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Abstract

Achieving high power conversion efficiencies (PCEs) in ferroelectric photovoltaics (PVs) is a longstanding challenge.
Although recently ferroelectric thick films, composite films, and bulk crystals have all been demonstrated to exhibit
PCEs >1%, these systems still suffer from severe recombination because of the fundamentally low conductivities of
ferroelectrics. Further improvement of PCEs may therefore rely on thickness reduction if the reduced recombination
could overcompensate for the loss in light absorption. Here, a PCE of up to 2.49% (under 365-nm ultraviolet
illumination) was demonstrated in a 12-nm Pb(Zry,Tigg)O5 (PZT) ultrathin film. The strategy to realize such a high PCE
consists of reducing the film thickness to be comparable with the depletion width, which can simultaneously suppress
recombination and lower the series resistance. The basis of our strategy lies in the fact that the PV effect originates
from the interfacial Schottky barriers, which is revealed by measuring and modeling the thickness-dependent PV
characteristics. In addition, the Schottky barrier parameters (particularly the depletion width) are evaluated by
investigating the thickness-dependent ferroelectric, dielectric and conduction properties. Our study therefore provides
an effective strategy to obtain high-efficiency ferroelectric PVs and demonstrates the great potential of ferroelectrics
for use in ultrathin-film PV devices.

Introduction efficiencies (PCEs) of ferroelectric PVs have been

The ferroelectric photovoltaic (PV) effect has gained
widespread attention in the past decade' ™ because of its
promising applications in solar energy harvesting®™®, self-
powered photodetection®'®, and information storage' ',
Ferroelectric PVs exhibit many appealing features that are
unavailable in conventional PVs, such as switchable
photoresponse'®**, above-bandgap photovoltage®, and
light polarization-dependent photocurrent'®, Recently,
great advances in boosting the power conversion

Correspondence: Zhen Fan (fanzhen@m.scnu.edu.cn)

YInstitute for Advanced Materials, South China Academy of Advanced
Optoelectronics, South China Normal University, Guangzhou 510006, China
’Guangdong Provincial Key Laboratory of Optical Information Materials and
Technology, South China Academy of Advanced Optoelectronics, South China
Normal University, Guangzhou 510006, China

Full list of author information is available at the end of the article.

© The Author(s) 2019

achieved, including the attainment of PCEs as high as
8.1% in BiFeCrOg multilayered films with narrowed
bandgaps (~1.4 eV)® and the demonstration of PCE
exceeding the Shockley—Queisser limit in BaTiO5 single
crystals'’. Interestingly, the high PCEs (>1%) of ferro-
electric PVs were achieved mostly in thick films®'?,
composite films'®~>!, and bulk crystals'”, all of which have
large thicknesses (several hundred nanometers and
above). In these systems, severe recombination may occur
because ferroelectrics have fundamentally low carrier
mobilities and short lifetimes. Hence, reducing the
thickness may further improve the PCEs if the reduced
recombination could overcompensate for the loss in light
absorption. Therefore, the investigation of the PV
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performances of ferroelectric ultrathin films (a few tens of
nanometers and below) is of interest.

A PCE of up to ~18.7% has been theoretically predicted
to exist in 8-nm La-doped Pb(Zr,Ti)O3 (PZT) ultrathin
films?2. However, experiments have shown that only PCEs
much lower than 1% were obtained in PZT??, BiFeOs
(BFO)*, and BaTiO; (BTO)** ultrathin films. There is
apparently a large gap between the predicted and
experimental PCEs, and narrowing this gap forms the
motivation of this work.

To realize high PCEs in ferroelectric ultrathin films, it is
necessary to understand the PV mechanisms beforehand.
Below, we will highlight several widely accepted PV
mechanisms discovered in ferroelectric films:

i. Bulk photovoltaic effect (BPVE). The BPVE
manifests itself as a steady photocurrent generated
in the homogeneous bulk region, which originates
from the lattice noncentrosymmetry-induced
asymmetric momentum distribution of photoexcited
carriers”*?’,

ii. Depolarization field (Ey,) effect. The Eg, which
arises from the incomplete screening of polarization
and exists across the whole film, can drive the
separation of photoexcited carriers™*’,

iii. Schottky barrier effect. A Schottky barrier is
generally formed at the ferroelectric/electrode
interface, and the barrier height and width can be
modulated by polarization. The built-in field (Ey;)
in the depletion region provides the driving force
for the PV effect®®°, similar to that in typical
junction-based solar cells.

iv. Domain wall effect. The potential step developed at
an individual ferroelectric domain wall can
separate the photoexcited carriers, and the
photovoltages of periodically ordered domain walls
are additive'>%¢,

Adding to the complexity of PV effects in ferroelectric
films, more than one of the above mechanisms may
coexist in a single ferroelectric film®”*®, Nevertheless,
only one mechanism is suitable for realizing high PCEs in
ferroelectric ultrathin films, which can be analyzed as
follows. Because the BPVE and Eg, are bulk effects, the
open-circuit voltage (Voc) they generate would increase
with thickness**°. The Voc generated by the domain
wall effect would also scale with thickness if the density of
periodically ordered domain walls is uniform along the
thickness direction. It therefore seems that the BPVE, Eg,,
and domain wall effects are all unable to retain a sizable
Voc, a prerequisite for a high PCE, in ultrathin films.

Our focus thus turns to the Schottky barrier effect,
which requires only a very small region (i.e., the depletion
region) to induce the PV effect. Indeed, the photoexcited
carriers are most efficiently separated in the depletion
region where Ej; exists. Outside the depletion region,
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although light absorption and carrier generation still
occur, carrier recombination may dominate because of
the very small diffusion lengths of ferroelectrics (typically
a few nanometers)3 6. Therefore, for the Schottky barrier-
driven PV effect, reducing the film thickness down to a
value comparable with the depletion width may lead to
high PCEs, i.e., ferroelectric ultrathin films may have
higher PCEs than their thicker counterparts.

Herein, to implement the above strategy, we chose to
investigate Pb(Zry,Tiog)Os (PZT 20/80) epitaxial thin
films. PZT 20/80 is a prototype ferroelectric exhibiting
large polarization (>60 uC/cm?), n-type semiconducting
characteristics®®, and strong photoresponse in the ultra-
violet (UV) wavelength region®'. Through a combination
of polarization—voltage (P-V), capacitance—voltage
(C-V), and dark current—voltage (/-V) measurements on
Pt/PZT/SrRuOs; (SRO) structures with different PZT
thicknesses, we revealed that the Schottky barriers play
significant roles in polarization switching, dielectric
response, and conduction; furthermore, we extracted the
Schottky barrier parameters. Then, we observed switch-
able PV behaviors, where V¢ depends weakly on thick-
ness and photocurrent decreases with thickness, both of
which can be well described by a Schottky barrier model.
Based on the experimental and modeling results, we
designed and fabricated a 12-nm PZT film whose thick-
ness was close to the depletion width and demonstrated a
PCE of 2.49%, which was extremely high for such thin
ferroelectrics.

Materials and methods

The PZT 20/80 films with thicknesses ranging from 4 to
300 nm were grown on SRO-buffered SrTiO3 (STO) (001)
substrates using pulsed laser deposition (PLD) (KrF
excimer laser, A =248 nm). The SRO layers (~50nm)
were first deposited on the STO substrates at a tem-
perature of 680°C and an oxygen pressure of 15Pa.
Subsequently, the PZT layers were grown on top of the
SRO layers at a lower temperature of 600 °C and the same
oxygen pressure of 15 Pa. After growth, the films were
cooled to room temperature at 10 °C/min in an oxygen
atmosphere of 1atm. The Pt electrodes (diameter: ~200
um; thickness: ~10 nm) were ex situ deposited on the PZT
films by PLD through a shadow mask at room tempera-
ture and under vacuum (~10"*Pa). To reduce leakage
currents in the ultrathin PZT films, Pt top electrodes of
only ~5 um in diameter were used and deposited by PLD
through a mask patterned by electron beam lithography
(EBL). We used Pt rather than SRO as top electrodes in
this study to achieve both good conductivity and
transmittance.

The crystal structures and epitaxial qualities were
examined using X-ray diffraction (XRD) and reciprocal-
space mapping (RSM) (X'Pert PRO, PANalytical, The
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Netherlands). Piezoresponse force microscopy (PFM),
conductive atomic force microscopy (C-AFM), and scan-
ning Kelvin probe microscopy (SKPM) characterizations
were performed with a commercial atomic force micro-
scope (Cypher, Asylum Research, UK) and Pt-coated sili-
con tips (EFM Arrow, Nanoworld, Switzerland). The P-V
hysteresis loops, C-V, and I-V characteristics were mea-
sured using a ferroelectric workstation (Precision Multi-
ferroic, Radiant, USA), an inductance—capacitance—
resistance (LCR) meter (E4980A, Agilent, USA), and a
source meter (6430, Keithley, USA), respectively. Voltages
were applied to the top electrode while the bottom elec-
trode was grounded. The photovoltaic properties were
measured using a setup comprising the source meter and a
UV light-emitting diode (LED) (light wavelength: 365 nm).
The UV light was unpolarized, and it was illuminated
along the normal direction of the sample surface.

Results and discussion
Crystalline phases

Figure 1a shows the XRD 6-26 diffraction patterns of
the PZT/SRO bilayers grown on the STO substrates. The
diffraction peaks all arise from the (00/) reflections of
PZT, SRO, and STO, indicating epitaxial growth and good
phase purity. Furthermore, the PZT (002) peak splits into
two, where one peak is located at 43.59° while the other
one shifts from 42.35° to 42.63° as the thickness increases
from 120 to 300 nm. The peak at 43.59° corresponds to an
out-of-plane lattice constant of c¢; =4.143 A, which is
quite close to that of the bulk PZT (cpu = 4.132 A)*.
However, the peaks in the range of 42.35° to 42.63° cor-
respond to larger lattice constants: ¢, = 4.232-4.259 A.
These results suggest that our PZT films may contain two
tetragonal phases: a bulk-like T; phase that exists near the
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top of the film and is almost strainfree and a strained T,
phase that exists near the bottom of the film and under-
goes lattice relaxation as the film becomes thicker. To
obtain the in-plane structural information, the (103) RSM
was performed for the 120-nm PZT film (see Fig. 1b).
There are two clear diffraction spots of the PZT (103)
reflection, where one spot has almost the same H-
coordinate as that of STO, while the other has a smaller
H-coordinate. The RSM results also suggest the coex-
istence of two tetragonal phases: one is highly strained
with an in-plane lattice constant of @, =3.912 A (i.e., the
T, phase), while the other is strain-relaxed with a; =
3.948 A (ie, the T, phase). Our observation that two
tetragonal phases coexist in the PZT 20/80 epitaxial films
grown on the SRO-buffered STO substrates is consistent
with previous reports*®*!. Notably, the strain-induced
phase inhomogeneity in the PZT films will not affect
the question of interest in this study (i.e., thickness
reduction for potentially high PCEs) because the strained
and strain-relaxed phases have similar electrical and
optical properties, e.g., polarization®” (to be shown later)
and bandgap™®.

Microscopic characterizations of ferroelectricity

Figure 2a—d shows the surface topography, out-of-plane
PFM amplitude and phase images, and local PFM hys-
teresis loops of a representative 120-nm PZT film. The
surface of the film is quite flat, with a small roughness of
only 370 pm. Upon further examination of the topography
and amplitude images (Fig. 2a, b), one can see a grid of
needle-like a-domains embedded into the matrix of c-
domains. This type of domain structure is a typical feature
of PZT 20/80 epitaxial thin films*"***°, In addition, two
square regions of 5 x 5 um?” (outer) and 3 x 3 um? (inner)
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Fig. 1 XRD and RSM results. a XRD 6-26 scans of the PZT films with thicknesses of 120, 180, 240, and 300 nm grown on the SRO-buffered STO
substrates. The inset shows the magnified (002) diffraction peaks of PZT. b RSM around the (103) reflection for the 120-nm PZT film
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loops of the 120-nm PZT film
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Fig. 2 Topography and nanoscale ferroelectricity. a Topography, b out-of-plane PFM amplitude and ¢ phase images, and d local PFM hysteresis

were electrically written with +6 V and —6 V, respectively.
The resultant PFM phase image (Fig. 2c) shows that the
—6 V-written region and the as-grown region have the
same phase contrast, but there is a phase difference of
180° between the +6 V-written and —6 V-written regions.
Therefore, the as-grown PZT film is self-polarized, in
which the polarization of the dominant c-domains is
upward and can be switched by writing with +6 V. In
addition, the out-of-plane PFM amplitude and phase
loops (Fig. 2d) exhibit a butterfly-like shape and a sharp
180° switching, respectively, confirming the ferroelec-
tricity of the PZT film.

P-V hysteresis loops

To further characterize ferroelectricity, macroscopic
P-V hysteresis loops were measured for the Pt/PZT/SRO
structures with PZT thicknesses of 120, 180, 240, and 300
nm. As shown in Fig. 3a, all the films exhibit square P-V
loops with large remnant polarization (P,) values up to
~80 uC/cm?®. Previously, Pintilie et al.*****® obtained
record-high P, values of ~100 uC/cm” regardless of the
film thickness in their defect-free PZT 20/80 epitaxial thin
films. Their results are largely consistent with ours in spite
of the lower P, values in our PZT films, which may be
ascribed to slightly lower crystallinity*. Recall that as the

film thickness increases, the strain relaxation induces a
phase transition in our PZT films. Nevertheless, P, is
found to be almost independent of thickness, which can
be explained by the insensitivity of the Pb displacement to
strain®?.

Another interesting observation is that the coercive
voltage (V) varies only slightly as the thickness increases
(Fig. 3a, b), similar to other report539’41. The weak
dependence of V. on thickness may be associated with
interface-controlled domain nucleation. More specifically,
the electrical field required for domain nucleation is
generally much higher than that required for domain
growth in ferroelectric films*”*%; hence, domain nuclea-
tion is the critical step of polarization switching. On the
other hand, for a metal-ferroelectric-metal (MFM)
structure with two interfacial Schottky barriers, the vol-
tage drop occurs mostly on the reverse-biased barrier
rather than the bulk region. That is, the highest electric
field appears at the interfacial Schottky barrier, and this
field triggers domain nucleation. Therefore, V. depends
weakly on the dimension of the bulk region (i.e., the film
thickness). In addition, the offset of V_ along the voltage
axis (Fig. 3a) is related to the asymmetric E; in the top
and bottom Schottky barriers (see detailed discussion in
Sec. I in Supplementary Information).
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C-V characteristics

The role of interfacial Schottky barriers was also probed
by the C-V measurements. Figure 4a summarizes the
thickness-dependent C-V characteristics. All the PZT
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Fig. 3 Macroscopic ferroelectric properties. a P~V hysteresis loops
of Pt/PZT/SRO capacitors with different PZT thicknesses (frequency: 3.3
kHz). b Positive and negative coercive voltages as a function of
thickness
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films clearly exhibit butterfly-like C-V curves with two
capacitance peaks, indicating polarization switching.
Notably, the V. values obtained from the C-V char-
acteristics (+V,=14 V and —V,=—1.1 V) are smaller
than those obtained from the P-V loops (Fig. 3b), which is
probably due to the different polarization switching
dynamics in the different voltage sweeping modes (note:
the DC and high-frequency AC voltages were applied in
the C-V and P-V measurements, respectively). Never-
theless, the C-V characteristics show that the V. values
are largely independent of thickness and exhibit positive
offsets, which is consistent with the results revealed by the
P-V loops.

Figure 4a also shows that the capacitance at zero voltage
decreases as the film thickness increases (an average
capacitance is taken if there are two intercepts on the
capacitance axis). The reciprocal of the zero-voltage
capacitance as a function of thickness (1/C-d) is plotted
in Fig. 4b, which shows good linearity. By linearly extra-
polating the 1/C-d curve to d =0, a finite value of 1/C
(9.7 x10® F1) is obtained. This finding indicates that
there are dielectric responses from the interfacial Schottky
barriers®®, which is explained in detail in Sec. II in Sup-
plementary Information.

In addition, Fig. 4a shows that capacitance continues to
decrease with increasing |voltage| in the voltage regions
where the polarization switching is completed (e.g., >2.5V
and <—1.5V). This phenomenon may be attributed to the
increase in the Schottky barrier width as the reverse bias
increases®, further confirming the formation of Schottky
barriers at both the top and bottom interfaces. Using the
plots of 1/C* versus V for a representative 120-nm film, as
shown in Fig. 4c, one can estimate the free carrier con-
centration (nge.), an important Schottky barrier para-
meter (see Sec. II in Supplementary Information for
details). The average value of #g.. is 6.7 x 10>* m ™3, which
is close to the values reported for the PZT 20/80 epitaxial
thin films*"*°. Notably, we determined that our PZT is an

influenced by the polarization switching
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Fig. 4 Dielectric properties. a Thickness-dependent C-V characteristics of the PZT films. b Inverse zero-voltage capacitance as a function of
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n-type semiconductor (oxygen vacancies may act as
donors)®’; therefore, the free carriers are indeed electrons
(see Fig. S1 in Supplementary Information for evidence).

Dark I-V characteristics

To gain more information about the Schottky barriers,
we then investigated the conduction behavior. The dark
I-V characteristics were measured for the Pt/PZT/SRO
structures with PZT thicknesses of 120, 180, 240, and 300
nm. To avoid the polarization switching-induced negative
differential resistance effect>!, polarization was first swit-
ched to the Pyown (Pyp) direction by a +4 V (=4 V) pulse,
and then a DC voltage sweep of 0 —» +4 V (0 - —3 V) was
applied. The resultant /-V characteristics are displayed in
Fig. 5a. The I-V characteristics of the PZT films with
different thicknesses are surprisingly similar and are all
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Fig. 5 Dark conduction behavior. a Dark /- characteristics of the
PZT films with different thicknesses. Before applying the DC voltage
sweep of 0 = 4V (0 = —3V), the polarization was set to Pgown (Pup). b
Plots of Ln()) versus (V4+V',)"* in both the positive and negative
voltage regions for a 120-nm film
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asymmetric. This observation is consistent with that
reported by Pintilie et al.>, and strongly indicates that the
conduction mechanism is interface-limited rather than
bulk-limited.

Furthermore, some typical interface-limited conduction
models, including the Schottky emission and
Fowler—Nordheim tunneling, were used to fit the
experimental /-V data. The Fowler—Nordheim tunneling
was excluded as the conduction mechanism, because the
fitting based on this model yielded unreasonably small
barrier heights. However, the Schottky emission model
can fit the [-V characteristics well, as indicated by the
good linearities of the Ln(D)—(V+Vi)Y* curves in both
positive and negative voltage regions for a representative
120-nm film (see Fig. 5b). Here, V},; is the apparent built-
in voltage, and the detailed fitting procedures are pre-
sented in Sec. III in Supplementary Information. From the
slopes of the Ln(l)-(V+V%)"* curves, the values of the
effective charge concentration (N.g) are calculated to be
1.5x 107 and 4.6 x 10 m > for the PZT/SRO and Pt/
PZT barriers, respectively. These values are on the same
order of magnitude as those reported for the PZT
films®®°2, and the difference in N.g between the top and
bottom barriers implies a nonuniform distribution of
charged defects (e.g., oxygen vacancies). In addition, the
barrier heights resulting from the band alignment without
considering the polarization modulation (@°%) can be
extracted from the intercepts of the Lo(D)— (V4 V)4
curves to be 1.24 and 1.34 eV for the PZT/SRO and Pt/
PZT barriers, respectively. These values are not equal to
those obtained from the Schottky—Mott rule, which might
be due to the Fermi-level pinning effect. (Note: the work
functions of Pt and SRO are ~5.3 and ~5.2 eV, respec-
tively. In addition, the electron affinity of PZT is ~3.5
eV™3)

Through the fittings, polarization-induced band mod-
ulation®*>**=>° can also be revealed. For the PZT/SRO
(Pt/PZT) barrier in the Pyown (Pyp) state, the barrier is
flattened with V*; = 0. In contrast, for the PZT/SRO (Pt/
PZT) barrier in the Py, (Pgown) state, the V7, is increased
to 2.28 V (2.48 V). Then, the depletion widths (W) can be
calculated by

28085[(‘/ + V/b,')

W =
gNef

(1)

where ¢ is the electron charge, ¢ is the vacuum permit-
tivity, and &g is the static dielectric constant of the Pt/
PZT/SRO structure. At V=0, the W value of the PZT/
SRO (Pt/PZT) barrier in the Py, (Pgown) State is estimated
to be 5.4nm (3.2 nm).

With these results, one can construct energy band
diagrams for the Pt/PZT/SRO structure, as shown in
Fig. 6. In the absence of polarization, two back-to-back



Tan et al. NPG Asia Materials (2019) 11:20

Page 7 of 13

a)

BE TE

\.

Fig. 6 Energy band modulation by polarization. Schematic energy band diagrams of the MFM structure in the a P, and b Py, states. The
abbreviations BE, FE, and TE indicate the bottom electrode (SRO), ferroelectric film (PZT), and top electrode (Pt), respectively. The depletion widths of
W, and W, are calculated to be 5.4 and 3.2 nm, respectively. The bold dashed lines indicate the energy band in the absence of polarization
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Schottky barriers with moderate heights are formed at the
PZT/SRO and Pt/PZT interfaces (bold dashed lines in
Fig. 6a, b). In the P, state, the built-in voltage of the PZT/
SRO barrier is enhanced (V; 1, =2.28 V), and the deple-
tion region becomes wider (W}, =5.4nm), while the Pt/
PZT barrier is flattened (Fig. 6a). In the Pgoy, state,
however, the reverse scenario occurs, ie., the Pt/PZT
barrier is enhanced (V}; (=248 V and W;=3.2nm),
while the PZT/SRO barrier is flattened (Fig. 6b). The
above Schottky barrier parameters (particularly the
depletion width) provide guidance for optimizing thick-
ness to achieve high PV performance. Before optimizing,
the Schottky barrier effect should be confirmed as the
major PV mechanism. The thickness-dependent PV
characteristics were therefore investigated, and the results
are shown below.

Thickness-dependent PV characteristics

Figure 7a, b shows the -V characteristics of the PZT
films (120, 180, 240, and 300 nm) in the P, and Pyoun States
under 365-nm UV illumination (intensity: 170 mW/cm?).
Obviously, all the PZT films exhibit switchable PV beha-
viors, and the signs of open-circuit voltage (Vo) and short-
circuit current (Isc) can be fully reversed. Table 1 sum-
marizes the thickness-dependent Voc, Isc, Jsc (i.e., Isc/A),
fill factor (FF), and PCE values. Voc remains almost
unchanged as thickness increases, i.e, ~—0.9V in the P,
state and ~0.36 V in the Py, state. Jsc decreases mono-
tonically with increasing thickness in both the P, and
Pyown states. The values of FF and PCE also show
decreasing trends with thickness. The PCE value obtained
in the P, state of the 120-nm film reaches 0.51%, which is
the highest among our samples. Figure 7c shows the pho-
tocurrents measured by applying cyclic ON/OFF illumina-
tions, demonstrating that the photoresponses are fast,
stable, and reproducible.

We then analyzed the PV mechanism. Figure 7a, b
shows that most of the I-V characteristics are curved
rather than linear, suggesting that the Schottky barriers

may play a role in the PV effect. Moreover, the weak
dependence of Vo¢ on thickness excludes BPVE and Egy,
as the major PV mechanisms. In addition, the number of
domain walls in the poled states is very small (see Fig. 2b,
¢), which excludes the domain wall effect. Therefore, we
deduced that the Schottky barrier effect is the dominant
PV mechanism.

More specifically, the PZT/SRO and Pt/PZT Schottky
barriers mainly contribute to the PV effects in the P, and
Pgyown states, respectively (see Fig. 6 and Fig. S1 in Sup-
plementary Information). The E,; in the PZT/SRO (Pt/
PZT) barrier is downward (upward), thus resulting in a
negative (positive) Voc. This observation is consistent
with the observed negative (positive) Voc in the Py,
(Paown) state (see Fig. 7a, b). In addition, the asymmetric
PV behaviors can be explained by the asymmetry of the
PZT/SRO and Pt/PZT barriers.

Therefore, the PV effects in both the P, and Pyoun
states may be described by a single-barrier solar cell
model. This model’s equivalent circuit is schematically
drawn in Fig. 7d, which consists of a Schottky diode (D), a
constant current source (I, i.e., the photocurrent, which
should be distinguished from Isc), a series resistance (R;)
and a shunt resistance (Ry,). The I-V relationship is

given by
V — R V — R
1= —1 _—
0 [eXp (q nkT ) } TR

where I, is the reverse saturation current, # is the ideality
factor, T is temperature, and k is the Boltzmann constant.
Equation (2) was used to fit the experimental illuminated
I-V characteristics by employing the Lambert W func-
tion®’~>°, Figure 7a, b shows that the calculated I-V
curves fit the experimental data fairly well, demonstrating
the validity of the Schottky barrier model.

Using the above fittings, the parameters I, Rs, and Ry,
can also be extracted, which are summarized in Table 1.
In both the Py, and Py,un states, I, decreases while Ry
and Ry, increase as the film thickness increases. The

- Iph’ (2)
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Table 1

Thickness-dependent PV properties and fitting parameters of the PZT films

Thickness (nm) P state Voc (V) Isc (nA) Jsc (mA/cm?) FF (%) PCE (%) R, (kQ) Rqh (kQ) Ioh (NA)
120 Pup —-09 717 2.28 419 0.51 343 2147 836
180 —091 486 1.55 338 0.28 469 2245 590
240 —0.89 346 1.10 39.5 0.23 627 3498 409
300 —091 216 0.69 35.7 0.13 1271 5534 267
120 Pdown 04 —225 —0.72 30.7 0.051 1102 1365 409
180 0.39 —160 —0.51 282 0.033 1180 1611 282
240 0.36 —-90 —-0.29 26.1 0.016 2453 1644 231
300 032 —55 —-0.18 256 0.009 4243 1828 188

decrease in I, with thickness may be due to the enhanced
recombination in the thicker films. As the thickness
increases, the bulk region becomes wider to allow more
occurrences of recombination. We also inferred from the
decrease in I, that the enhancement in recombination
dominates over the gain in light absorption as the thick-
ness increases. On the other hand, the increases in R, and
Rg, may be caused by the larger bulk resistances and fewer
shunt paths, respectively, in the thicker films.

The dependences of I, Rs, and Ry, on thickness also
help us to better interpret the thickness-dependent PV
properties presented in Table 1. First, the output Isc
decreases with thickness, which is well attributed to the
decrease in I, and the increase in R,. In addition, V¢
remains almost unchanged as thickness increases, prob-
ably because the reduction in I is offset by the increase
in Ry,. Furthermore, the value of FF roughly decreases
with thickness probably because the increasing rate of R
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is larger than that of Ry,. Finally, because PCE = Jsc x
Voc x FE/Pyghe, the PCE thus decreases with thickness.

High PCE in the 12-nm ultrathin film

The above thickness-dependent PV characteristics
together with the fittings have revealed that the Schottky
barrier effect is the dominant PV mechanism. For the
Schottky barrier-driven PV effect, as proposed in
the Introduction section, reducing the thickness to the
depletion width may realize high PCEs mainly because the
recombination outside the depletion region can be greatly
suppressed (Fig. 8a). Moreover, the reduced recombina-
tion can overcompensate for the loss in light absorption,
resulting in an enhancement in I, as evidenced by the
increase in I, with decreasing thickness (Table 1). In
addition, reducing thickness also lowers R; because the
bulk resistance is lowered (Table 1). The high I, together
with the low Ry therefore results in a high output Isc.
However, reducing thickness also lowers Ry, which would
deteriorate V. This problem may be addressed by using
small-area top electrodes to avoid the shunt paths.
Therefore, a high PCE could be achieved in a ferroelectric
ultrathin film with thickness close to the depletion width
covered by small-area top electrodes.

To demonstrate the high PCE experimentally, we fab-
ricated 12-nm PZT films covered by Pt top electrodes
with ~5um in diameter (Fig. S2 in Supplementary
Information). Notably, the thickness of 12 nm is close to
the values of W}, and W, (5.4 and 3.2 nm, respectively).
The J-V characteristics at different light intensities are
shown in Fig. 8b. As the light intensity increases from 8.9
to 22.3 mW/cm?, Jsc increases correspondingly from 0.68
to 1.94mA/cm? while the Voc remains at ~—0.84 V.
Compared with the 120-nm film, the 12-nm ultrathin film

exhibits a nearly 6.5-fold enhancement in Jsc per unit
light intensity, which is well attributed to the reduced
recombination and lower areal series resistance. On the
other hand, Vo slightly decreases from —0.9 to —0.84 V
as a result of the lower areal shunt resistance. In addition,
as revealed by Fig. 8c, the photoresponses of the 12-nm
PZT film are stable and reproducible.

The PCE of the 12-nm PZT film was calculated to be
2.49% (under the 22.3-mW/cm? UV illumination), which
is one order of magnitude higher than the highest PCE,
previously reported for PZT films (~0.28%)>* under UV
illumination. To confirm that the PCE enhancement was
truly a result of the thickness reduction, four additional
PZT films (4, 7, 30, and 60 nm) were prepared, and their
PV properties were also characterized (see the results in
Fig. S3 in Supplementary Information).

Note that according to the signs of Voc and Jsc, we
deduced that the PV effect in the Pt/PZT (12 nm)/SRO
structure originates from the PZT/SRO barrier (see
Fig. 8a). This phenomenon is because the initial polar-
ization of the 12-nm PZT film is oriented upward, leading
to band alignment with an enhanced PZT/SRO barrier
and a flattened Pt/PZT barrier. Thus, an efficient PV
effect can occur in the PZT/SRO barrier. Unfortunately,
no switchable PV behavior is observed in the Pt/PZT
(12 nm)/SRO structure because polarization can hardly be
switched downward with the top electrode capping (see
Fig. S4 in Supplementary Information). This difficulty is
probably caused by leakage and insufficient screening.

Nevertheless, the PV effect in the bare 12-nm PZT film
is indeed switchable, as demonstrated by C-AFM and
SKPM. Figure 9a presents the short-circuit current map
measured by C-AFM under UV illumination, which
reveals a contrast between the +6 V-written region (2 x
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1 um?) and the as-grown region. The current profile along
the section line (Fig. 9b) further shows that the +6 V-
written region mainly exhibits negative Isc (~—0.31 pA at
position A), while the as-grown region mainly exhibits
positive Isc (~+0.18 pA at position B). Because the as-
grown and +6 V-written regions correspond to the Py,
and Pgown States, respectively (see Fig. S5 in Supplemen-
tary Information), the C-AFM results thus indicate that
the photocurrent in the P, state is flowing from top to
the bottom, but its direction is flipped in the Py, state
(note: the average current at zero bias in the dark is set to
zero, and almost no contrast is found in the dark current
map, as shown in Fig. S5 in Supplementary Information;
and the current direction is defined to be positive when it
flows from top to the bottom).

In addition, SKPM was conducted to monitor the
variation in surface potential arising from the PV effect
in the bare 12-nm PZT film. A 3 x 3-um? region was
written with +6 V and subsequently scanned with a
grounded tip to remove mobile charges. Then, SKPM

was performed to generate a surface potential map. The
+6 V-written region exhibits higher surface potential
than that of the as-grown region, and the surface
potential difference (ASP) is ~210 mV (see Fig. S6
in Supplementary Information). This ASP value remains
almost unchanged after the film is left in the dark for 1 h
(see Fig. S6 in Supplementary Information), but
increases to ~240 mV after UV illumination for 1 min
(see Fig. 9c, d), suggesting the occurrence of the PV
effect under UV illumination. More specifically, the
photoexcited holes (electrons) are driven to the film
surface and trapped there in the +6 V-written (as-
grown) region, thus raising (lowering) the surface
potential. That is, the negative (positive) photocurrent is
produced in the Pyoun (Pyp) state under UV illumina-
tion, consistent with the C-AFM results shown above.
Therefore, the PV effect is confirmed to be indeed
switchable in the bare 12-nm PZT film. Further research
is still needed to address the nonswitchability of the PV
effect in the Pt electrode-capped 12-nm PZT film.
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Discussion on further improvement of PCE

To further improve the PCE requires a more thorough
examination of the PV mechanism, i.e., the Schottky
barrier model. From Eq. (2) and the fitting results
(Table 1), one can infer that I, is the key to the PCE.
Assuming that the recombination is neglected, the I,
generated by a Schottky barrier is given by>!

I, = Annyy 6,1 — exp(—aW,)lq, (3)

I, = Anny,0; exp[—a(d — W3)][1 — exp(—aW,)]q,
(4)

where 7 is the internal quantum efficiency (assuming that
y=1), npy is the incident photon flux, 8 is the trans-
mittance of the top electrode, and «a is the absorption
coefficient of the ferroelectric film. Equation (3) applies to
the case of Pyown, where the photocurrent I, is generated
by the top barrier, whereas Eq. (4) applies to the reverse
case.

For the ferroelectric ultrathin films where d ~ W}, the
expla(d-W,)] term in Eq. (4) may be neglected. Hence,
both Egs. (3) and (4) indicate that I, depends strongly on
the product of & and W. To enhance I, and, conse-
quently, the PCE, both the & and W of the PZT films need
to be optimized. Our PZT films have a small a value
(~1.15x 10* cm™! at 365nm) because of their wide
bandgap (~3.63 eV), as measured by UV-vis spectroscopy
(Fig. S7 in Supplementary Information). Narrowing the
bandgap and introducing gap states by methods such as
forming solid solutions®” and doping®”®" may effectively
enhance a. On the other hand, increasing W can enhance
Iph according to Egs. (3) and (4), but W cannot be too
large; otherwise, the recombination in the depletion
region becomes significant, making Egs. (3) and (4) no
longer applicable. An optimal value for W might be the
mean free path of the ferroelectric film (~20nm for
PZT)*. In our PZT films, W, and W,, were calculated to
be 3.2 nm and 5.4 nm, respectively. Therefore, the deple-
tion widths still need to be increased according to Eq. (1).
Several approaches may be adopted: (i) reducing N.g by
tuning the growth conditions of the PZT films (e.g.,
tuning the oxygen pressure during the PLD can modify
the concentration of oxygen vacancies and, consequently,
the N.g); (ii) enhancing polarization by improving the
qualities of the PZT films*® to increase V'; [see Eq. (S5)
in Supplementary Information]; and (iii) using high-work-
function metals as electrodes and, more interestingly,
optimizing the terminations of electrode/ferroelectric
interfaces®>®® to increase Vi

Note that by substituting the above a and W values of
the PZT films and the 6; value of the Pt electrode (~40%)
into Egs. (3) and (4), one can obtain the values of I, and I,
which are 2.3 x 10® and 3.4 x 10~® A, respectively. These
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values are approximately one order of magnitude smaller
than the I, values extracted from the experimental /-V
data (see Fig. 7a, b). The discrepancies may be mainly due
to the following two issues: (i) there are errors in mea-
suring the a value, although it seems to fall in the range of
10*-10° cm ™! reported for the PZT films®*~°®; and (ii) the
actual area that absorbs the photons and produces the
photocurrent is larger than the electrode area. Never-
theless, our strategies to achieve high PCEs suggested by
the Schottky barrier model [Eqs. (2-4)], including
increasing a, optimizing W, and reducing the thickness to
W, remain unaffected and may shed light on further
research in the field of ferroelectric PVs. Our strategies
may also synergize with other approaches, such as uti-
lizing the flexoelectric effect arising from the nanoscale
strain gradient®” and domain engineering®®, to further
enhance the PCEs.

Conclusion

In summary, we have demonstrated that a PCE as high
as 2.49% (under 365-nm UV illumination) could be
achieved in 12-nm PZT ultrathin films. Our strategy to
realize such a high PCE consists of reducing the film
thickness to be close to the depletion width, which can
simultaneously suppress recombination and lower the
series resistance. Our strategy is based on the fact that the
PV effect originates from the Schottky barriers, which is
confirmed by observations of the weak dependence of
Voc on thickness and the increase in Isc with decreasing
thickness, as well as the good fits of illuminated I-V
characteristics to the Schottky barrier model. To imple-
ment our strategy, understanding the Schottky barrier
parameters (particularly the depletion widths) is key. We
therefore conducted a combination of P-V, C-V, and
dark I-V measurements on the Pt/PZT/SRO structures
with different PZT thicknesses, gaining detailed infor-
mation on the Schottky barriers. The present study pro-
vides insightful guidance on how to design and tailor
ferroelectric films to achieve high PCEs within the fra-
mework of the Schottky barrier-driven PV effect. Our
study also demonstrates the great potential of ferro-
electrics for use in ultrathin-film PV devices, which may
benefit the development of high-efficiency, low-cost, and
low-weight solar cells.
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