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The presence of ferroelectric domain walls (DWs) can generate an above-band-gap photovoltage of a
ferroelectric photovoltaic device, which is the anomalous photovoltaic (APV) effect, and its mechanism is
still under debate. Here, the effective electric field and the local bulk photovoltaic (BPV) component at 71°
DWs are reported by quantitatively analyzing the light polarization angle-dependent photovoltaic effect of
nonperiodic DWs and periodic stripe DWs in BiFeOs films. The photovoltaic measurement under white
light illumination directly reveals a significantly enhanced electric field at stripe DWs in comparison with
the domains. The BPV effect at stripe DWs is about 25 times as large as that of the domains. Furthermore,
the defect states at the DWs may recombine the photogenerated carriers and drastically weaken the electric
field of the DWs, whereas they negligibly mitigate the BPV effect. This work offers a deeper insight into

the mechanism of the APV effect at ferroelectric DWs.
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I. INTRODUCTION

The photovoltaic (PV) effect in ferroelectric (FE) mate-
rials has attracted substantial attention owing to its photo-
voltage being significantly higher than the band gap and its
switchable photocurrent under an alternating current elec-
tric field [1-6]. The PV response of the FE device with
coplanar-electrode structure involves two mechanisms: the
bulk photovoltaic (BPV) effect [6—S8] arising from noncen-
trosymmetry, and the domain wall photovoltaic (DWPV)
effect [4,9] stemming from a spatial rotation of spon-
taneous polarization across domain-wall (DW) regions.
Ferroelectric DWs, which feature unique properties, such
as conduction, magnetoelectric coupling, and anomalous
photovoltaic (APV) effect, are homogeneous boundaries
that separate different orientations of electric polariza-
tion [4,10—13]. The fascinating functionalities of DWs are
believed to hold potential for applications as functional
elements in nanodevices. Intensive studies have been per-
formed for FE oxides in multidomain (MD) states because
the presence of DWs can significantly enhance the PV
response [9,10,14,15]. However, the previous viewpoints
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on the origin of the APV effect in MD state FE oxides is
not consistent, especially in BiFeO3; (BFO) thin films.
Recent studies on BFO with stripe DWs have proposed
that the high photovoltage under white illumination orig-
inates from an electrostatic potential step at the DWs
[4]. However, white light illumination, due to the ran-
dom distribution of light polarization, does not enable the
investigation of the BPV effect in stripe DW samples. Sub-
sequently, the temperature-dependent PV properties have
been demonstrated by Bhatnagar et al., revealing that BFO
films generate a markedly high photovoltage thanks to
the reduced conductivity of the DWs at low temperature
[10]. They consider BPV theory as the main mechanism
of the PV effect in MD samples, rather than the electro-
static potential step at the DWs. High conductivity at DWs
seems to be detrimental to the PV effect of MD samples
[10]. More recently, the effect of 71° DWs on the PV
effect was described in BFO films grown epitaxially on
SrTiO; (STO) substrates with a miscut angle of 4° along
with the [110] (STOg4e [110]) and [100] (STOge [1()0]) direc-
tions, revealing the dominance of the DWPV effect over
the BPV effect [16]. This result agrees with the conclu-
sion in the BaTiO3; (BTO) system of MD states with 90°
domain structures [9,15]. However, the method of using a
STO4e [100] substrate to get a 71° domain structure results
in nonperiodic DWs, which is not completely consistent
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with the theoretical model of periodic stripe domains. Fur-
thermore, the contribution of the DWPYV effect is indirectly
derived from the offset term of the BPV equation and lacks
direct experimental support. Most recently, detecting tera-
hertz radiation in BFO films, a new method to probe the
PV response, suggested the dominant contribution of DWs
compared with the PV response in the single-domain (SD)
sample [17]. Terahertz measurement, however, is unable
to directly observe and further quantitatively analyze the
DW-mediated PV mechanism. Therefore, the specific APV
mechanism of DWs in BFO thin films with periodic
stripe-patterned domains remains controversial.

To address this problem, BFO thin films with SD, peri-
odic stripe, and nonperiodic 71° domains are grown by
pulsed laser deposition (PLD). The BPV tensors obtained
in the SD sample enable the direct demonstration and
quantitative evaluation of the APV effect at the DWs,
which contain both strong electric field and BPV compo-
nent. We employ the PV measurement under white light
illumination, which directly indicates the high electric field
generated by electrostatic potential drops at the DWs. The
defects at the DWs may be responsible for the relatively
low electric field under white light illumination. In combi-
nation with the aberration-corrected scanning transmission
electron microscopy (STEM) and temperature-dependent
PV measurements, we argue that the enhanced light polar-
ization angle-dependent photocurrent (BPV effect) at the
DWs is caused by the stronger spatial symmetry breaking
at the DWs.

II. RESULTS AND DISCUSSION

A. Thin-film fabrication and domain characterization

First, to study the domain difference between the
BFO thin films grown on STOge 1007 and (110)-oriented
DyScO; (DSO) substrates, domain analysis is conducted
by piezoresponse force microscopy (PFM) and recipro-
cal space mapping (RSM). Details of film growth are
given in Appendix 1. Figure 1 shows the results with the
corresponding schematics to clearly emphasize the dif-
ferences between two kinds of 71° domains. Figure 1(a)
shows the in-plane domain morphology of two structural
variants with 71° domains on BFO/STOxe [190}, Which are
presented with nonperiodic domains with variable sizes
(100—1000 nm). The topography image shows the step sur-
face, and the terrace width is approximately 200 nm [see
Supplemental Material Fig. S1(a)] [18]. Figures 1(b) and
1(c) display the RSMs around STO (103) and (013) reflec-
tions for BFO films. The double diffraction peak of (103)
indicates the existence of MD structures in BFO films
on the STOye [19g) Substrates, which is consistent with the
PFM. The RSM also shows that the BFO peak is slightly
away from the black dashed vertical line, indicating that
the BFO films on the STOye [190] substrates are relaxed.

On the other hand, the in-plane PFM image of BFO
films on (110)-oriented DSO substrates shows the peri-
odic 71° stripe-pattern domains [see Fig. 1(e)]. The surface
of the BFO films on the DSO substrates is atomically
smoother with larger terrace width (about 1 um) than that
on STO4e 1007 substrates [see Supplemental Material Fig.
S1(b)] [18]. The RSM patterns around (103) and (013)
reflections for the BFO films on the DSO substrates are
shown in Figs. 1(f) and 1(g), respectively. An obvious
splitting of BFO peaks is observed in Fig. 1(f), which
confirms the presence of two-variant structural domains
in BFO films. The RSM shows the fully strained BFO
films on the DSO substrates because of their closer lat-
tice match with DSO than STOye [10;. The peak width of
the BFO films on the DSO substrates is much narrower
along the (010) direction, indicating the improvement of
crystalline quality in the BFO films by using DSO sub-
strates. Out-of-plane x-ray diffraction (XRD) shows the
strong (00/) (/=1, 2, and 3) diffraction peaks of the BFO
films, proving the formation of a single-crystalline BFO
phase [see Supplemental Material Figs. S1(c) and S1(d)]
[18]. Additionally, we fabricate the BFO films on the
STO4e 1107 substrates to obtain SD structures as a refer-
ence, and the SD structure characterization is shown in
the Supplemental Material Figs. S1(e)-S1(h) [18]. Fig-
ures 1(d) and 1(h) show schematic diagrams of the domain
structures of BFO films on STOge 190 and DSO substrates,
respectively. We use the laboratory coordinate (x,y,z) sys-
tem to define the measurement direction of the PV effect.
The [010], and [001],. (subscript pc represents pseudocu-
bic setting) directions are 4° away from the y and z axes for
the BFO/STOqe [190) sample, and the [100],c and [010],
directions are parallel to x and y axes for the BFO/DSO
sample. The ferroelectric polarization is also marked in
Figs. 1(d) and 1(h). The BFO film grown on the TiO,-
terminated STO substrate can cause SrO-TiO,/BiO-FeO,
interface leading to the upward ferroelectric polarization of
BFO [19,20]. The DSO substrate after the thermal anneal-
ing process results in the upward polarization of BFO, as
shown in our STEM images. These findings reveal that
BFO films on DSO substrates exhibit more periodic 71°
stripe domains. The DWs with periodic stripe patterns
would be more useful for extracting the DW contribution
to the PV properties of BFO films.

B. Anomalous photovoltaic effect at domain walls

To comprehensively understand the mechanism of the
APV effect at 71° DWs of BFO films, we perform a
detailed PV study of BFO films on STOg [199j and DSO
substrates with nonperiodic and periodic domain pat-
terns, respectively. We also investigate the PV response
of the BFO/STOqe [119) sample with SD state for refer-
ence (see Supplemental Material Fig. S2) [18]. In the
following, we mark the BFO/STO4° [110], BFO/STO4° [100]>
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FIG. 1.

Ferroelectric domain characterization of MD samples.
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In-plane PFM phase images (5 x 5 pm?) show the multidomain

structure with 71° domain walls for 200-nm-thick BFO films on (a) STO4- [190] and (e) DSO substrates. RSM images around (103)
reflections for BFO films on (b) STOge [190) and (f) DSO substrates. RSM images around (013) reflections for BFO films on (c)
STO4e 100) and (g) DSO substrates. The values given for the color legends represent intensity in arbitrary units. Schematics of the
multidomain structure of (d) BFO/STO4e [199) and (h) BFO/DSO. The white arrows indicate the components of polarization direction
in each domain. The relationship between the orthorhombic, pseudocubic, and laboratory-coordinate (x,y,z) axes is shown.

and BFO/DSO samples as SD, MD-STO, and MD-DSO
samples, respectively. Figures 2(a) and 2(d) show the
configuration of the PV measurement of MD-STO and
MD-DSO samples, respectively. All samples are mea-
sured under illumination with linearly polarized light
(A =405 nm). The light polarization direction is controlled
by a half-wavelength plate. Linearly polarized light propa-
gates along the z axis with a light polarization angle 6 from
the y axis in the x-y plane. We define the short-circuit cur-
rent density (Jsc) along the » axis (r=x, ¥) as J, Mmp-st0
or J.mp—pso and the corresponding open-circuit voltage
(Voc) as V. mp—sto or V. mp—pso in the MD sample, and
denote them as J, sp and V. sp in the SD sample. Supple-
mental Material Fig. S3 shows the current density—bias
voltage (J-Vyias) characteristics of the SD (6 =60° for
J _xsp and 6 =0° for J_,,sp), MD-STO (6 =40° for J; mp
and 6 = 0° for J;, mp), and MD-DSO (6 = 40° for J; mp and
6 =0° for J, mp) samples at a range of light intensities,
which confirm a linear relation between J and Vy;as [18].
Jsc reaches the maximum value at these light polariza-
tion angles. Figures 2(b) and 2(c) exhibit the absolute value
of Jsc (|/scl) and Voc (|Vocl) as a function of thickness-
averaged light intensity (/o) for the MD-STO sample, and
Figs. 2(e) and 2(f) show those for the MD-DSO sample.
1 opt 1s expressed by film thickness (d), incident light inten-
sity (I;,), and absorption coefficient (¢ =2.1 x 10° cm™!)
as Iy = ;=229 [7] The |Jgc| varies linearly with
increasing /o, and |Voc| reaches saturation when /g is
greater than around 20 W cm~2. Hence, we discuss the

PV effect at /,,=35 W em™2, where Voc is independent
of Iop. The MD-DSO sample shows a larger V), mp-pso
(16.7 V) than that of the MD-STO sample (12.3 V), and
a relatively small Vy mp_pso (0.6 V) compared with that
of the MD-STO sample (3.7 V). The reason for the higher
V, mp value of the MD-DSO sample is the periodic stripe
domains and increased DW density, whereas the disor-
dered distribution of DWs and inconsistent domain widths
in the MD-STO sample reduce the |Voc|. This observa-
tion reveals the role of periodic stripe domains in the
MD-DSO sample and can better explain the contribution
of DWPV effects. J, mp and V), mp in both MD samples
are much larger than those in the SD sample, indicating
the remarkable contribution of DWs to increasing the Jsc
and Voc. Additionally, we calculate the photoconductivity
(oph=1Jsc/Eocl), where Eqc is the open-circuit electric
field, i.e., Eoc= Voc/L (L is electrode distance), from the
slope of the J-Vy.s data in the y direction for the SD
and MD samples. o, is proportional to /.y and the val-
ues of o p/lop for the y direction configuration are shown
in Table I. Since o pn/lop values in the y direction con-
figuration are very close, the o, of 71° DWs does not
dominate the APV effect at room temperature. This result
is in agreement with the previous report [16].

Next, we need to obtain the BPV tensor to quantitatively
assess the contribution of the APV effect at the DWs. The
J-Vpias characteristics of the SD, MD-STO, and MD-DSO
samples under linearly polarized light (6 = 0°—180°) show
the linear relation between J and Vs (see Supplemental
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FIG. 2. Photovoltaic properties of MD samples under different light intensities. Configuration of the PV measurement of (a) MD-
STO and (d) MD-DSO samples. Short-circuit current density (Jsc) as a function of thickness-averaged light intensity (/) for (b) the
MD-STO and (e) MD-DSO samples. Open-circuit voltage (Voc) as a function of /¢ for (c) the MD-STO and (f) MD-DSO samples.

The solid lines are the fitting data.

Material Fig. S4) [18]. To get the BPV tensor elements,
we first analyze the sinusoidal dependence of Jgc on 6
extracted from the J-Vy;,s features in the SD sample (see
Supplemental Material Fig. S5) [18], because the role of
DWs is ruled out in the SD sample. Figure 3(a) shows
the schematic of the PV measurement under linearly polar-
ized light. When the SD sample is illuminated with linearly
polarized light, J ¢ originates from the BPV effect. J_, sp,
and J_, sp can be expressed as follows:

J—x,SD/Iopt = lgklil,ks]),amp sin(20 + @), (1)

bulk bulk

J—y,SD/]opt = ﬂ—l;,SD,oﬁ“ + :8—1)11 SD,amp COS(20 + §0); (2)
where ,Bb‘jCIkSD amp? ﬁ'ﬂ“}l}‘SD’amp, and ,Bb';“‘SD o indicate the
sinusoidal and offset tensor components of the BPV effect
of the SD sample, respectively. ¢ is an experimental phase
shift, i.e., the experimental angle error of 6 =0°, which

TABLE 1. The photoconductivity (o) characteristics along
the y axis of the SD, MD—-STO, and MD-DSO samples.

SD MD-STO MD-DSO
Jsc/lopt (WA W) 11.6 16.4 30.1
Eoc (Vem™) 1376 2428 3325
o ph/Lopt (nS cm W) 8.4 6.7 9.0

represents the initial misalignment between the polarized
light and the in-plane ferroelectric polarization. The spe-
cific expressions for ,81’“1 'SD.amp> ﬁt_";l’kSD)amp, and ﬂb‘;"‘SD of>
taking into account the influence of the 4° miscut angle,
are shown in the Supplemental Material Egs. (S8), (S9),
and (S10) (see Ref. [18]) [16]. The elements of the BPV
tensor, obtained by fitting the statistical data of J_, gp and
J_y sp [see Supplemental Material Figs. S5(¢) and S5(f)]
using Egs. (1) and (2), are listed in Table II. For the MD
sample, we assume that beul is determined by the BPV
effect alone, which can be described by

JbulD/IOPt ﬁ)t;)L]l\l/}(D off — ﬁ)l;)lll\l/}(D amp c0s(260 + @), 3)

bulk bulk o : .
where B)\p amp and B\ o indicate the sinusoidal and

offset tensor components of the BPV effect of the MD sam-
ple, respectively. Here, ¢ = 0° theoretically. The specific
expressions of ;’,‘f\lj‘D,amp and ;”‘1‘\1,}‘])’ o for MD-STO and
MD-DSO samples are shown in the Supplemental Mate-
rial Egs. (S15), (S16), (S19), and (S20) (see Ref. [18]). The

BPV tensor of the SD sample determines ﬂ)?lll\l/}(D-STO amp =

=59 x107° V™! and BPNG sroor = —6-2 x 1070 V!
for the MD-STO sample, and ﬁy}f\I/}(D-Dso,amp =-55x

-6 v/— bulk
107° V=" and By MD-DSO,0ff =

MD-DSO sample.

—75x 107V~ for the
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FIG. 3. Photovoltaic properties under linearly polarized light and white light illumination. Schematics of PV measurement under
(a) linearly polarized light and (b) white light illumination. Under white light illumination, the Jgc of the MD sample is in the same
direction as the in-plane polarization. (c) 6 dependence of J,, vp for the MD-STO and MD-DSO samples. The black dots and squares
are experimental data. The two solid blue lines are the theoretically calculated data, and solid red and orange lines are the sinusoidal
fitting data. (d) J-Vyes characteristics along the y axis for the SD, MD-STO, and MD-DSO samples measured under white light
illumination (about 0.4 W cm™2) at an electrode distance of 200 um. The inset shows an enlarged image of J-Vyi,s near zero bias for
SD and MD-STO samples. (¢) The APV data of DWs for the MD-STO (solid pinkish-purple line) and MD-DSO (solid purple line)
samples are obtained by subtracting the calculated data from the experimental data in (c). (f) The |Voc| dependence of L along the y
axis under white light illumination. The inset shows enlarged data for SD and MD-STO samples.

In Fig. 3(c), we plot the JbulD sto and Jbu MD SO CUTVES fitting curves for the experimental data (solid red and
theoretically calculated using Eq. (3) (two blue lines)  orange lines) are also shown in Fig. 3(c). In comparison,
when the APV effect of the DWs is not considered. The  although the calculated curves display negative offset and

TABLEIL  Elements of the BPV tensor of the SD sample, and the APV effect (83" and B2\) of DWs for the MD-STO and MD-DSO
samples.

Bis (V7 B (VT (VT B (V) otV Y (V)
SD 1.3 x 1073 —49 x 10°° 2.8 x 1077 —49 x 1073
MD-STO 1.3 x 1073 —49 x 10°° 2.8 x 1077 —49 x 1073 1.3 x 1073 —1.7 x 10°°
MDDSO 1.3 x 1073 —49 x 10°° 2.8 x 1077 —49 x 1073 2.8 x 1073 —19 x 10°°
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sinusoidal components, the experimental curves show pos-
itive offset and larger sinusoidal components. These results
demonstrate that the PV effect of the MD samples arises
from not only the BPV effect of the domains but also the
APV effect of the DWs. Thus, we should modify J,, mp by

Jy,MD/]opt = (IBJI)DI\\XD off + ﬂ;lﬁ(D oﬁ')

- ( v, MD ,amp ﬂ)l;)l]l\l/}(D amp) COS(ZG + (P), (4)
where B, S amp and B MD o indicate the sinusoidal and
offset tensor components of DWs, respectively. The statis-
tics of the experiment [see Supplemental Material Figs.
S5(g) and S5(h)] [18] can be well fitted by Eq. (4), and the
fitted values of B, D™ amp and ;3 MD.ofr for the MD-STO and
MD-DSO samples are listed in Table II. To directly visual-
ize the APV effect of DWs, we assume that ¢ = 0° and plot
the curve for the MD-STO (solid pinkish-purple line) and
MD-DSO (solid purple line) samples obtained by subtract-
ing the theoretically calculated data from the experimental
data, as shown in Fig. 3(e). Thus, the curves of Fig. 3(e)
actually demonstrate the APV data of the DWs for the MD-
DSO and MD-STO samples. The contribution of by, o off

is obvious and its value is positive. In particular, ﬂy,MD,OE of
the MD-DSO sample is much larger than that of the MD-
STO sample. Therefore, the role of the DWPV effect for
the MD-DSO sample with 71° periodic stripe domains is
greater than that for the MD-STO sample. Furthermore,
the apparent SOV indicates that DWs also exhibit the
BPV effect.

y,MD,amp

C. Domain-wall photovoltaic effect

To quantitatively evaluate the contribution of DWs

to the yMD o We calculate the effective electric field

(Ey,MD), which is the spatial gradient of the electrostatic
potential. According to the relation of J, ymp = IopB =

aphEy,MD, the Ey,MD is given by [9,15]

bulk
= ( Vs MD off + y,MD, off)]OPt
E,mp = . Q)
O’ph

For the MD-DSO sample, the value of Ey,MD—DSO is cal-
culated to be 2.3 kV cm™', which is twice as large
as EV Mp-sto = 1.1 kV em™' for the MD-STO sample.
Assuming that £ PV is the volume fraction of 71° DWs,
then Ey,MD can be expressed as follows [15]:

E,vp = (1 —fDW)ESH\l/]fD +fDWE)]?gD3 (6)

where E;";\L}‘D is the effective field inside the domains orig-

inating from the BPV effect and £ MD is the local field

in the DW region arising from the DWPV effect. £ PV is
written as wPV /W, where wPW is the average width of 71°

DWs and W is the average DW spacing. From the PFM
data, the W value is estimated to be around 150 nm for
the MD-DSO sample. It is noted that estimating the W
value of the MD-STO sample is not feasible because of
the disordered DWs with varied domain widths. Accord-
ing to the STEM images (Fig. 4) and previous report, we
assume that the wPW value of MD-DSO sample is about
2 nm [21]. From this we calculate the /' °V value is 1/75.

Therefore, the E DMD value of the MD-DSO sample is given

as 239 kV cm*1 which is 2 orders of magnitude higher
than Eblllk (—0.8 kV cm™!). This result shows that ED
domlnates the PV effect in the MD sample, causing the
observed positive offset [15].

AM1.5G white light as a whole is nonpolarized, due
to the random distribution of light-polarization directions.
Under white light illumination, the light-polarization-
dependent BPV effect can cancel out in all directions and
only the light-polarization-independent response (i.e., the
offset tensor component) remains. Thus, to directly obtain
the built-in electric field at the DW, the PV measure-
ment under white light illumination is employed and the
schematic is shown in Fig. 3(b). J-Vpi,s characteristics
along the x axis are shown in the Supplemental Material
Fig. S6 [18]. In the x direction, the J-Vy;,s curves of the
MD-DSO sample show small | Voc|, while the SD and MD-
STO samples only exhibit photoconductivity. Figure 3(d)
shows J-Vyias properties along the y axis for the SD, MD-
STO, and MD-DSO samples measured in the dark and
under white light illumination at an electrode distance of
200 um (the J-Vyias characteristics with electrode distances
0f 20—150 pm are shown in the Supplemental Material Fig.
S6 [18], and Fig. 3(f) shows the corresponding |Voc| as a
function of L along the y axis. Figure 3(d) shows that | Voc|
of the MD-DSO sample is noticeably larger than that of
MD-STO sample, but there is no |Vpc| for the SD samples.
The [Voc| of the MD-STO and MD-DSO samples fea-
tures a linear relation with L [Fig. 3(f)]. Surprisingly, the
average electric field (E;,MD = |Vocl/L) of the BFO/DSO
sample (1.2 kV cm™!) is 2 orders of magnitude higher
than that of the MD-STO sample (0.03 kV cm™!). From
the W value of the MD-DSO sample, we further calculate
the potential drop for each DW to be 18 mV (E;’MDW),
which is consistent with previous experimental and the-
oretical reports [4,11]. Conversely, the |Voc| of the SD
sample is negligible, which indicates that the BPV effect is
not responsible for the PV response of the SD sample under
white light illumination. Hence, the significant Ey’ MD orig-

inates from the DW, and the strongly enhanced E y MD-DSO
value results from the ordered 71° DWs and increased DW
density.

It is worth noting that the £, yp.pso value (2.3kV em™1)
under 405-nm polarized light illumination is increased
compared with £, i, o (1.2 KV em™") under white light

and, more obviously, the £, yip.sto value (1.1 kV em™")
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FIG. 4. STEM measurement of BFO films. Typical HAADF-STEM images of the (a) MD-STO and (¢) MD-DSO samples with 71°
DW corresponding to the areas labeled by the orange rectangle in the Supplemental Material Figs. S8(d) and S8(h) [18]. The orange
dashed line indicates the 71° DW. (b),(f) Corresponding in-plane strain (&,,) maps of (a),(e) extracted via the GPA analyses. The values
given for the color legends represent intensity in arbitrary units. The scale bar is 2 nm. (¢),(g) Enlarged HAADF-STEM images from
the rectangular regions in (a),(e). The scale bar is 1 nm. (d),(h) Bi sublattice quantitatively analyzed from the orange box in (a),(e).
The blue and orange dots in (c),(e),(g) correspond to the Bi and Fe columns, and the green dots in (e) indicate the O columns.

obtained under polarized light illumination is significantly
larger than E;’MD_STO (0.03 kV cm™") obtained under white
light illumination. What gives rise to this interesting phe-
nomenon? This might be caused by the existence of a
higher defect concentration in the DW of the MD-STO
sample than that in the MD-DSO sample.

It should be emphasized that the white light illumina-
tion (0.4 x 12% = 0.048 W cm™2, as only 12% of the solar
spectrum can be absorbed) is low injection, whereas the
polarized light illumination (35 W cm™2) is high injection.
In the-low injection condition, Shockley-Read-Hall (SRH)
recombination is dominant for the real semiconductors
with unavoidable defect states in the band gap. Alterna-
tively, radiative recombination and Auger recombination
become the dominant mechanisms in the high-injection
condition [22]. Under white light illumination, almost all
photogenerated carriers recombine because the density of
defect states in the DWs of the MD-STO sample is compa-
rable with the photogenerated carrier density, which makes
Voc approach close to zero. For the case of high injec-
tion, i.e., under strongly polarized light illumination, the
photogenerated carrier concentration is 2 orders of magni-
tude higher than that of defect states and thus the electron
Fermi level (Er") and hole Fermi level (Er”) shift signifi-
cantly into the conduction and valence bands, respectively.
This means that all defect states in the band gap are occu-
pied by electron and hole pairs and SRH recombination
can be neglected in the high-injection condition. Conse-
quently, radiative and Auger recombination govern the
DWs of the MD-STO sample under strongly polarized

light illumination and inevitably lead to the higher pho-
tovoltage, i.e., the large electric field at the DWs. The case
of MD-DSO is similar, but the MD-DSO sample with a
much lower defect concentration still produces a large Voc
even under white light illumination. To further confirm the
defect-filled model, we also measure the |Voc| as a func-
tion of L along the y axis under 405-nm monochromatic
light illumination (3.7 W cm™2), as shown in the Supple-
mental Material Fig. S7 and Table S1 [18]. The measured
results demonstrate that the photovoltage and electric field
at the DWs increase when the defect states at the DWs are
gradually filled by photoexcited carriers.

Hence, these observations indicate that the local field
in the DW region dominates the PV response of the MD
samples, and the MD-DSO sample has a much larger
contribution from the DWs compared with the MD-STO
sample. The reason for the enhanced electric field in the
MD-DSO sample is the more ordered DWs with narrow
domain spacing and relatively low defect concentration.
These results strongly suggest the prominent role of peri-
odic stripe DWs with higher DW density and fewer DW
defects in enhancing the DWPV effect.

D. Bulk photovoltaic effect at domain walls

On the other hand, to assess accurately the contribu-
tion of DWs on BN mp» We evaluate PN o /WP as
—9.5 V! cm™! for the MD-DSO sample and —8.5 V!
cm~! for the MD-STO sample, respectively. The value

is about 25 times as large as that inside the domains
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[ oo /(W —wPW) = —0.37 V=" em™! for the MD-

DSO sample], suggesting that the DW possesses a stronger
BPV effect than the domain. Moreover, the almost identi-
cal BN amp/W"" values for the MD-DSO and MD-STO
samples indicate that the periodicity of the DWs has little
effect on the contribution to the BPV effect.

To understand the enhanced )],?I\VXD’amp, we further char-
acterize and analyze the atomic structure of 71° DWs in
both MD samples. Supplemental Material Fig. S8 shows
typical low-magnification high-angle annular dark-field
(HAADF)-STEM and corresponding low-angle annular
dark-field (LAADF)-STEM images of the MD-STO and
MD-DSO samples viewed along the [100],. zone axis
[18]. The domain structures for the MD-STO sample can
be observed from both the HAADF and LAADF images,
as shown in the Supplemental Material Figs. S8(a)-S8(d)
[18]. In contrast, the domain structures for the MD-DSO
sample cannot be observed directly from the HAADF
images [see Supplemental Material Figs. S8(e) and S8(g)]
[18]. They can only be discerned from the strain con-
trast in the LAADF images, as shown in the Supplemental
Material Figs. S8(f) and S8(h) [18]. This indicates that
the DW structures are different for these two samples,
though both are 71° DW. Figures 4(a) and 4(e) show the
atomic-resolved HAADF-STEM images of the selected
area labeled with the orange rectangle in the Supplemen-
tal Material Figs. S8(d) and S8(h), and the corresponding
LAADF-STEM images are shown in the Supplemental
Material Figs. S9(a) and S9(d) [18]. The polarization
direction is determined by the opposite direction of dis-
placement of the Fe ion from the center of the four Bi
neighbors [23-26]. It is seen that Fe moves to the lower
right with respect to its four nearest Bi neighbors [along the
out-of-plane direction, Fig. 4(e)], indicating the upper-left
polarization directions in MD-DSO sample. To visualize
the variation of DWs, the corresponding in-plane (&)
and out-of-plane (g,,) strain maps are extracted by geo-
metric phase analysis (GPA), as shown in Figs. 4(b),
4(f), and Supplemental Material Fig. S9 [18]. The in-
plane [Fig. 4(b)] and out-of-plane strain [see Supplemental
Material Fig. S9(b)] of the MD-STO sample present an
abrupt change at the DW, while no lattice distortion can
be detected in the MD-DSO sample [Fig. 4(f) and Sup-
plemental Material Fig. S9(e)] [18]. Figures 4(c) and 4(g)
show the enlarged HAADF-STEM images of the rectan-
gular area in Figs. 4(a) and 4(e), where Bi (blue dots)
and Fe (orange dots) ions can be directly distinguished.
Then the Bi sublattices are quantitatively analyzed and
mapped in Figs. 4(d) and 4(h). It is clear that the distor-
tion of the Bi lattice at the DW in the MD-STO sample
is greater than that in the MD-DSO sample. Because the
projections of the in-plane components of the 71° DW
in the MD-DSO sample overlap along the electron-beam
direction, they cannot be visualized along the [100],. axis
[Fig. 4(h)]. This observation is in agreement with the

previous literature [21]. The obvious lattice distortion at
the DW (blue box) in the MD-STO sample [Fig. 4(d)] is
consistent with the GPA result. The inhomogeneous strain
distribution and generation of noticeable lattice distortion
at the DWs of the MD-STO samples may be related to
the relatively high defect concentration, such as oxygen
vacancies and dislocations [21,27—29], leading to a severe
decrease in the |Vpc| value of the MD-STO sample under
white light illumination.

Based on these observations, we suggest that the greater
centrosymmetry breaking at the DWs is the reason for the
significant enhancement of BP\ip, ., compared with that

of domains, and thus causes a large B\ amp/ WP Value.
Meanwhile, the similar atomic distribution characteristics
of DWs for MD-DSO and MD-STO samples are respon-
sible for the almost identical BN(p 4, Values, irrespective
of the DW periodicity. Moreover, we study the influence
of temperature variation on o, (see Supplemental Mate-
rial Fig. S10), which further confirms the BPV nature in
MD samples [18].

E. Mechanism discussion

Finally, to gain better insight into the APV effect of
DWs, schematic illustrations of the stripe-patterned 71°
DWs and the corresponding band diagram of the MD sam-
ple are shown in Fig. 5. The MD sample displays 71° fer-
roelectric variants and leads to various polarization direc-
tions in the x-y plane [Figs. 5(a) and 5(e)]. For the MD-
DSO sample, as expressed in Eq. (6), the effective electric
field E;’ﬂ\l,}‘D (—0.8 kV cm™!) appears inside the domains,
while the particularly larger EDVi, (239 kV cm™") pro-
vides a steep gradient in the DW region [Fig. 5(c)] under
polarized light illumination. Even though the DW region is
extremely thin, the positive field of EB]\VXD exceeds the neg-
ative one of E;’}j\l,ﬁ), and thereby the short-circuit current is
reversed by introducing 71° DWs [9,15,16]. Meanwhile,
according to the PV effects under white light illumination,
E;,MD is estimated to be 1.2 kV cm~! in the MD-DSO sam-
ple, which is 2 orders of magnitude larger than that in the
MD-STO samples (30.7 V cm™!). Under open-circuit illu-
mination conditions, the electric field decreases at the DW
with respect to its thermal equilibrium value due to the
drift of photogenerated carriers to the other side of the DW,
leading to a potential drop of about 18 mV [Fig. 5(d)]. The
existence of defect states at the DW leads to the recombina-
tion of photogenerated carriers and results in the reduction
of |Voc| in the MD-DSO sample, and especially in the
MD-STO samples with high defect concentration where
[Voc| is almost zero. Furthermore, the experimentally mea-
sured J (approximately 33 pA cm~2) of the MD-DSO
sample is very close to the estimated value of about 37 pA
cm~2 obtained from the DW model, indicating that the
proposed model is reasonable (see details in the Supple-
mental Material Fig. S11 [18]).
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Modeling of the mechanism of APV effect at DWs. (a) Schematic of three domains (two DWs) in MD sample. Ps denotes

the ferroelectric spontaneous polarization in each domain. (b) Corresponding electronic band diagram showing the conduction-band
minimum (E,) and valence-band maximum (E,) across these domains and DWs in the dark. (c) Evolution of band structure under
illumination. E’. and E’, denote the conduction-band minimum and valence-band maximum under illumination. Wall width is exag-
gerated for clarity. (d) Schematic of band evolution, carrier generation, and combination at DW under illumination. (¢) The atomic
model at DW of MD sample projected on the z axis. (f) Anisotropic photogenerated carrier momentum distribution in DW correspond-
ing to the (g) BPV effect. G is the amplitude of the third-rank piezoelectric tensor G;; component, e is the elementary charge, [ is the
shift in space, £ is the excitation asymmetry parameter, ¢ is the quantum yield, hw is the photon energy, e; and e; are the components

of the light polarization vector.

In addition, we infer that the local BPV component in
the 71° DW regions contributes to the observed B \(p amp
behavior. The lattice in the 71° DW regions is subject to
a strong ferroelastic distortion caused by a spatial rota-
tion of ferroelectric polarization [Fig. 5(e)], which is quite
different from that in the domains. This spatial symmetry
breaking at the DW provides a stronger local BPV com-
ponent than in the domain interior and thus the resultant
photocurrent shows the 6-dependent behavior. From the
perspective of the microscopic origin of the BPV effect,
the shift current and ballistic current mechanisms have
been previously reported [30—33]. The shift current model
is considered as one of the dominant microscopic mecha-
nisms of the BPV effect. It points out that the shift current
results from the coherent quantum wave-packet evolu-
tion during the absorption process. Shift current is a pure
excitation theory and the kinetic process of photoexcited
carriers (the relaxation, scattering, and recombination) are
not taken into account. Ballistic current originates from
asymmetric scattering of photoexcited carriers in momen-
tum space, and is also viewed as a dominant microscopic

mechanism for the BPV effect. Phonon scattering is the
most

significant scattering source in ballistic current theory.
Recent theoretical and experimental studies find that the
ballistic current is comparable to shift current and both
contribute to the BPV effect [33,34]. Figure 5(f) shows
the microscopic schematic of the BPV effect in the DW
region. The photogenerated carriers lose energy and fall
to the bottom of the conduction band, leading to a shift
lp in space. As a result, the amplitude of the tensor
component G = elyEp(hw)~", where e, &, @, and hiw are
the elementary charge, excitation asymmetry parameter,
quantum yield, and photon energy, and a steady-state cur-
rent Jliv = Gyjejellypy is generated at the DW [Fig. 5(g)],
where Gy, ¢;, and ¢; are the third-rank piezoelectric ten-
sor and the components of the light polarization vector.
Our experimental results also demonstrate that the BPV
effect at the DW region is insensitive to defect concen-
tration, which implies that phonon scattering dominates
the asymmetric scattering process. Additionally, the polar-
ized light illumination is high injection (35 W cm™2).
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Under the high-injection condition, defect states at the
DW region are occupied by photoexcited carriers and thus
defect scattering becomes negligible, especially for the
case of BFO/STO. Thus, the APV effect of DWs, involv-
ing the larger effective field and the stronger local BPV
component, provides a reasonable explanation for the PV
behavior of the BFO films with stripe DWs.

I1II. CONCLUSION

In summary, we demonstrate the crucial role that the
stripe-patterned DWs play in the PV properties of ferro-
electric BFO films. The APV behavior of DWs in BFO
films can be well explained by the combination of DWPV
and BPV effects. The DWPV effect originates from the
extremely strong built-in electric field at the DWs and
gives rise to a markedly high photovoltage of the ferroelec-
tric device, especially for periodic stripe DWs. However,
defect states at DWs cause recombination of the photogen-
erated carriers and strongly decrease the photovoltage at
DWs for the nonperiodic stripe DWs. The enhanced BPV
effect of DWs, arising from the high degree of noncen-
trosymmetry at DWs, is about 25 times higher than that
inside the domain, and it is nearly unaffected by defect
states at DWs. This study quantitatively elucidates the
APV effect of ferroelectric DWs in BFO films, opening up
the possibility of designing DW optoelectronic devices.
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APPENDIX: EXPERIMENT DETAILS

1. Device fabrication

Nominally 200-nm thick (001)-oriented BFO films are
deposited on STO (100) substrates by PLD at 700 °C in
13 Pa oxygen pressure. The laser energy density is 1 J
cm~2, and the laser repetition rate is 10 Hz. We use the
(110)-oriented DSO and STO4e [190; Substrates to control
domain structures, respectively. To get 71° DWs, DSO
substrates are annealed at 1000 °C for 2 h in the air. The
buffered HF acid-etch and thermal treatment processes are
used to obtain fully TiO,-terminated surfaces on the STO
substrate, resulting in atomically flat terraces. For obtain-
ing the SD structure, we fabricate the BFO thin films on
STOge 1107 substrates. Aurum electrodes (50 x 500 pm?)

with variable interelectrode distances (20200 um) are fab-
ricated by thermal evaporation using photolithography and
lift-off processes.

2. Quantitative analysis of APV effects at DWs

First, we obtain the BPV tensor (815, 822, 831, and B33)
by fitting the BPV effect of the SD sample. Then, the BPV
effect of the MD sample is theoretically calculated, which
considers that the 71° domain of the MD sample consists of
two kinds of rhombohedral unit cells. The APV effect at the
DWs is finally quantified by subtracting the theoretically
calculated BPV effect from the experimental PV result of
the MD sample.

3. Materials and device characterization

The crystalline phase of BFO films is determined by
XRD analysis (D8 DISCOVER, Bruker). The domain
structures of the BFO thin films are confirmed by PFM
(Cypher, Asylum Research) and RSM (D8 DISCOVER,
Bruker) measurements. The MD-STO and MD-DSO sam-
ples are processed into cross-section samples using the
focused-ion-beam technique in the FEI Helios G4 system.
The STEM experiments are carried out with a JEM Grand
ARM 300F microscope operating at 300 kV in the STEM
mode. To measure the PV effect of the BFO samples, we
use a linearly polarized laser with a wavelength of 405 nm
(hv=3.06 eV). The angle of polarized light is varied by
a half-wavelength plate. The PV response is character-
ized by current-voltage measurements using a high-input
impedance electrometer (Keithley 2636). To eliminate the
pyroelectric effect, current-voltage data are collected after
sufficient illumination time (around 20 min). In addi-
tion, the entire measurement process takes about 60 min.
Therefore, the current-voltage characteristics are steady
state.
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