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Ferroelectric random access memory is still challenging in the feature of combination of room temperature
stability, non-destructive readout and high intensity storage. As a non-contact and non-destructive
information readout method, surface potential has never been paid enough attention because of the
unavoidable decay of the surface potential contrast between oppositely polarized domains. That is mainly
due to the recombination of the surface movable charges around the domain walls. Here, by introducing a
laser beam into the combination of piezoresponse force microscopy and Kelvin probe force microscopy, we
demonstrate that the surface potential contrast of BiFeO; films can be recovered under light illumination.
The recovering mechanism is understood based on the redistribution of the photo-induced charges driven
by the internal electric field. Furthermore, we have created a 12-cell memory pattern based on BiFeO; films
to show the feasibility of such photo-assisted non-volatile and non-destructive readout of the ferroelectric
memory.

erroelectric materials are promising candidates for ferroelectric random access memories (FeRAMs) using

their spontaneous polarization', which can be switched by an external electrical field. Although FeRAMs are

non-volatile and the reading/writing process can be completed within nanoseconds>’, one fatal problem for
conventional FeRAMs is that the reading process, which is performed by applying a bias to the ferroelectric
capacitor and detecting the polarization switching current, is destructive because a rewriting process is needed.
Thus, it is highly desirable to have a non-destructive readout method**.

Polarization reversal influences the surface potential (SP)” which mirrors the surface charges in the polarized
regions. A clear understanding of the behavior of surface charges after poling is crucial to utilizing ferroelectricity
at the nanometer scale. Despite much of the work on the study of the SP of the ferroelectric materials® ', relatively
little emphasis has been placed on the readout method by measuring the non-contact SP in a ferroelectric
memory, simply because the SP contrast (ASP) between oppositely polarized domains decays and fails to be
kept as a memory, which is mainly due to the evolution and recombination of the movable surface charges”*'"'*
around the domain walls. So far, the room-temperature stability of ASP has not been succeeded, so the high
density memory based on this concept faces critical challenge.

By introducing a laser beam with an optical fiber into a system for piezoresponse force microscopy (PFM) and
Kelvin probe force microscopy (KPEM), we demonstrate conceptually the decay issue of ASP between the
oppositely polarized domains can be resolved by photo-assisted recovery. Under the sustained internal polar-
ization field, photo-induced charges recover ASP, thus reproducing the memory readout signal in a non-destruct-
ive and non-volatile manner. Our theoretical calculations reproduce our experimental results, revealing the basic
mechanism.

Results and Discussion

Samples preparation and characterizations. 18-nm-thick and 50-nm-thick BiFeOs (BFO) films were deposited
on the (001)-oriented SrTiO; (STO) substrates with a 35-nm-thick SrRuO; (SRO) buffer layer by Laser
molecular-beam epitaxy (Laser-MBE) technique. Details on film growth and structure are given in the
Methods section and Supplementary Information (see Supplementary Fig. S1). Figure la presents the cross-
sectional high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of a
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Figure 1| Samples preparation and characterization. (a) HAADF-STEM image of a BFO/SRO/STO heterostructure. The thicknesses of BFO and SRO
layers are 18 and 35 nm, respectively. (b) Cross-sectional HAADF-STEM image for the BFO/SRO interface. (c) Local PFM hysteresis loops

measured in the 18-nm-thick BFO film. (d) Out-of-plane PEM phase image on the stripes written by the PFM tip with +8 V and —8 V bias alternatively.
(e) and (f) KPEM image at the same area obtained immediately and 14 hour after poling, respectively.

BFO/SRO/STO heterostructure with 18-nm-thick BFO films.
Figure 1b shows a zoom-in cross-sectional HAADF-STEM image
of the BFO/SRO interface. The atomic resolved image clearly
indicates the high quality of epitaxial heterostructure with well-
ordered lattice structure and well defined RuO,/BiO interface. The
STEM analysis shows that BFO epitaxially grown on SRO-covered
(001)-oriented STO single crystal substrate exhibits a rhombohedral-
like (R-like) c/a ratio around 1.03, which is identical with those
reported previously'*'">. Good ferroelectric quality of the film
and asymmetric coercive fields are evident from the local
piezoresponse phase hysteresis shown in Fig. lc. For the 18-nm-
thick BFO films the related coercive fields are Ec(+) = 4.5 V and
Ec(—) = —6 V, respectively.

The nanometer scale polarization patterning can be achieved by
PEM technique. Polarization pattern with contrast polarization can
be created by flipping tip-bias during scanning with a tip-bias voltage
larger than the coercive voltage. Figure 1d shows the image of the
out-of-plane PFM phase image of the area of BFO film surface after
poling with alternative +8 and —8 V bias. Seven 0.5 um X 3.5 pm
well-defined polarized striped domains were formed and the 180°
phase contrast reveals that the polarization is antiparallel in the
adjacent two polarized domains. The dark regions correspond to
the downward-polarized (P4own) domains in which polarization vec-
tor is oriented to the bottom electrode, while the bright regions
represent the upward-polarized (P,,) domains. As shown in
Fig. 1d, the polarization of the as-grown BFO films on the SRO-
covered STO substrates has a preferred downward direction as
appeared in dark area of the image'®. After switching the polarization
to the downward direction by applying a positive voltage on a con-
ductive tip, positive screen charges are accumulated on the surface of
a domain’. In contrast, negative screen charges are accumulated on
the surface after switching the polarization to the upward direction.

As the readout signal for contrast polarization domains, ASP can
quantitatively obtained with KPFM technique. KPFM was used to
study the surface charges dynamics process by imaging surface
screening charge distribution'>"". Figure 1e displays the KPFM image
for the patterned area shown in Fig. 1d, both obtained right after
sample poling. The difference of imaging contrast reflects the SP
difference of patterned domains. Normally the quantitative value
of SP is difficult to be determined'®. However, the difference of SP
between the nearest oppositely polarized domains, i.e., ASP, can be
quantitatively measured through the line profile of KPFM image. As
shown in Fig. le, larger SP (red regions) is observed over the Pyon
domains, while smaller SP (white regions) is observed over the Py,
domains, indicating that the value of domain-related SP is governed
by the screening charges. Similar results were observed on the 50-
nm-thick BFO films (see Supplementary Fig. S2). All SPs on our BFO
films have positive values regardless of the sign of the applied vol-
tages, which may be related to the choice of zero point of SP or the
non-zero SP in the as-grown films®. Figure 1f presents the KPFM
image of exactly the same area as that in Fig. 1d and 1e but taken after
14 h. The image contrast is greatly reduced, indicating the decay of
ASP due to the diminishment of the surface screening charges''”'¢.

Surface potential contrast decay and photo-induced recovery.
Such a decay of ASP can be revised by photo-induced charge
recovery. By introducing a beam of laser to the imaged surface
with an optical fiber (see the details in the Supplementary
Information), we designed a series of experiments and observed a
photo-induced dramatic increase of ASP. Figure 2 summarize the
results of time-dependence of SP profiles and the photo-induced
recovery of ASP under light illumination for both 18-nm-thick and
50-nm-thick BFO films. Figure 2a and 2b present the line profiles
from the KPFM images taken right after poling, 14 h after poling,
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Figure 2 | Photo-induced recovery of the surface potential contrast. Surface potential profiles for (a) 18-nm-thick BFO films and (b) 50-nm-thick
BFO films obtained from the inset of KPFM images measured without (dark) and with light illumination by a 375 nm laser (power density of 40 mW
cm?). The surface potential contrast between the adjacent oppositely polarized domains is marked. (c) Time dependence and (d) Power density
dependence of ASP for 18-nm-thick and 50-nm-thick BFO films. Solid lines represent the fitting curves to an exponential decay function, respectively.

and when illuminating with laser light on the sample 14 h after
poling. Clearly with light illumination, the ASP is almost recovered
to its original values, especially for the 50-nm-thick film. In order to
gain more quantitative insight into the decaying behavior and the
recovery process, we show the time-dependence of measured ASP
before and after switching on the light illumination and laser power-
dependence of ASP in Fig. 2c and 2d, respectively. First, we find that
the time decay length of ASP depends on film thickness. For 18-nm-
thick film, the decay length is 6.56 h by fitting the data shown in
Fig. 2c to an exponential decay function. For 50-nm-thick film the
decay length is 6.85 h. Thus the decay length of ASP is a slightly
proportional to the film thickness, reflecting dimensionality effect.
Second, the recovery of ASP under light illumination is also
dependent on film thickness. In contrast to 50-nm-thick film
where ASP is almost fully recovered, the recovery of ASP is only
about 80% for 18-nm-thick film. Third, we find the recovery is
stable as long as the light is on.

As shown in Fig. 2d, ASP increases with the power density of the
laser and then tends to be saturated when the power density is larger
than 20 mW c¢m™?, in accordance with the variation of the open
circuit voltage in ferroelectric photovoltaic effect'>*. The above
observations indicate that the photo-generated electron-hole pairs
separated in the films cause the redistribution of surface charges and
recover the SP profile on the BFO films. Moreover, we did not
observe any noticeable change on SP when the sample was irradiated
by a 632.8 nm HeNe laser, which has photon energy smaller than the
band gap of BFO. This confirms that the variations of ASP under the
illumination mainly come from the photovoltaic effect, instead of
the thermal effect. Although the variations of ASP were observed
under the illumination, the domain structure did not show any

obvious change, indicating that illumination did not reorient the ferro-
electric domains® and the process is truly non-volatile. Therefore,
such a photo-assisted non-destructive readout method by measuring
non-contact SP may pave a new pathway to the FeRAMs.

Feasibility of photo-recovered readout method. To demonstrate
the possibility of high density memory storage or to further assess
the potential of the photo-assisted non-destructive readout method
by measuring non-contact surface potential in FeRAMs, we have
explored the scalability by writing matrices of square cells and
reading their SPs. Figure 3a shows the out-of-plane phase image of
a3 X 4 matrix of 1.1 pm X 1.1 pm cell written alternately at +9.8
and —9.8 V for 50-nm-thick BFO films. Figure 3b and Fig. 3c
displays the SP readout of this matrix measured 0 h and 12 h after
the matrix was created, respectively. A distinct decay of ASP with
time was observed. When the laser (power density of 40 mW cm™?)
was switched on, ASP almost fully recovered to the initial value, as
shown in Fig. 3d. The SP profiles obtained from the KPFM images in
Figs. 3b-3d clearly show the decay of ASP with time and the photo-
induced ASP recovery, as shown in Fig. 3e and 3f. An exponential
decay of ASP with time is evident. The decay length is 2.98 h by
fitting the data shown in Fig. 3f to an exponential decay function.
Comparing with the decay length of 6.85 h in the above pattern
written with the seven 0.5 um X 3.5 um strips in the BFO films
with the same thickness of 50 nm, we can clearly see that the decay
length of ASP is also proportional to the domain size. Furthermore,
by turning laser on and off for a couple of times we find that the
photo-induced recovery of ASP is quite repeatable as shown in
Fig. 3f. This further confirms that the ferroelectric photovoltaic
effect on BFO films plays an important role in the above observed
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Figure 3 | Feasibility demonstration of the photo-assisted non-destructive readout method. (a) Out-of-plane PFM phase image obtained after poling
for 50-nm-thick BFO films with polarized pattern. (b)-(d) KPFM images measured without (dark) and with light illumination by a 375 nm laser
(power density of 40 mW cm™?). (e) Surface potential profiles obtained from (b)—(d), respectively. (f) Time dependence of ASP. “on” and “off” represent
laser on and laser off, respectively. The solid line is the fitting curve to an exponential function.

phenomena. The results demonstrate the feasibility of the photo-
assisted non-destructive readout method by measuring non-
contact SP in FeERAMs.

Discussion. In order to understand the photo-induced large increase
and recovery of the ASP from decay, the schematic interfacial band
diagrams are sketched in Figs. 4a-4c. According the work function
(about 5.2 eV) of the bottom bulk electrode SRO** and the affinity
(3.3 eV) of bulk BFO*, a Schottky barrier (about 1.9 eV height) at
the BFO/SRO interface can be estimated in the as-grown state shown
in Fig. 4a. The polarization of BFO films can be switched by using
different directions of bias in the writing (poling) process.
Polarization reversal will result in two band bending states and two
corresponding internal electrical fields (illustrated in Fig. 4b and
Fig. 4c)***, thus creating the difference of surface potential or
surface potential contrast, ASP. However, ASP is not stable due to
the decay of surface screen charges. As we have described above, the

exponential decay length depends on film thickness, 6.56 h for 18-
nm-thick film and 6.85 h for 50-nm-thick film, respectively. As
shown in Fig. 2¢, the illumination of laser can instantaneously
bring back ASP. The recovery of ASP with laser illumination
happens with ps time scale, and within this process the separated
photo-generated electron-hole pairs are driven by residual internal
polarized field in BFO films. As long as the photon energy of laser is
larger than the band gap of BFO, the non-equilibrium photo-
generated carriers can be uniformly generated over the BFO films
under the illumination and do not massively recombine within the
domains®”**. For the Py, state with positive SP shown in Fig. 4b,
the internal electrical field can drive the photo-generated electrons to
the BFO/SRO interface, and these electrons are collected by the
bottom electrode, while the photo-generated holes move to the
BFO film surface, which leads to the increase of the SP (i.e., more
positive) in the Pyoyn domains. In contrast, for the Py, state with
negative SP shown in Fig. 4c, the photo-generated electrons will be
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Figure 4 | Results of theoretical calculations. Schematic band diagrams illustrating the variations in Schottky barriers at (a) as-grown state,

(b) Pgown state, and (c) Py, state, respectively. Where, Ec, Ev, and Eg denote the conduction band, valence band, and Fermi level of oxide, respectively; Qp
denotes the polarization charge and Qs the surface screen charge. (d) Calculated screening charge density profile cs. (e) Calculated SP (¢ at z = 40 nm)
evolution. The arrows represent the polarization direction. (f) Calculated time dependence of ASP compared with the experimental data for the 50-nm-
thick BFO films. The detailed description of ASP calculations can be found in the Supplementary Information.

driven by the internal electrical field to the surface, leading to the
decrease of the SP (i.e., more negative). Reversal internal electrical
fields in the oppositely polarized domains lead to an opposite change
of SP under the illumination. Therefore, ASP can be fully recovered
under the laser illumination. ASP can further increase with the power
density, and eventually tend to be saturated when the generation rate
of photo-generated electron-hole pair equals to the recombination
rate. For 50-nm-thick BFO films, the more apparent recovery of ASP
from decay under the illumination should be caused by the larger
internal electrical field due to the wider depletion region with larger
effective area of absorption light and more photo-generated
carriers™.

To confirm the above physical scenario, a numerical calculation
based on a one-dimensional time-dependent drift diffusion
(IDTDDD) model has been carried out®*>. Detailed descriptions
of the numerical model and ASP calculation can be found in the
Supplementary Information. The calculated distribution of the
screening charge density of polarized domains and the correspond-
ing SP evolution for different time periods after poling as well as that
under the light illumination are shown in Fig. 4d and 4e, respectively.
These theoretical results reproduce well the experimental data, as
shown in Fig. 4f. The over-screened surface charges, which mainly
come from the charge injection effect by the conductive probe in the
writing process®, can drift, diffuse, and recombine. The injected
charges only exist on the surface oppositely distributed for the near-
est domains. Therefore, in a single domain, there is no corresponding
opposite free charges in the film or at the interface to recombine with

these injected charges, which means the injected electrons cannot
meet positive charges if they travel along the thickness direction. As
electrons need to cross the domain walls to meet positive charges, this
process happens in the direction of crossing the domain walls, par-
allel to the surface, in a scale of pm. The attractive force from the
oriented dipoles has a strong effect on the spread of the charge on
ferroelectric films’. Our calculation results also show that the poten-
tial barrier (about 0.3 €V) at domain boundaries will hinder the
spread of the surface charges. Therefore, after the application of bias
voltage, the relaxation of SP is very slow in our experimental results.
Different with the slow relaxation process of the injected charges
from the conductive probe, the lifetime of photo-generated carriers
on the BFO films is much more faster (about 100~200 ns**). With
switching on the laser, the generation rate is much higher than the
recombination rate”’. Therefore, we observed the rapid recovery of
ASP from the decay. If we keep the laser switching on, the generation
and recombination rates will be equal, thus we observed the ASP kept
almost constant as shown in Fig. 2c. When we switch off the laser, the
generation rate becomes zero and only recombination processes take
place. As electrons and holes are generated in pairs and driven in the
reverse direction perpendicular to the surface, within this recom-
bination process, electrons only need to travel within 50 nm (the
thickness of films) to meet holes. This happens within a single
domain, without any barrier from domain boundaries to cause fur-
ther delay of recombination. Therefore, when switching off the laser,
photo-generated non-equilibrium electron-hole pairs can recombine
so much faster, ASP immediately goes back to the original value, as
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