaic effect, however, the inner properties such as carrier mobility, relaxation time,
etc., have been barely reported, largely hindering further understanding and utilization of the
bulk photovoltaic effect. In this paper, we employ a Hall effect to study the transport prop-
erties of the bulk photovoltaic effect in a BiFeO3/SrTiO3 heterostructure. We interpret the
magnetic field-dependent bulk photovoltaic currents using the fundamental Lorentz force law
acting on photocarriers. A carrier transport with ~3 ps relaxation time, a mobility of
3.3x 10° cm?V~!s7! for the non-thermalised carrier and a mean free path larger than 50 nm
are revealed. This is in good agreement with the ballistic transport mechanism. This work
provides a generic approach to acquiring the basic characteristics of the bulk photovoltaic
effect.
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response to the polarised light, can generate a directional

photocurrent under uniform illumination in most non-
centrosymmetric materials!2. This photovoltaic effect is not
based on a gradient in quasi-Fermi levels, as in classical semi-
conductor photo-cells, so it should in principle not suffer from
the Shockley-Queisser limit>. However, the light energy conver-
sion efficiency of the photovoltaic devices based on materials that
are innate non-centrosymmetric (polar materials), such as fer-
roelectrics, is usually very limited*.

To boost the power conversion efficiency of the BPV effect in a
certain material, it is important to understand fundamental
optoelectronic processes such as carrier generation, transport, and
recombination>®. One good example of exploiting the optoelec-
tronic process to enhance the BPV effect is given by Zenkevich
et al.”. It was demonstrated that by engineering the film thickness
to be comparable with the photocarriers thermalisation length,
the photovoltaic effect of the respective thin film was largely
improved. However, to date, very few reports have so far
addressed the fundamental electronic process of the BPV effect.

The magnetic field-dependent photoelectric effect might be the
ideal experimental way to address this problem®°. Under the
application of a magnetic field, the photocurrent experiences a
Lorentz force and thus the fundamental carrier transport prop-
erties can be unveiled. Previous reports have employed the Hall
effect to investigate the response of the BPV behaviour to the
magnetic field!9-12, However, these experiments only involved
the photocurrent behaviour at a fixed light polarisation, therefore,
could not give a full profile of BPV behaviours in the magnetic
field. In this work, we demonstrate the evolution of the BPV
currents of BiFeQ3/SrTiO; (BFO/STO) in the presence of a
magnetic field. We give clear evidences that the Hall effect
dominates the magnetic field-dependent BPV behaviours at low
temperatures. Our analysis shows that the BPV effect of BFO/
STO has a high non-thermalised carrier mobility and a long mean
free path, belonging to the ballistic mechanism.

The bulk photovoltaic (BPV) effect, a nonlinear photo-

Results and discussion

Photocurrent measurement. We mainly focus on the Hall effect
on the BPV behaviour in a well-studied system BFO/STO. The
(~200 nm) BFO thin film was epitaxially grown on (001)-oriented
STO single crystal substrates in special conditions to yield the
single-crystal monodomain structure with C;, point group
symmetry!3. Photo-Hall characterisations were performed by
applying a magnetic field normal to the film plane, illuminating
the sample with polarised light, and collecting photocurrents in
two orthogonal directions. The experimental setup is schemati-
cally illustrated in Fig. 1a, where a half-wave plate (HWP) is used
to modulate the polarisation of the 405 nm laser beam to measure
the linear BPV current. The detail of the experimental setup and
the related piezoresponse force microscopy studies of the thin
film are given in Supplementary Fig. 1.

The BPV currents were confined to the film plane, the
directions of which are defined according to the film-plane
projection of the ferroelectric polarisation P as marked in
Fig. la. According to phenomenological theory and the geometry
of the experimental setup, the HWP angle-resolved BPV currents
without any magnetic field can be simply written as!13

Jo = Asin(4(0 + 0,)) (M

J, = A,sin(4(0 + 6,)) )

where ], and ], are the photocurrent along the lab coordinate x
and y, respectively; A,(A,) is the sine photocurrent amplitude of
.U y), 0 is the HWP angle; Ox(Gy) is the initial BPV angle offset of

J. U,). It is worth noting that the light polarisation-independent

photocurrent background (offset) is not the main focus here, as it
may also comprise other contributions that are irrelevant to the
BPV effect.

It has been demonstrated that the photocarrier mobility in a BFO/
STO system can be very high at their interface due to the nature of
STO!“. This is more significant when the temperature is lower than
30K, as the carrier mobility of STO can go to 10°cm*V~'s™! due to
the nature of STO!. To build the temperature-dependent
correlation between carrier mobility and the Hall-effect behaviour,
we conducted the experiments in the temperature range from 70 K
to 10 K. The BPV currents ], as a function of the HWP angle at the
different magnetic fields of —3 T, 0T, and 3T are present in
Fig. 1b-g. Initially, at 70 K, the BPV current was nearly insensitive to
the applied magnetic field. However, by lowering the temperature to
50 K, we observed an obvious change in the photocurrent amplitude
due to the application of the magnetic field. By further lowering the
temperature to 30 K and below, a significant BPV angle shift was
additionally determined. We found that the photovoltaic current
changes sign when the temperature decreases from 40 K to 30 K and
below. As has been analyzed in our previous work showing that STO
contributes significantly to the BPV effect at low temperatures!4. As
shown in Supplementary Fig. 2, there change in the BPV effect at
temperatures below 40 K. This is a clear indication that the BPV
effect has now a large contribution from STO (more details are given
in Supplementary Note 2 and Supplementary Fig. 2).

The above magnetic field-dependent BPV results reveal that a
significant influence of the applied magnetic field on the BPV
effect is sizable at about 40-50 K and lower mainly due to the
STO part of the thin film. To establish the landscape of the
magnetic-field dependent BPV, we measured both BPV currents
J and J, under the magnetic field in a wide range between —6 T

and 6 T, the detail of which is given in Supplementary Note 3 and
Supplementary Fig. 3.

Magnetic field-dependent BPV properties. In order to quantify
the effect of the magnetic field on the BPV currents, we add the
magnetic field dependence of the BPV current amplitude and
angle into Eqgs. 1 and 2. The expressions of BPV currents in a
magnetic field are:

JE = ABsin(4(6+ 6)) 3)

8 = alsin(4(0+67) ) (4)

where the superscript B indicates the magnetic field dependence.
The magnetic field-dependent BPV amplitude and angle are
consequently obtained via fitting the sine HWP angle-dependent
photocurrents with a least-square fitting method. The BPV angle
shift A6® and AGf compared to the pristine state and a rescaled

BPV amplitude is used to better understand the change in the
BPV current. The results shown in Fig. 2a, b clearly demonstrate
that the BPV angle is magnetic-field- and temperature-
dependent. In both photocurrent directions, the BPV angles
shift monotonically from the negative to positive magnetic field
only below 30K, remaining nearly unchanged at temperatures
above 60 K. Compared to the BPV angle, the BPV amplitudes
show more intricate magnetic field behaviours. Nevertheless, the
dependence of the BPV amplitudes on the magnetic field is also
largely reduced when the temperature is higher than 60 K.

The above results indicate that the magnetic-field dependence
of the BPV effect is strong at low temperatures, directly pointing
out that it is the STO playing a decisive role, as we know that BFO
exhibit a depressed photo-response at low temperatures!310,
Carrier mobility of STO sharply increases when the temperature
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Fig. 1 Experimental setup and bulk photovoltaic (BPV) currents at different temperatures under a magnetic field. a Schematic of the experimental setup
for the measurement of the BPV effect in BiFeOs/SrTiO3 (BFO/STO) under a magnetic field B (deep red arrow) normal to the film plane. The

Photocurrents, indicated by the green arrow, are collected along either x direction (J,) or y direction (J,); the in-plane ferroelectric polarisation of BFO (D)
is parallel to the x direction as indicated by the red arrow. A half-wave plate (HWP) was used to modulate the light polarisation. b-g HWP angle-resolved
photocurrent J, at different temperatures under magnetic fields of —3 T, O T, and 3 T. Detailed descriptions are given in the ‘Photocurrent measurement’

section.

drops below 30 K. Therefore, under the magnetic field a similar
effect to a Hall effect changes the photocarrier transport path
within the collection of the electrodes.

Macroscopic analysis: a Hall-effect study. Before further ana-
lysing the Hall-like effect on the BPV response, we first verify
another geometry where the magnetic field is parallel to the film
plane (Supplementary Note 4 and Supplementary Fig. 4). With
this setup, one photocurrent is now perpendicular to the mag-
netic field and another one is parallel to the magnetic field. In
principle, if the Hall effect dominates the magnetic field-
dependent BPV current, the photocurrent along the magnetic
field will not be changed. In turn, the photocurrent perpendicular
to the magnetic field will be changed upon the application of the
magnetic field. Our results displayed in Supplementary Fig. 4 give
clear evidence to support our assumption and thus confirm the
existence of the Hall effect on the BPV current.

Based on the above results, we now consider the photocurrent
trajectory is deflected by the Lorentz force. To illustrate this
process, the total BPV current is decomposed in two orthogonal
directions, i.e., ], and . The values given by Egs. 1 and 2 are the
original states (see Fig. 3a).

After applying a magnetic field, the BPV currents are effectively
rotated by a certain angle in the film plane due to the Lorentz
force and expressed as ];(B and ];,B. The characteristics of the new
BPV currents, i.e., the amplitudes and angles remain identical as
the magnetic field does not change the material symmetry. The
rotated BPV currents have two projections on the x- and y-axis
and now are expressed as:

T3P = £P1E = APAsin(4(60 4 6,)) ©)

PP = 00T = AP Asin(4(0 + 6,)) ©)
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Fig. 2 Magnetic field-dependent bulk photovoltaic (BPV) characteristics at various temperatures (10 K to 70 K). a Magnetic field-dependent angle

shifts of BPV current along x direction Aef. b Magnetic field-dependent angle shifts of BPV current along the y direction AGyB. ¢ Magnetic field-dependent
amplitude of BPV current along x direction Af. d Magnetic field-dependent amplitudes of BPV current along the y direction Af. The directions x and y are
defined in Fig. 1a. The error bars in the plots represent the standard error. The error bars are obtained from the standard deviation of the least-squares fit

parameters and are smaller than the points.

];.B _ A;,B ];B = A;’BAysin(él(G + 9},)) )
];,B _ A;,B ];B = A;’BAysin(4(9 +6,)) ®)

where J*® and 2P are the photocurrents projected from J® on
the x and y axis, respectively; ];“'B and ];’B are the photocurrents
projected from ];,B on the x and y axis respectively; AX5, AVB,
A}"B and A;’B are the corresponding projection coefficients.
Summing up two compounds on each axis into the total BPV
currents, i.e., ]f and ]f, we have the modified magnetic field-
dependent photocurrents expressed as:

I =TP 4T = APAsin(4(0+ 6,)) + AJPAsin(4(0 + 6,))
©)
Ip =T+ 1% = 0)PAsin(4(6+6,)) + A)"A,sin(4(6 + 6,))

(10)

By fitting the magnetic field-dependent BPV currents J? and ]f
with the initial BPV currents, we obtained the projection
coefficients A7, AP, ATP and AP,

The results at 10 K as an example are displayed in Fig. 3¢, d.
The projection coefficients A** and Ai’B have similar features,
that is, decreasing by both positive and negative magnetic fields
and becoming zero at about 3.5 T. Further increasing the positive
or negative field results in the negative values of A** and A%’B.

This means that the projection of the rotated photocurrent is
oriented in the opposite direction, indicating the magnetic field
switches the direction of the photocurrents by more than 90°. On
the other hand, AY* and AJ® show opposite-sign sinusoidal
curves as a function of the magnetic field. The maximum absolute
values of both A*® and A;’B are situated at ~+3 T. This hints that

the maximum projection of photocurrent on the other axis
happens at ~+3 T, agreeing with the conclusion for A%* and A;B.

Microscopic origin. From the perspective of macroscopic pho-
tocurrent, it is clear that a ~3 T magnetic field would rotate the
photocurrent by 90° in the direction. Alternatively, this can be
understood by the picture that the direction of the mean free path
of a single carrier is changed by 90° (see Fig. 3e). To understand
this process, we consider the Lorentz force as a centripetal force
on the moving charged carriers. Thus, we have:

eV, B=m Vi /r (11)
m*V th

— _e nth 12

r B (12)

where e is the unit charge, m} is the effective electron mass, r is

the effective radius of the circular path, B is the magnetic field,
and V,; is the non-thermalised velocity of the carriers. The free
path i.e., the mean free path [ deflected by the magnetic field is
expressed as:

(13)

I=radxr=V 47

4 COMMUNICATIONS PHYSICS | (2022)5:326 | https://doi.org/10.1038/s42005-022-01108-6 | www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-01108-6

ARTICLE

(@)

Jx= Ay sin(4(6+6y)) (c)
1.5

X ~ 1.0
=
205
J,= Ay sin(4(6+6,)) & 00 g
% -0.5 - Lf\'x,B
S-1.0 &
Y -1.5
-6 -3
(b)
(d)
1.5{—=—&"
1.0{—e— A°8

Coefficient (a.u.)
S oo
wn O W

—
=)

[
—_

L, D

(@)}

[

0
B(T)

Fig. 3 Macroscopic and microscopic analysis. Schematic illustrations of bulk photovoltaic (BPV) effect a without the magnetic field and b under the

magnetic field B in the out-of-plane direction. J, and J, are the original photocurrents along the x and y dlrectlons respectively. JB and JB are the Lorentz
forced-induced photocurrent of J, and J,, respectively. J"B and JyB are the photocurrents projected from J, '8 on the x and y axis respectlvely, JXB and JyB are
the photocurrents projected from JE on the x and y axis respectively; AXB AVB AXB and NB are the corresponding projection coeff|C|ents c Magnetlc
field-dependent projection coeffl(:lents of AXB and AyB at 10 K. d Magnetic field-dependent projection A{‘B and A;‘;B at 10 K. e lllustration of Lorentz force
acting on electrons under a 3 T magnetic field. The direction of the electron’s motion is indicated by the blue arrow; the black dashed line indicates the
trajectory of the motion of electrons. The error bars in the plots represent the standard error. The error bars are obtained from the standard deviation of the

least-squares fit parameters and are smaller than the points.

where rad is the angle rotated by the magnetic field, and 7 is the
relaxation time of free carriers. By substituting B = 3 T and rad =
7/2 into Eq. 13, we have the moment relaxation time 7 = 3 ps. In
addition, the mobility of non-thermal carriers is also obtained as
Ho = BT AP (or £37) 2 3.3x 10°em®V~'s™!, much larger than
the reported values in other systems!”. It is worth noting that
carrier mobility is an innate property of the material and it is not
magnetic field dependent.

To further estimate the mean free path of the carriers, the non-
thermalised velocity is required as indicated in Eq. 13. To obtain
the non-thermalised velocity, one may need to know the exact
values of the momentum and energy of the excited carriers!S.
Determining these values is, however, beyond the currently
available experiments or literature. Anyhow, as the carrier has
higher energy in the non-thermalised state than its thermalised
state, we can assume that the velocity of non-thermalised carriers
is higher than the thermal velocity!®. Therefore, the mean free
path value estimated from the thermal velocity will be the lower
limit of the actual mean free path. In a two-dimension system, the
thermal velocity of the free carrier can be expressed as:

Vnth = \/ 2kB T/m:

where kg is the Boltzmann constant. We therefore get Vi, = 1.7 x
10* m s~ for the free carrier at 10 K. By substituting this value into
Eq. 13, we obtain the mean free path [ >50 nm.

The above analysis indicates that a magnetic field of ~+6 T
would result in the projection coefficient A% and A2 being —1
as the pristine photocurrents in both two directions should be
180° reversed. While our results show the A¥® and A;’B are both

~—0.5. Therefore, other effects such as the magneto-photovoltaic

(14)

effect may also involve and contribute!l. The deviation of
experimental results from the theoretical prediction is larger at
higher temperatures (Supplementary Note 5 and Supplementary
Fig. 5). Specifically, when the temperature is at 50 K or higher, the
carrier mobility decreases sharply, therefore, the Hall-effect
analysis is no longer applicable. These results indicate that the
Hall-BPV effect is dominating only in the low-temperature range.

To understand the above characters of the BVP current, we
have to invoke the microscopic BPV theory, i.e., ballistic and shift
effect!820-23 These two effects have different transport proper-
ties. The shift current has a short relaxation time (< 107!* s)
which prevents it from responding to the magnetic field!%17,
however, the ballistic process has a relatively longer relaxation
time which allows the magnetic field via a Lorentz force to
effectively act on the carriers over its mean free path>18. It has
been shown that the ballistic effect has a carrier relaxation time in
the range of 107!* — 107! s and a mean free path of 10-100 nm,
which are in good agreement with our experiments’>”. We further
demonstrated that other oxide-STO heterostructures also show
the shift of BPV angles in the presence of the magnetic field,
indicating the manifestation of the Hall-BPV effect is largely due
to the nature of STO (Supplementary Note 6 and Supplementary
Fig. 6).

Conclusions

In this work, we have reported a magnetic-field tuned BPV effect
in the BFO/STO thin film. By a detailed Hall-effect analysis, we
demonstrated that hot photocarriers of the BFO/STO system at
low temperatures have transport characteristics within the realm
of ballistic transport. We believe this study can not only help to
understand the ballistic current but also could be a good example
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to obtain the fundamental electronic properties of non-
centrosymmetric materials.

Methods

Sample and electrode fabrication. (001)-oriented STO substrates with a 4° miscut
along [011]¢ direction were used for the deposition of BFO monodomain struc-
tures. Before the deposition, STO substrates were etched in buffered oxide etchant
for 15 s, and then were annealed in air at 1100 °C for 2 h. BFO monodomain thin
films were grown at 650 °C under an oxygen pressure of 0.15 mbar. The pulsed
laser energy was set at 0.7 ] cm~2 with a 10 Hz frequency. To conduct the electrical
measurements, a pair of ~40 nm thick gold electrodes was fabricated on the top of
the surface. The electrodes are in the dimensions of 900 pm x 600 um and a spacing
of 100 pm, running either parallel or perpendicular to the in-plane ferroelectric
polarisation as shown in Supplementary Note 1 and Supplementary Fig. 1.

Electrical measurement setup. A homemade optical PPMS was used in this
study. Photocurrent characterisation was performed by measuring the in-plane
current in two directions under the illumination of a 405 nm (3.06 eV) laser at
~35mW incident power. A half-wave plate was placed between the sample and the
laser source to modulate the polarisation of the light. The rotating rate of the half-
wave plate is 2 degrees per second. A high-impedance electrometer (Keithley
6517B) was used to collect the photocurrent in real-time. The magnetic field was
applied in the direction normal to the film plane with a sweeping rate of 100 Oe
per second. Photocurrents were measured when the system was stabilised for at
least 5 mins to avoid any heating or drift effects.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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