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ABSTRACT: The effect of above-bandgap photons on the domains of BiFeOs thin film was investigated via piezoresponse force microscopy
(PFM) and Kelvin probe force microscopy (KPFM). It is found that under the above bandgap illumination, the relaxation time of the
polarization state was significantly extended while the effective polarizing voltage for the pristine domains was reduced. We propose that
this photo-induced domain stabilization can be attributed to the interaction between photogenerated surface charges and domains.
Importantly, similar phenomenon is observed in other ferroelectric materials with an internal electric field once they are illuminated by
above-bandgap light, indicating that this photo-induced stabilization is potentially universal rather than specific to BiFeOz. Thus, this study
will not only contribute to the knowledge of photovoltaic phenomena but also provide a new route to promote the stability of photovoltaic

and ferroelectric materials.

1. INTRODUCTION

The effects of above-bandgap photons on ferroelectric (FE)
semiconductors have attracted intense interest due to the wide
applications in photovoltaic (PV) and photomemory devices!-®.
One of the key factors to achieve these devices is to prevent the
recombination of the electrons and holes that are generated by the
above-bandgap illumination, and a stable internal field is thus
required to separate the photo-generated carriers efficiently®.
Current studies show that the internal fields of FE materials are
derived from the FE domains (polarization and domain walls),
therefore, how to maintain the stability of the FE domains,
especially under the above-bandgap illumination, is of great
importance!-®,

Over the past twenty years, the influence of above-bandgap
photons on FE domains has been investigated but always been a
debated topicl”-%". There were reports about the enhancement in the
coercive fields (Ec) of FE crystals under above-bandgap laser
illumination’, where a photo-generated space charge mechanism
was assigned. Nevertheless, contradicting observations, e.g. that

above-bandgap light reduces the coercive fields, were also reported.

These observations were attributed to the screening effect of the
photo-generated electronic carriers on pinning defects, which
promoted the propagation of smoother domain walls'®1°, Many of
these mechanisms, however, have been hypothetical and lack of
support from direct observations of the interaction between photo-
generated charge and FE polarization. More recently, Kelvin probe
force microscopy (KPFM) has been introduced to illustrate the
local interactions between FE domains and excitons via observing

the evolution of surface potential (SP) induced by above-bandgap
photons?>-25, It is demonstrated that the dynamics of the photo-
induced charges is strongly affected by the direction of the
polarization contributed from both bulk ferroelectric photovoltaic
(FE PV) effect and the number-dependent domain walls®2. The
photo-induced recovery of the SP contrast between the adjacent
oppositely polarized domains has also been discovered?. As there
is strong coupling between FE polarization and surface charges?
27 it can be inferred that the stability of the FE domains could be
affected by the photo-induced surface charges. The influence of the
photo-excited surface charges on FE domains is indeed observed
by Wang et al., who attributed this photo-induced stability on FE
domains to the effects of surface defects®®. The understanding of
direct interactions between above-bandgap photons and FE
domains, however, is still limited.

These studies therefore bring forth the question of the nature of the
interaction between above-bandgap photons and FE domains: what
is the direct effect of the photo-induced surface charges on the FE
domains, and is the photo-induced stabilization on FE domains
intrinsic property? Furthermore, if the photo-induced stabilization
of FE domains is an intrinsic property, it is expected that materials
showing FE domains only under high electric fields, such as anti-
ferroelectric materials, would also maintain the FE domains
stability under above-bandgap illumination, and thus could be
considered as the candidates of photovoltaics?®. Hence, in present
work, we demonstrate direct observations of the photo-induced FE
domain stabilization using KPFM and local piezoresponse
hysteresis loop measurements. Among FE materials, BiFeOs
(BFO) is exceptional due to its large polarization and narrow
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electronic bandgap (2.2 — 2.8 eV), and thus shows promising FEPV
effects®®33, Although it is still far away from constructing practical
BFO-based PV devices, a recent attempt of combining BFO with
TiO2 and NiO as a “dye-sensitized solar cells like” structure is
considered to be a highly tunable and stable PV device with good
power conversion efficiency, indicating that BFO indeed can be
recognized as a potential FE PV candidate.®® Therefore, in this
report, we choose BFO thin films as a model system to illustrate
the photo-induced FE domain stabilization effect. We further reveal
that this effect stems from the interaction of photogenerated
charges and FE polarization. This study thus provides significant
guidelines for the development of high efficient photovoltaic and
ferroelectric materials with stable performance.

2. EXPERIMENTAL SECTION

2.1 BFO/LaNiO3/Y20s/Si structure fabrication. In this study, the
BFO/LaNiOs/Y203/Si structure was fabricated using the pulsed
laser deposition (PLD) technique. An excimer laser (KrF, A = 248
nm) was used to ablate Y203, LaNiOs (LNO), and BFOtargets.The
laser repetition rate was set at 5 Hz, and the target-to-substrate
distance was kept as 5 cm.First, a 50 nm Y203 layer was deposited
on a (001) silicon wafer®*, using 1.5 J/cm? laser power density and
30 min deposition time. The oxygen pressure used was 1 x 10-torr,
and the substrate temperature was 750 °C. Second, a20 nm layer of
LNO was deposited on the as-prepared Y203 layer. The laser power
density was 2.5 J/cm? and the deposition time was 15 min. The
oxygen pressure was 5 x 1072torr, and the substrate temperature was
750 °C. Third, 75 nm BFO layer was deposited on the
LNO/Y203/Si layer. The laser power density was 2.5 J/cm? and the
deposition time was 60 min. The oxygen pressure was 5 x 10°%torr,
and the substrate temperature was 750 °C. Finally, the as-deposited
thin films were annealed at 750 °C for 30 min under 400 Torr Oa.

2.2 Characterization. The crystallinity of the BFO thinfilmswas
investigatedwith X-ray diffraction (XRD) and micro-diffraction

imaging, both using 11 keV X-ray beamsat Sector 7-1D-C,
Advanced Photon Source, Argonne. The standard thin-film XRD
was performed on a Huber six-circle diffractometer coupled with a
Pilatus 100K area detector. For X-ray imaging, an X-ray beam with
a FWHM (full width at half maximum) size of ~350 nm was
obtained using zone-plate focusing optics, and was raster-scanned
over the BFO thin films which were aligned according to the 110c
specular diffraction conditions. The diffracted X-ray beam was
detected using a Pilatus 100K area detector, on which a large
region-of-interest was defined to record the total Bragg peak
intensities at each scan point. UV-visible absorption spectra were
measured on a UV-Vis-NIR Spectrophotometer using the diffuse
reflection  method (Varian Cary 5E). High-resolution
transmission electron microscopy(HRTEM) and selected area
diffraction (SAD) images were obtained on JEOL-2100F.
Piezoresponse force microscopy (PFM) characterizations were
performed under ambient conditions on a commercial AFM system
(Cypher, Asylum Research), which has integrated signal generator
and lock-in amplifier modules. Olympus AC240TM conductive
silicon probes (Tip coating: 5 nm/20 nm Ti/Pt; force constant:
calibrated 1.8 N/m) were used. The imaging contact set-points used
were around 100 nN. For PFM domain imaging, we used off
contact-resonance ac probing signals (typically 300 kHz, amplitude
VAC = 300 mV) to excite surface oscillations. KPFM was
performed in a dual-pass mode with a tip lift height of ~ 50 nm. For
in-situ photo excitation measurements, the sample regions
underneath the tip were illuminated by a continuous-wave laser of
458 nm wavelength (power: 0-300mW, Spectra-Physics) or
another continuous-wave laser of 351-364 nm wavelength (power:
0-50mW, Coherent). Both lasers were introduced to the AFM with
an optical fibre, emitting onto a circular spot with a diameter of
~0.74 mm(the former) and ~0.88 mm(the latter).The laser
incidence angle with respect to the sample surface is ~10° to the
substrate. To prevent blocking of the laser beam by the tip
cantilever, the scan directions, both X and Y, were kept reverse to
the incident direction (Scheme 1).

Scheme 1. Schematic of BFO thin films being poled or scanned under the illumination of 458 nm laser (2.71 eV).

3. RESULTS AND DISCUSSION

3.1 Characterizations of BFO thin films. Figures 1a and 1b show
the structurecharacterizations of the as-prepared BFO thin films.
The specular XRD spectra (Figure 1a) indicate a [110]c (in the
cubic phase indices) crystal orientation along the out-of-plane
direction of the as-prepared films and no minor phases can be
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observed. The rocking-curve angular width of the specular 110c
peaks is ~1.54° (see Figure 1b), suggesting a high degree of
preferred orientation. Furthermore, X-ray diffraction maps were
acquired over a typical region of 20 x 20 um? based on the BFO
[110]c. As illustrated in Figure 1b Inset and Figure S1b, these maps
show small diffraction intensity variation across the region which
excludes the presence of significantly misaligned grains or



secondary phases and thus attest to the relatively good crystalline
quality of our BFO thin-films. Compared to the AFM topography
which shows granular features in a few hundred nm size (root
square roughness ~0.8 nm; see Figure 1c), the X-ray imaging shows
much larger, up to several microns features presumably due to the
correlated alignment of the grains. Figure 1d shows that the
interfaces between BFO/LNO and LNO/Y20s3 are sharp and well-
defined, and the thickness of Y203, LNO and BFO is approximately
50 nm, 20 nm and 75 nm, respectively. The cross-sectional
HRTEM image also demonstrates the high crystalline quality of the
BFO/LNO/Y20s3 structure (Figure S2). The [110]c preferential
orientation of the BFO layer along the out-of-plane direction on the
LNO/Y20s layers is confirmed with the diio of the BFO layer
(0.279 nm) and the SAD pattern (Figure S2). The bandgap of the
sample calculated from the measured UV-vis absorption spectrum
is ~2.6 eV (Figure 1e), which is in agreement with other reports®.,
A typical PFM image of the pristine thin films is shown in Figure
Slc, in which no uniform domain pattern is observed.
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3.2 Photo-induced stabilization on domains. Here, we explore
the poling effect in a region of 1.5 um % 1.5 um as-prepared BFO
thin film. Figure 2a illustrates the out-of-plane PFM phase images
acquired at different time periods after poling, in which the bright
regions correspond to the polarization directing away from the
surface (c- domain), while at the dark region the polarization directs
towards the surface (c* domain). It is evident that strong phase
contrast between c* domain and ¢ domain formed immediately
after poling (Figure 2a, top). However, such a phase contrast
reduced gradually and completely disappeared after staying in dark
for 6 h (Figure 2a, bottom), implying a fast relaxation of the
polarization (or depolarization) in the written domains. This result
is in accordance with the report of Kan et al., in which fast
relaxation was observed in the small written domains when the
ferroelectric crystal was thin®-3¢, Here, we define the relaxation
time of domains as the time when the phase contrast between c*
domain and ¢ domain completely disappears in the PFM image.
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Figure 1. Characterization of as-prepared BFO thin films. (a) Specular scan XRD pattern (b) rocking curve scan around the BFO 110c
reflection along with the Gaussian peak fit (FWHM ~ 1.54°); inset is a scanning X-ray diffraction map based on the BFO 110c reflection
measured at the rocking angle @ = 10.5° (Scale bar = 5 um). (¢) AFM image of the BFO thin film in a region of 1.5 x 1.5 um?. (d) Cross-
section TEM image of the BFO thin film. (e) Calculated band gap of the BFO thin films with the tangent of the linear part as dotted line

(Inset is the raw UV-vis absorption spectrum).

When the poling is performed under 458 nm laser illumination, the
time of depolarization is found to be extended remarkably. Figure
2b shows the changes of the phase contrast with time under
illumination. Although the PFM image obtained immediately after
the poling (Figure 2b, top) shows almost no difference with that
poled in dark (Figure 2a, top), apparent phase contrast still remains
after 6 h (Figure2b, bottom), and weak contrast can be observed
even 24 h after poling (Figure S3a). These results evidence that the
polarized region become more stable when it is poled under laser

illumination. The relaxation time of polarization is estimated to be
48 h (Figure S3b), much longer than the one poled without laser
illumination (6 h). As neither the applied bias nor the polarized
region is different in these two measurements, the introduction of
the laser during poling is the only factor that leads to the
stabilization of the domains. Note that the relaxation of the written
domains is mainly affected by domain wall tension and
depolarization fields®®, we suggest that the above-bandgap photons
affect the depolarization fields of our sample.



We also notice that phase contrast can be created by applying a
lower bias under illumination than the bias applied in dark. Evident
phase contrast is observed when the sample is poled with +4 V bias
under 458 nm laser illumination, though the phase differences are
not 180° (Figure S4a). As comparison, no phase contrast will be
found when this region is polarized by the same bias in dark (Figure
S4b). From these results, we can conclude that the writing domain
patterns would be created with lower tip-bias and have longer
relaxation time under above bandgap illumination.

3.3 Surface potential in dark and under illumination. According
to the previous reports, the relaxation of written domain is
influenced by the depolarization field®, which is affected by the
surface charge screening®-2%. Therefore, to further elucidate the
factors of the domain stability in the as-prepared BFO thin film,
KPFM is employed to examine the distribution of surface charge
and the variation of SP as a function of time. Figure 3 depicts the
evolution of surface potential of the BFO thin film poled in dark or
under laser. In the former case, both the negative and positive
charges almost distribute equally in the corresponding polarized
regions soon after poling, since all of them are screening charges
which are only created to compensate the polarization charge
(Figure 3a, 0 min)%. As the time elapsed, SP reduced in both ¢* and

¢ domains with the profile remaining (Figure 3a and 3b). No SP
contrast is observed after 6 hours (Figure 3b, bottom). Considering
that surface charges are bound by FE domains and released with
the relaxation of domains, it is expected that the relaxation time of
surface charges is in line with the domain relaxation (Figure 3a,
bottom). The evolution of surface charges is also reflected by the
time dependence of SP shown in Figures S5a — S5d. The SP decay
lengths in bulk (far away from the boundaries) are estimated to be
250 - 180 min by an exponential decay function fitting, while the
SP decay lengths close to the domain boundaries are 120 — 50 min,
indicating that the SP decay in bulk is slower than that at boundaries
when the sample is kept in dark (Figures S5a — S5d). As the
relaxation of domain is consistent with the time dependent SP
(Figure 2a and 3b), it is suggested that the SP decay is attributed to
the diminishment of the surface screening charges. As a result,
surface charges in bulk will be released once the domains are
relaxed, whereas surface charges at boundaries are affected by both
depolarization and recombination with the charges in the adjacent
domains and thus the decay lengths are shorter. It is worth noting
that the asymmetry between the SP at the c/c* and the c*/c
boundaries can be ascribed to the charging differences when the
AFM tip move towards the ¢/c* boundary and away from the c*/c
boundary, which is in agreement with our previous work®”.
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Figure 2. Photo-induced stabilization of the tip-written domains. (a) Domain patterns from a 1.5 x 1.5 um? region poled with +10 V tip
bias in dark, immediately after poling (top) and after an elapsed time of 480 min (bottom). (b) Domain patterns from the same region poled
with £10 V tip bias under the illumination of a 458 nm/240 mW laser. The images were acquired in dark 0 min (top) and 480 min (bottom)

after the poling.
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Figure 3. Decay of surface potential. (a,c) Line average profiles of the surface potential acquired in dark at different time periods after the
sample region was poled in dark (a) and under illumination (c). (b, d) The corresponding KPFM images measured at a number of decay
times(marked on the ) for the poling in dark case (b) and poling under illumination case (d) The patterned domain boundaries are indicated
with green dotted lines. The region shown here is the same as Figure 2 and the poling biases are also the same.

Scheme 2. Mechanism of photo-induced stabilization of domains in BFO. Schematic of the band diagrams in dark at the surface of (a)
¢* and (b) ¢ domain. Schematic movement of photo-generated charges in (c) ¢* and (d) cdomain under the illumination by a 458 nm laser.
(e) A panorama sketch of the movement of photo-generated electrons under laser. Ec, Ev, and Er denote the conduction band, valence band,
and Fermi level of BFO, respectively; + and - denote the surface screening charges, while @ and © denote the photo-generated holes
and electrons; the dark blue arrows denote the direction of the movement of electrons; the regions in red and blue stand for the bands being
bent upwards and downwards, respectively
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In the case of laser-assisted poling, the time dependent SP shows a
few differences compared with the former case (Figures 3c and 3d).
Firstly, the maximum absolute value of SP soon after poling in both

c* and ¢ domains are higher, indicating that there are more surface
charges generated under illumination. Secondly, the SP contrasts
remain much longer. Slight SP contrasts can still be observed in



KPFM image even after more than 24 h (Figure 3d), and we
estimate that the surface charges are completely released by 48 h
(Figures 3c and S6f). Thirdly, the maximum SP migrates towards
the boundaries with time in ¢ domains, while the SP lines show
small concaves near the boundaries in ¢* domains after 2 h (Figure
3c), implying that part of the surface charges are moving from the
domain centre to boundaries. The time dependence of SP also
shows that while the SP decays in bulk still follow the exponential
decay function, most of the points close to boundaries exhibit much
slower SP decay and can no longer be fitted by the exponential
decay function, especially in the first few hours (Figures S6a —
S6d). As all these differences are only observed when the sample
is poled under illumination, it can be proposed that these special SP
decay behaviors are induced by the above-bandgap photons which
generate extra surface charges that will have different behaviors on
the surface of polarized regions. Again, it must be pointed out that
the relaxation time of domains is also elongated to the similar
extent of the SP decay (Figures 2b and 3d), and thus it is convinced
that surface charges play a crucial role in the domain relaxation
process.

3.4 Mechanism of photo-induced stabilization of domains. In
order to explore other possible factors that may affect the domain
stability, the power dependent relaxation time was firstly measured.
Figure S7 shows that the relaxation time of the polarization
increases with enhancing the laser power from 27mW to 240 mwW
and then saturates at about 48 h after the power is over 240 mW.
These results indicate that the extension of depolarization observed
above is resulted from the ferroelectric photovoltaic effect rather
than thermal effects, as it is well known that coercive field
decreases and domains become unstable with increasing
temperature®’. It is worthnoting that the saturation of relaxation
time with power also implies that the domain relaxation is
correlated with SP, as the photovoltage becomes insensitive to the
power density when the illumination power is high38-%°, The capture
of surface charges by defects or grain boundaries, which are
considered to provide extra stability to domains, are also taken into
account. Figure S8 is the KPFM image of the sample measured in
dark and under laser alternatively without poling. The SP contrast
is almost identical in the entire area and only changes as a function
of time sequence: a 20 mV increase of SP is found when the laser
is switched on (as there is built-in field in the BFO-LNO interface
which can separate the hole-electron pairs), while the SP drops
back to 0 as soon as the laser is off. We repeat this alternative laser-
on and off operations over 20 times, and the corresponding SP
values are of good repeatability, implying that no photogenerated
surface charges is trapped by defects and grain boundaries®* %’ In
other words, defects and grain boundaries charging may not be the
main reason causing the photo-induced stabilization of domains in
this work.

To describe the mechanism of the photo-induced stabilization
effect, the interfacial electronic band diagrams are schematically

shown in Schemes 2a — 2d. When a negative bias is applied on the
BFO film, a c¢* domain is generated where the band bends
downwards because of the internal polarization field (Scheme 2a),
and vice versa, upwards band bending occurs in the case of positive
poling bias and ¢ domain is formed (Scheme2b). The band bending
facilitates the accumulation of electronic screening charge on the
surface (Scheme 2a and 2b)*%4%. As a result, the SP of ¢* domains
and ¢ domains are different (Figure 3a). This difference of surface
potential (ASP) will be further increased when the laser is switched
on, as the internal field can separate photogenerated excitons and
drive the electrons to the surface in c* domain (Scheme 2c) or away
from the surface in ¢ domain (Scheme 2d), resulting in a more
negative or positive surface potential respectively (Figure 3c)?.

Scheme 2e depicts the movement of the photogenerated electrons
on the surface of BFO film under laser illumination. At the regions
far away from the domain boundaries, photogenerated electrons are
driven by the internal fields and move towards or away from the
surface according to the polarization orientation, thus the value of
SP is increased. As per the previous discussion, that domain
relaxation is affected by depolarization field, due to the
photogenerated charges that partly screen the depolarization field,
the relaxation time of domain will be increased, and the SP decay
will be extended accordingly. Furthermore, we assume that these
photogenerated surface charges will migrate from the domain
centre to boundaries in terms of the results of time dependent SP
(Figure 3c). This assumption can be confirmed via the analysis of
the direction of surface electric field. By virtue of the derivation of
the SP lines, we find that the direction of the surface electric field
is away from domain centre in ¢ domains, and towards domain
centre in c* domains (Figure S6e). Therefore, the photogenerated
surface charges in both ¢ and ¢* domains would tend to move to the
boundaries (see Supporting Information for more discussion).
Therefore, domain boundaries would be stabilized by the
aggregation of these photo-induced surface charges, and thus the
SP decay will show significant differences from that in bulk.

To further verify the interaction between domains and photo-
induced surface charges, we devised in-situ local PFM phase
switching measurement (Figure 4). When the laser is off, the phase
hysteresis created in the first poling cycle is almost overlapping
with the second hysteresis. When the laser is on, however, the loops
of two different poling cycles are divergent: the first positive
coercive voltage is slightly lower than that in dark but the first
negative coercive voltage (~-6.2 V) is much higher than the
counterpart poling in dark (~-4.5 V), while both the positive (~+6.5
V) and negative (~-6.2 V) coercive voltages are similar and more
intense than the values detected in dark (~+4.9 V and -45 V
respectively). As the photogenerated surface charges would give
rise to an extra voltage Up, domains can only be established when
the external voltage Uc, the intrinsic coercive voltage Uinc,
considered as the coercive voltage in dark, and Up will satisfies this
relation:
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Figure 4.Effects of laser illumination on the local polarization switching behaviour. Local PFM hysteresis loops (20 spots averaged)
measured at the surface of the BFO film in dark (black line) and under laser (blue line). After obtaining the loops in dark, the sample was
depolarized 24 hours in dark before the switching loop measurements under the 458 nm laser. The square and triangle symbols denote the
first and second cycle, respectively, of tip voltage waveforms. Insets are the schematics for the interaction between dipoles and

photogenerated charges at different bias steps.

|Uc+Up| > |Uinc| (1)

When the sample is kept in dark, Up= 0, which means that domains
would be reversed as long as the external voltage is higher than the
coercive voltage, and thus the hysteresis of the first and the second
cycles are coincided in dark. Nevertheless, when a fresh sample is
exposed under illumination, photogenerated charges can be driven
to surface once there are dipoles slightly deviated to their initial
states under a weak external electric field (inset of Figure 4, step
I1), and thus Up> 0. As Ucand Up are of the same direction, in terms
of the equation (1), domains can be established even when the
external voltage Uc is lower than the intrinsic coercive voltage Uinc.
As a result, the coercive voltage indicating in the local PFM
hysteresis is decreased (Figure 4), and domains with opposite
orientation can then be created with the bias lower than the intrinsic
coercive voltage (Figure S4a).

At the stage when the negative voltage is applied on a positive
polarized sample under illumination (inset of Figure 4, step IV), the
directions of Uc and Uy are different. Therefore, in order to reverse
the domains, the value of the external voltage Uc must be higher
than the sum of Up and Uinc, indicating an enhancement of the
negative coercive voltage in the local PFM hysteresis (Figure 4).
Similarly, at the very beginning of the second poling cycle,
domains are negatively oriented, and thus the photogenerated
charges on the surface are negative, leading to the opposite
direction between Uc and Up. Hence, the positive coercive voltage
of the second cycle showing in the local PFM hysteresis is much
stronger than that of the first cycle and the counterpart in dark as
well (Figure 4). From the results of the local PFM hysteresis and
the above discussion, it can be concluded that there are interactions
between domains and photogenerated surface charges, by which
the polar state of the domains can be stabilized.

Similarly, the piezoresponse loops of the BFO thin film are also
affected by illumination (Figure S9b). Although the height of the
loops shows almost no difference when the laser is on or off, the
coercive voltage of the sample kept in dark are about +4.9 V and -
4.5V, while the coercive voltage of the sample under illumination
are +6.5 V and -6.1 V. In addition, we find that when the sample is
under the initial stage, the positive coercive voltage of the sample
under illumination is reduced to ~3.1V, about 1V lower than that
of the sample in dark. All these results are in agreement with the
study of the in-situ local PFM phase switching measurement,
indicating that domains can be stabilized via the photo-induced
surface charges.

According to this mechanism, another two results are expected.
First, since the stabilization of domains is derived from the
interaction between above-bandgap photons and local polarization,
domains will be stabilized once they are exposed to the above-
bandgap illumination, regardless of when they are polarized. In
order to demonstrate this inference, the same 1.5 um x 1.5 pm
region is applied with the alternative +10 V bias then depolarize for
2 h. The laser is kept off in this process. After that,we switch on the
laser. Figure 5a and Figure S10 summarize the time dependent
results of this sample. Herein, before switching on the laser, from
0 min to 120 min after poling, SP decay follows the exponential
decay function in the entire polarized region (Figures 5a and S10),
as it is shown in the previous results acquired in dark (Figures 3a
and S5). As soon as the laser is switched on, SP contrast increases
due to the generation of the photogenerated charges (Figure 5a,
dark blue line), and the SP decay starts to slow down (Figure S10).
As the photogenerated surface charges will also be driven by the
surface electric field of which the directions are away from the
domain center in ¢ domains and towards the domain center in c*
domains, it is evident that after switched on the laser, the positions
of the maximum SP migrate to the boundaries in ¢ domains, and
there are small concaves observed at the SP lines close to the
boundaries in ¢* domains (Figure 5a, from 120 min to 480 min).
Such an evolution of the SP curves is identical to the variation of



the SP curves shown in Figure 3c, strongly indicating the effects of
the photogenerated charges (Figures S10b — S10d). The SP contrast
remains until poling after 720 min (Figures 5a and S10f), and so as
the phase contrast (Figure S10h), indicating that domains are
stabilized and the relaxation of domain is slower than the sample
kept in dark (Figure 5a). Nevertheless, as this sample has been
depolarized in dark for 2 h before the laser is switched on, the
internal dipole field is attenuated and thus less photogenerated
charges can be driven to the surface. As a result, the relaxation time
of the polarization of this sample (12 h) is not as long as the sample
poled under laser (48 h).

The second result we expect is the extra stability of domain
boundaries. As the interaction between domains and
photogenerated surface charges is proved, it is predictable that the
more surface charges generated, the stronger interaction of the
domains and surface charges can be observed, and thus the
relaxation of domains will be slower. Therefore, the region close to
the domain boundaries should be more stable, as photogenerated
surface charges will move towards the boundaries, resulting in a
slower SP decay near boundaries (Figures 3c and S6). The
boundaries stability, however, is not observedin the PFM images in
Figure 2. The reason we are unable to observe the extra stability of
the domain boundaries is that the amount of the photogenerated
charges accumulated around the domain boundaries may not be
enough to bring on the stabilization that can be observed. As a
result, in order to observe the extra stability of domain boundaries,
it is necessary to produce more photons to pump up more
photogenerated charges to the surface. There are two factors able
to affect the amount of photons, the intensity of the laser
illumination and the exposure time. As the laser power we used is
already saturated (Figure S7), we extended the exposure time by
putting the BFO thin film under laser after poling until the
completion of the depolarization. More photogenerated charges
would therefore be created and driven to the surface of the thin film,
resulting in stronger interaction between the surface charges and
the domains. Figures 5b and S11 indicate the evolution of SP, from
which it can be found that the SP decay time periods are
dramatically elongated, and the SP contrast can remain almost 4
days after poling, owing to more surface charges are generated.
Moreover, the SP curves from 120 min to 24 h after poling show
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more apparent concave around the boundaries in ¢* domain,
indicating that more photogenerated charges migrate to the
boundaries (Figure 5b).

In accordance with the tremendous extension of the SP decay, the
depolarization also becomes much slower attributed to the
generation of more surface charges interacting with domains.
Moreover, stabilized domain boundaries are observed in Figure 5c,
wherein the boundaries remain straight and clear during the entire
depolarized process, even though the phase contrast has almost
disappeared completely in the other regions (Figure 5c, bottom).
This excessive stability of the domain boundaries would only be
observable when the photogenerated charges are adequate,
therefore, neither the sample poled in dark (Figure 2a) nor the one
only poled under laser but kept in dark thereafter (Figure 2b) would
have enough surface charges to provide the extra stability for the
domain boundaries.

3.5 Photo-induced domain stabilization in other materials.

Note that the photo-induced stabilization of domains is not relied
on this particular stack of the BFO thin film structures as per the
mechanism we put forward. The increases of coercive voltage of
the local PFM hysteresis under illumination are also observed in
the BFO thin film grown on the (100) LNO/SrTiOs substrate
(Figure S12), indicating that the photo-induced stabilization of
domains is an intrinsic property of the BFO thin film. In addition,
the photo-induced domain stabilization described above appears
not to be restricted only to BFO thin films. Similar results have
been found in transparent (Pbi-yLay)-o)(Zr1-xTix)-p)Os (7.5/65/35)
(PLZT) ceramics (see Figure S13)*, indicating that this
phenomenon may be potentially universal: once a material with an
internal field is exposed to above-bandgap illumination,
photogenerated charges will be driven to the surface and stabilize
the polar state of domains, resulting in suppressed depolarization.
Furthermore, it is assumed that for some materials in which
domains typically are only stable under nonzero applied electric
fields (e.g. anti-ferroelectric  materials), above-bandgap
illumination assisted-poling may lead to a remnant stable domain
state. Thus, this strategy can potentially enlarge the candidate pool
of materials for applications in photovoltaic devices.

{c) PO
Pt i

poled and depolarizatoin under illumination

1:0 - 15 2I1

Figure 5. Effects of laser on domain stability. (a) Before switching on the laser, the sample was poled and kept in dark for 2 hours, and the
line average of the surface potential is acquired from 120 min to 720 min after poling. The patterned domain boundaries are indicated with
green dotted line. (b) The sample is poled under 458 nm laser then the line average of the surface potential is acquired under the same laser
at different time. (c) Out of plane PFM images are obtained (top) 480 min and (bottom) 72 hours after poling under the 458 nm laser. The

same biases were applied on the same region as Figure 3.

4. CONCLUSIONS

In conclusion, photo-induced stabilization of domains is discovered
and studied in the BFO/LNO/Y203/Si thin film samples. The



relaxation time of the polarization of the thin film is 48 h when it is
poled under the above-bandgap laser, much longer than that poled
in dark (6 h), while the effective polarized voltage for the areas in
the pristine state under laser is reduced to £4 V, even lower than
the coercive voltage in dark. KPFM and local PFM hysteresis are
taken advantage to investigate the mechanism, and confirm that the
excessive charges aggregating on the surface can stabilize the
domains and result in the facilitation of polarization and extension
of depolarization. In addition, we suggest that the photogenerated
charges are able to shift from domain centre to domain boundaries
and thus the regions around domain boundaries will show slower
SP decay than the other region of the thin film, thereby providing
more stability for the domain boundaries. As similar phenomenon
has also been observed in the other materials (PLZT ceramic), we
regard that the mechanism identified in the present work is not
specific to BFO but universal, and domains will be stabilized by
the excessive surface charges as long as they are exposed to the
above-bandgap illumination. As it is well-known that the internal
field induced by the polarization of FE semiconductors play a
critical role in their PV performance, following the photon
illumination method of domain engineering as we demonstrated
here, it is expected that the PV outputs of FE materials will not be
diminished severely due to a fast decay of the polarization and thus
these results will contribute to the application of FEPV materials.
Moreover, our studies can largely interpret the antiferroelectric-PV
phenomena reported by Perez-Tomas et al.?8, and accordingly we
would potentially obtain appreciable PV effects in antiferroelectric
materials or other materials with domains that can be stabilized
under above-bandgap illumination. Therefore, this study may
potentially provide a new route to explore high-efficiency
ferroelectric photovoltaic materials.
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