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Optically Governed Dynamic Surface Charge Redistribution
of Hybrid Plasmo-Pyroelectric Nanosystems

Chi Hao Liow, Xin Lu, Kaiyang Zeng, Shuzhou Li, and Ghim Wei Ho*

Though plasmonic effect is making some headway in the energy harvesting
realm, its fundamental charge transfer mechanism to a large extent is attrib-
uted to the hot-carrier generation at the contact interface. Herein this work
attempts to elucidate the physical origin of light induced plasmo-pyroelectric
enhancement based on charge density manipulation on surface state in the
vicinity of the metal-ferroelectric contact interface. More importantly, by tuning
the band bending, it is shown that the charge density on the surface state of
a hybrid plasmo-pyroelectric (BaTiO;-Ag) nanosystem can be manipulated
and largely increased under the resonant blue light illumination (363 nm). It
is also demonstrated that owing to this effect, the spatial pyroelectric activity
of a hybrid plasmo-pyroelectric nanosystem governs 46% enhancement in
pyroelectric coefficient. This research highlights the optically regulated charge
density in plasmo-pyroelectric nanosystems, which could pave a new avenue
for energy harvesting/conversion devices with distinguished advantages in
wireless, photonic-controlled, localized, and dynamic stimulation.

electric dipoles that decreases the amount
of bound charge. This leads to redistri-
bution of free charge to compensate the
variation of the bound charge and gener-
ates a current flow.'] As the performance
of an energy harvester is related to its
charge density, significant efforts have
been made to increase the charge density
by means of poling, material selection,
architecture optimization, and surface
modification.'213]

More recently, with band bending
alteration, the flow direction of opti-
cally excited electrons was demonstrated
to be controllable in ferroelectric-metal
systems, 10114161 which  has further
expanded the potential strategies to
manipulate the charge density of the

Light-activated pyroelectric energy conversion has garnered
immense interest in a wide span of applications, including
nanogenerators,!' heat and infrared sensors,’! and thermal
imaging.l®! When light illuminates pyroelectric materials, such
as LiNbOs;, Pb(ZrTi)O;, BiFeO;, and BaTiO; (BTO),V-1% the
noncentrosymmetric materials undergo oscillation in their
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materials. However, due to the wide
bandgap (2.7-4 eV) of ferroelectric mate-
rials, they absorb less than 20% of the
solar spectrum, resulting in unfavorable low charge density.!"”]
In view of the strong light absorption characteristics of plas-
monic nanomaterials, hybrid plasmo-pyroelectric nanosystem
is a particularly interesting route to exploit the pivotal effect
of charge variation on the pyroelectric performance. When
a metallic nanoparticle comes into electrical contact with a
metal-oxide material, the charge will redistribute to reach a
new equilibrium by re-aligning their Fermi energies, which can
be observed from the contact potential difference.l'®2% With a
selective wavelength-dependence characteristic, the net charge
state of a plasmonic nanoparticle on metal-oxide can be either
positive or negative.?122 Although much work has been done
on optically excited charge transfer in metal-ferroelectric sys-
tems,[111423.24] the relationship between plasmonic-induced sur-
face charge and pyroelectric activity remains elusive.

In this paper, we highlight the surface charge variation under
different light illumination based on a BTO-Ag nanosystem.
By integrating light source equipped with different wavelength
filters into Kelvin probe force microscopy (KPFM), the influ-
ence of light illumination on BTO and BTO-Ag was observed
in situ. We found that the local surface potential of a positively
poled BTO-Ag induced by blue light illumination far exceeds
that of nonpoled, negatively poled, and green light illuminated
BTO-Ag nanosystems. Through a combination of electrody-
namic simulation and electronic band structure, the working
mechanism of surface charge manipulation is unveiled. Under
positive poling, the partial-ohmic contact of hybrid BTO-Ag
nanosystem switches to a Schottky contact, which enhances
charge separation. In addition, the plasmonic field augments

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

the electron-hole pairs generation to fill the surface state in
the immediate vicinity of the BTO-Ag interface, resulting in
electron drift and an increase in surface potential. This pro-
cess is determined to be a dominant factor that governs about
46% pyroelectric response enhancement in the hybrid BTO-Ag
nanosystem under resonant visible illumination. Our observa-
tion of plasmo-pyroelectric enhancement effect is anticipated
to impact the prospective plasmonic integrated ferroelectric
driven technologies.

The hydrothermally prepared BTO nanocubes are shown in
Figure 1. From the scanning electron microscope (SEM) image
(Figure 1a), the average size of BTO nanocubes is estimated to
be around 90 nm, as confirmed by the transmission electron
microscope (TEM) images shown in Figure S1 (Supporting
Information). The hybrid BTO-Ag nanosystem was material-
ized via photodeposition of Ag nanoparticles onto the surface
of BTO at various BTO:Ag" molar ratio (0-2.5), as described in
our previous work (Figure 1b, Figure S2, Supporting Informa-
tion).[?>l As the molar ratio of BTO:Ag" increases, the size of
deposited Ag nanoparticles also increases correspondingly.

The noncentrosymmetric structure of BTO can be observed
from X-ray diffraction (XRD) diffractogram (Figure 1c), where

www.small-journal.com

the tetragonal phase with P4mm space group can be determined
from the split peak at 45°.12027] Clearly, photodeposition of Ag
does not alter the BTO lattice structure in the hybrid nano-
system. The electronic structure and optical properties of BTO
were further analyzed using density functional theory (DFT)
with spin polarization and Hubbard U correction (Figure S3,
Supporting Information). The calculated bandgap between
conduction band and valence band is =2.7 eV (Figure S3b, Sup-
porting Information), which is very close to the value derived
from Tauc plot (=2.9-3.3 eV) (Figure S4, Supporting Informa-
tion). From the projected density of states (PDOS), it is obvious
that the conduction and valence bands near the Fermi level are
predominated by Ti 3d and O 2p, which indicates the crucial
role of hybridization of Ti 3d and O 2p in BTO tetragonal phase
formation, as previously reported.?! Due to the slight displace-
ment of Ti atom in the center of BTO unit cell, the complex
dielectric function exhibits a uniaxial characteristic, which is
shown in Figure S3a (Supporting Information).

Figure 2a illustrates the optical absorption of BTO and
hybrid BTO-Ag nanosystems. By incorporating the DFT cal-
culated dielectric function (Figure S5, Supporting Informa-
tion) into electrodynamic calculation, we obtained a good
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Figure 1. a) SEM image of BTO nanocubes synthesized using hydrothermal method. b) SEM image of BTO-Ag at molar ratio of 1:2.5. Scale bar of
SEM image is 100 nm. c) XRD diffraction of BTO, Ag, and hybrid BTO-Ag. d) Enlarged portion of BTO-Ag nanosystem, the small peak indicates the
presence of Ag in the hybrid system; however, due to the low concentration of Ag relative to BTO, Ag peaks in the hybrid nanosystem appear to be
much weaker than that of BTO peaks. e) A peak split around 45° indicates tetragonal phase of as-synthesized BTO nanoparticles.
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Figure 2. Optical properties comparison of BTO and BTO-Ag obtained by UV-vis measurement and FDTD calculation a) (top) BTO-Ag 2.5, is the
experimental measured absorption and BTO-Agl.;., (BTO-AgLl;,) is the FDTD calculated absorption at parallel (perpendicular) incident light with
respect to the BTO-Ag interface. (bottom) BTO,,, is the experimentally measured absorption and BTO;, is the FDTD calculated absorption. b) Sche-
matic illustration of FDTD model used for electrodynamic simulation. c) Plasmonic resonance map calculated by FDTD at both light incident directions
against the increase of radius, b. The dotted lines represent guides to the eye.

agreement between the calculated and the experimental results.
Henceforth, the DFT calculated dielectric function of BTO
will be used for all the subsequent hybrid BTO-Ag electrody-
namic simulations. The hybrid structure is modeled as an Ag
solid spheroid on a BTO cube. According to Gans theory, the
plasmonic resonance wavelength is strongly dependent on
geometry aspect ratio (a/b) and its adjacent dielectric environ-
ment. In this study, we investigate the coupling effect between
two Ag nanoparticles by increasing the particle radius, with
a fixed distance of 24 nm between their centers, as shown in
Figure 2b. The map of plasmonic resonance shifts illustrated
in Figure 2c agrees qualitatively with the observed experimental
absorption (Figure 3a) for different Ag* molar ratio. In general,
as the density of Ag nanoparticles increases, we observed a blue
shift to the higher energy plasmonic resonance with a concur-
rent red shift to the lower energy plasmonic resonance. Con-
sidering that the plasmonic resonance is geometry dependent,
the anisotropic nanoparticles will generate both longitudinal
and transverse plasmonic oscillation along a-axis and b-axis
respectively. As the aspect ratio increases at b-axis, the retarda-
tion effect is stronger at the longer wavelength, hence inducing
a red shift. Simultaneously, this geometry change also results in
a blue shift in plasmonic resonance at the shorter wavelength.
In order to elucidate the influence of light on the poled
hybrid BTO-Ag nanosystem, KPFM equipped with light source
was employed to probe in situ changes in the charge density
based on surface potential at a nanometer-level spatial resolu-
tion. Here, the contact potential difference (V,,q) between the
tip and the sample surface is calculated by: (Wyp, — Weample) /€,
where Wy, and Wyppe represent the respective work func-
tion of the tip and sample respectively, and e is the elemen-
tary charge (1.6 x 107! C).2%) To prevent the tip-induced band
bending effect, the KPFM tip was operated at a hover height
of 30 nm above the sample. Wy, was calibrated with a freshly
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cleaved pyrolytic graphite (HOPG) substrate with a work func-
tion of 4.475 eV as a reference. In the KPFM configuration, pos-
itive changes in V,q represents a net increase in the negative
charge (electron density) on the sample surface, and vice versa.
Since plasmonic excitation can be controlled by the frequency
of the incident light, the plasmonic resonance-enhanced pyro-
electric effect on the energy conversion can be systematically
studied. Figure 3b and Figure S6 (Supporting Information)
show the respective topography and phase images of BTO-
Ag at molar ratio 2.5 measured by atomic force microscopy
(AFM). Figure 3c—e shows the V.,q mapping under different
illuminations (blue (363 nm), green (530 nm)) and dark con-
dition, respectively. In contrast to green illumination and dark
condition, a pronounced positive V4 is observed under blue
illumination, which indicates an increase in electron density
of the hybrid nanosystems. The effect of light illumination on
the poled (positively and negatively poled) nanosystems can be
determined by subtracting the average V4 under dark condi-
tion from that of the illuminated one (AVipq = Vepa (light) = Vipq
(dark)), as shown in Figure 3f. It is interesting to note that only
blue light illumination on positively poled hybrid nanosystem
results in a significant increase in surface potential, while green
light illumination results in a slight decrease in surface poten-
tial across different Ag* molar ratio. Conversely, for the case of
negatively poled nanosystem, both light illumination result in
an increase in their surface potential by different magnitudes.
These results evidently present a direct optically modulated sur-
face potential of ferroelectric-metal nanosystem by varying the
charge density of poled hybrid nanosystem utilizing incident
light of different wavelengths.

Here, we calculate the optical generation rates (G) with
parallel (530 nm) and perpendicular (363 nm) light polariza-
tions as illustrated in Figure 4. G represents the number of
photogenerated carriers at each point per unit time. For both

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) UV-vis spectra of BTO and BTO-Ag at different molar ratio i) BTO ii) BTO: Ag 1: 0.1 iii) BTO: Ag 1: 0.5 iv) BTO: Ag 1: 1.0 v) BTO: Ag 1:
1.5 vi) BTO: Ag 1: 2.5. b) AFM topographic images of BTO-Ag at molar ratio of 2.5 ¢,d) V,,g maps of BTO-Ag under blue (363 nm) and green (530 nm)
light illuminations, while e) is measured in dark. Scale bar is 100 nm. f) V.4 difference of poled BTO and BTO-Ag nanosystem calculated in relative

to their respective dark condition. The solid lines represent the best fit.

polarizations, a large G is observed at the interface of the BTO-
Ag and the intensity decreases gradually with increasing dis-
tance from BTO-Ag interface. This proves that the influence of
plasmonic resonance is not only limited to the interface, but
also extends to the surrounding of the BTO core. From the
result, we also observed that as the wavelength of incident light
moves closer to the plasmonic resonance of BTO-Ag, a larger
G can be obtained and vice versa (Figure 4c,d and Figure 2a).
From the above discussion, it is clear that the photogenera-
tion surface charge enhancement is sensitive to the incident
light because of plasmonic resonance; however, it still does not
explicitly explain the physical insight of light to the stimulated
magnitude of AV at their respective poling conditions.

There are two possible explanations for the light induced
surface potential manipulation in the hybrid nanosystem,
namely, light-induced plasmoelectric effectl?!?2 and light-
induced polarization switching in ferroelectric material.l'%]
First, poling results in a screening charge accumulation on the
surface of ferroelectric material, which could serve as a charge
reservoir for plasmoelectric effect. If plasmoelectric effect takes
place, charge density reduction is expected under illumina-
tion of lower energy light, in relation to their plasmonic reso-
nance. However, this phenomenon is not observed especially
in negatively poled ones. Second, we carried out piezoresponse
force microscopy in illuminated and dark conditions in order
to investigate the influence of light on polarization switching
in BTO-Ag (Figure 4e). Clearly, the directions of polarization
remained unchanged in both conditions, allowing us to rule
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out the possibility of light-induced polarization switching.
Therefore, we put forth the postulation that band bending
alteration in the hybrid nanosystem has facilitated an easier
pathway for the electrons to occupy the vicinity surface states,
resulting in significant change in the surface potential. In the
nonpoled BTO-Ag nanosystem, electrons will diffuse from the
lower workfunction Ag (-4.3 eV) to BTO (-5.3 eV) to form an
equilibrium state (Figure 5a,b).>”) With blue light illumination,
electron transfer between metal and BTO due to excitation of
hot electrons and excitons occur simultaneously. However,
from the increase in AV, (Figure 4f), we can conclude that
electron transfer from BTO to the surface state is the dominant
process. Contrarily, the AV,q decreases under green light illu-
mination. Since only Ag plasmonic resonance is excited, the
decrease can be attributed to the electrons discharging from
Ag to BTO. For a negatively poled BTO-Ag nanosystem, nega-
tive screening charges will build up to yield a downward band
banding (Figure 5c¢,d), while positive poling results in positive
screening bound charges which cause a significant upward
band bending between Ag and BTO (Figure 5e,f).l'"! The band
bending observed in negative poling is similar to that without
poling, but of a greater magnitude. Under blue light illumi-
nation, an electron transfer pathway similar to the nonpoled
counterparts is established. Interestingly, the green light illu-
mination also resulted in the increase of AV,,q, which signifies
the back-transfer of electrons from BTO to Ag.?” As the back-
transfer of electrons is not observed in nonpoled nanosytem,
we postulate that negative poling has facilitated a steeper

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The calculated cross sectional distribution of the optical generation rate (G) at their respective incident wavelength with a,c) perpendicular
b,d) parallel polarization directions. The centers between two Ag nanoparticles are positioned at distance of 24 nm (d) and the radius of Ag are
6 and 10.5 nm for a,b) and c,d), respectively. The scale bar is 10 nm. The color bar is an intensity indication of normalized G. e) Piezoresponse force
microscopy measurement of BTO-Ag at 2.5 molar ratio under i) dark and ii) full spectrum light illumination. f) V.4 of nonpoled BTO and BTO-Ag
nanosystems calculated in relative to their respective dark condition. The solid lines represent the best fit.

energy band that favors the electron back transfer. In the case
of positive poling, upward band bending is induced, accompa-
nied by a large depletion width (AW) (Figure S7, Supporting
Information). At a molar ratio of 2.5, AW is calculated to be as
large as =60 nm from the interface. By exciting the plasmonic
resonance, enhanced electric field enables more electron-hole
pairs to be generated as discussed earlier, leading to effec-
tive diffusion of electrons to the surface state of the BTO-Ag
before recombination.’!]' Upon blue light illumination, not
only has the photogenerated electrons increased, but the plas-
monic resonance of Ag nanoparticle is also triggered, allowing
the vicinity electrons to drift near to the metallic nanoparticles,
thus inducing significant changes in the surface potential.2
While with green light illumination, the loss of electrons is
attributed to the hot-electron injection into the BTO (Figure 4f),
as observed in the nonpoled nanosystem.

Next, we evaluate the dynamics of surface charge manipula-
tion based on a positively poled plasmo-pyroelectric nanosystem
under the influence of light illumination. Figure 6 shows
the local pyroelectric response of the hybrid nanosystem in
the absence and presence of full spectrum light, summarized
from Figure S8 (Supporting Information). As expected, the
measured pyroelectric coefficient follows the observed AV 4
trends in Figure 3f. Intuitively, the results suggested that the
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resonant blue light illumination plays a dominant factor in
determining the performance of hybrid BTO-Ag nanosystem.
For more clarity on this phenomenon, we categorize the pyro-
electric response into R1, R2, and R3. In R1, due to the small
AW and hot-electron injection, the surface state is largely unoc-
cupied by electrons, which lowers the charging magnitude,
hence leading to a low pyroelectric response. As the Ag" molar
ratio increases, we enter region R2 where the photogeneration
of electron-hole pairs in BTO starts to dominate and gradually
occupies the empty surface state. Since the charging capability
is linearly correlated to the size of the metallic nanoparticle,?*?
the pyroelectric response in R2 also increased linearly. Lastly,
in R3, as the AW is reaching its plateau (Figure S7, Supporting
Information), the charge separation also exhibits a similar pat-
tern. Even with the presence of larger Ag nanoparticle, the mag-
nitude of the charging will be limited by occupied surface states,
hence resulting in the plateau characteristics of the pyroelectric
response. Therefore, instead of hot-electron injection that only
occurs at the interface between Ag and BTO, the occupancy of
electrons on the surface state is a predominant factor that gov-
erns the pyroelectric coefficient under full spectrum light illumi-
nation, which leads to 46% enhancement at molar ratio of 2.5.
In conclusion, we observed a direct manipulation of AV,q in
the hybrid BTO-Ag nanosystem probed at nanoscale utilizing

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Schematic illustration of light induced (blue (363 nm)-left
column and green (530 nm)-right column) electron transfer pathways
in BTO-Ag nanosystems with different poled conditions a) and b) are
nonpoled; c) and d) are negatively poled; e) and f) are positively poled.

in situ KPFM with light illumination. We found that the poled
hybrid BTO-Ag nanosystem exhibits a large AV ,q under res-
onant blue light illumination. Together with the plasmonic
effect and the electronic band bending, the optically induced
change in AV,q is unveiled based on electron occupancy on
the surface state of the hybrid nanosystem. Lastly, through the
dynamic fluctuation of pyroelectric material, we demonstrated
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Figure 6. Measured pyroelectric coefficient of BTO and hybrid BTO-Ag
nanosystems under full spectrum wavelength illumination at constant
temperature fluctuation (AT =1 K). R1 < 0.5 molar Ag* deposition,
0.5 molar < R2 < 1.5 molar Ag™ deposition, and R3 > 1.5 molar Ag*
deposition.
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that the participation of charge on the surface state plays a cru-
cial role in enhancing the pyroelectric coefficient of the hybrid
plasmo-pyroelectric nanosystem. We anticipate that the insight
provided by this study will be useful in the design of plasmon-
ferroelectric optoelectronic and energy harvesting technologies.
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Supporting Information is available from the Wiley Online Library or
from the author.
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