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ABSTRACT

Photochemically patterned metal nanoparticle Strontium Barium Niobate (SBN) surfaces are shown to exhibit tunable surface wettability which
depends on the UV photodeposition time and the type of deposited metal nanoparticle, namely, silver or gold. Taking advantage of plasmonic
properties of noble metal nanoparticles, we demonstrate enhanced Raman scattering and fluorescence emission of a probe molecule from the
metal nanoparticle SBN surfaces. Further, ferroelectric lithography enables the creation of stable oppositely polarized ferroelectric domains, at
the microscale, giving rise to spatially distinct metal particle deposition patterns and corresponding Raman responses. The results clearly
demonstrate that metal nanoparticle/SBN surfaces suitable for enhanced chemical sensing can be designed using ferroelectric lithography and
could have implications for realization of microfluidic or liquid droplet-based Surface Enhanced Raman Scattering (SERS) sensors.

VC 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5089746

The ability to pattern substrates with plasmonic nanostructures has
broad applications in chemical and biological sensing,1–3 solar energy har-
vesting and detection,4,5 optoelectronic device fabrication,6 etc.7–9 Under
UV irradiation, ferroelectric surfaces exhibit polarization-dependent
metallic particle deposition10–21 that can be used to pattern surfaces with
spatially distinct physical properties. In this context, photodeposition of
metallic particles on ferroelectric surfaces and their imparted properties
have been reported for BaTiO3,

13,14 Pb(ZrxTi1�x)O3 (PZT),
11,12 BiFeO3,

15

Sr0.6Ba0.4Nb2O6 (SBN:60),16 and especially LiNbO3.
17–25 For example,

Damm et al. demonstrated plasmon enhanced Raman scattering fromAg
patterned periodically poled LiNbO3 (PPLN) and proton exchanged
PPLN (PPELN) substrates,23,25 whereas Al-Shammari et al. correlated
proton exchange processing conditions with Ag particle photodeposition
and the contact angle on PPELN surfaces.24 Pyroelectric and photovoltaic
effects have been used to modulate the surface wettability and concentrate
particles in LiNbO3.

26,27 When compared to LiNbO3 and LiTaO3, whose

pyroelectric coefficients (p) are �83lC/m2 K and �176lC/m2 K,
respectively,28 for single crystal SBN:60, p¼�850lC/m2 K, and for
SBN:73, p¼�2800lC/m2 K.29With such exceptionally high pyroelectric
coefficients, SBN could be employed to pattern or trap droplets with ana-
lytes of interest. Manipulating and concentrating droplets on plasmoni-
cally active, patterned surfaces may lead to superior sensing capabilities
because the trapped droplet will evaporate on a designated surface suited
for enhanced Raman or fluorescence detection. As a first step in realizing
such a device, we carried out a fundamental investigation on photochemi-
cally patterned Ag and Au (001) Strontium Barium Niobate SBN:60
(Sr0.6Ba0.4Nb2O6) surfaces. We show that the deposited metal nanopar-
ticles not only modify the surface wettability but can also provide plat-
forms for enhanced Raman and fluorescence responses, which can be
spatially controlled via ferroelectric lithography.

Tetragonal tungsten bronze SrxBa1�xNb2O6 is a uniaxial ferro-
electric system with excellent acousto-optic,26,30 electro-optic,31
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nonlinear-optical,32 and photorefractive and pyroelectric properties.28,33

SrxBa1�xNb2O6 crystalizes in the tungsten bronze structure for 0.25
< x< 0.75, with ferroelectric properties strongly dependent on the com-
position: Barium-rich SBN exhibits normal ferroelectricity, whereas
strontium-rich compositions exhibit relaxor-type ferroelectricity.34 The
SBN unit cell can be described as (A1)2(A2)4(C)4(B1)2(B2)8O30, con-
sisting of corner sharing NbO6 octahedra (B1 and B2), with the A1 sites
exclusively occupied by Sr and the A2 sites occupied by Sr or Ba.35,36

The C sites are vacant as well as one sixth of the A1 and A2 sites.35,36

Ferroelectric polarization develops along the (001) direction.
For this study, (001) SBN:60 crystals obtained from MTI

Corporation were examined. To remove residual polarization, the
crystals were heated to 200 �C for 2 h. After thermal depolarization,
vertical piezoresponse force microscopy (PFM) was undertaken on the
(001) surface with an Asylum Research MFP-Infinity atomic force
microscope. A Pt-coated tip with a spring constant of 2.8N/m was
used to apply 2V ac at 320 kHz for PFM imaging. For bias-writing of
domains (“box in a box” structure), large biases up to 100V in oppo-
site polarities were applied. Due to voltage bias limitations of the MFP
system, bias-writing was carried out with different systems (Bruker
Dimension 3100 or Dimension Icon). AFM data were analyzed and
plotted with Gwyddion.37 Figures 1(a) and 1(b) show the PFM ampli-
tude and phase obtained from unpoled SBN, revealing the presence of
jagged, fractallike nanodomains. These are 180� domains with oppo-
site directions of polarization pointing into- and out-of-the plane of
the figure. In SBN, the domain morphology is strongly correlated with
the Sr/Ba content: for a higher Ba content, domains are larger with
well-defined domain walls, whereas for a higher Sr content, the
domains are smaller, with jagged domain walls and areas of negligible
piezoresponse.38 The bias-written regions shown in Figs. 1(c) and 1(d)
were found to be stable for several hours/days and illustrate that bias-
writing can be used effectively to create micrometer-size domains with
opposite polarization on SBN:60. The apparent domain wall width
spans less than�0.1lm.

Ag and Au particle photodeposition on (001) unpoled SBN was
carried out following previously described methodologies with details
provided in the supplementary material.16,23 A schematic of the nano-
particle patterning technique is shown in Fig. 2. When SBN is illumi-
nated with above bandgap light (�3.37 eV),16 photogenerated
electrons and holes migrate to the surface and participate in photo-
chemical reactions that leave insoluble products on the surface of the
crystal (marker reactions). The morphology of (unpoled) SBNþAg
and (unpoled) SBNþAu surfaces, for 25min photodeposition, is
shown in Figs. 3(a) and 3(b). Metal particles nucleate at locations act-
ing as electron donor sites such as subsurface polishing defects and
scratches.39,40 Metallic particle growth is sporadic, with both discrete
and clustered particle formation. The average largest Ag nanoparticle
in-plane dimension is 34.4 nm6 20.3 nm. On the contrary, the Au
nanoparticle distribution is more uniform with an average largest
nanoparticle in-plane dimension of 37 nm6 11.5 nm. Whereas Au
nanoparticles are predominantly spherical in shape, the Ag nanopar-
ticles exhibit shape variations (e.g., spherical, spheroid, and polygons),
similar to previous observations,16 and form larger clusters. Some of
the Ag nanoparticles are also taller than the Au nanoparticles (Fig. S1,
supplementary material). The average surface roughness Sa of the
images shown in Figs. 3(a) and 3(b) is 7.7 nm (Srms¼ 11.3 nm) and
5.9 nm (Srms¼ 7.2 nm), respectively. For comparison, the surface
roughness of bare SBN is less than 1nm (Table S1, supplementary
material). In general, Ag nanoparticles are larger, individually or clus-
tered, than Au nanoparticles due to their simpler formation pathway
and lower energy of formation. Namely, the photochemical reduction
of Agþ cations into Ag is a one-step reaction at þ0.80V vs Standard
Hydrogen Electrode (SHE).16 On the contrary, reduction of AuClx

�

species into solid Au can proceed through either a one-step reaction at
þ1.00V vs SHE or a series of multistep reactions.41

The surface morphology of the SBNþAg and SBNþAu surfa-
ces, vs photodeposition time, was evaluated by atomic force micros-
copy (Figs. S2 and S3, Table S1, supplementary material). For both
types of particles, the surface roughness increases with increasing pho-
todeposition time (Table S1, supplementary material). Despite similar-
ities in the surface roughness of the SBNþAg and SBNþAu
surfaces, we observe significant differences in the particle area cover-
age. For Ag, even for the shortest photodeposition time, nanoparticles
cover �11% of the scanned area, whereas for Au photodeposition,
�9% coverage is achieved at 10min. At 25min, the areas covered by
particles are �48% and �27% for SBNþAg and SBNþAu, respec-
tively. In addition, SBNþAg surfaces exhibit spatially modulated

FIG. 1. Vertical PFM (a) amplitude and (b) phase from the unpoled (001) SBN surface.
Scan size: 3.01lm� 3.01lm. Vertical PFM (c) amplitude and (d) phase from bias-
written domains. Inner area,�100 V; outer area þ100 V. Scan size: 8.5lm� 8.5lm.

FIG. 2. Schematic of nanoparticle deposition on SBN. From left to right: the O-ring
is filled with solution (AgNO3 or HAuCl4) and covered with a quartz coverslip. Next,
solution is illuminated with diffuse UV light. Finally, the O-ring is removed, revealing
the patterned SBN surface.
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deposition, consisting of areas with high and low density particle depo-
sition (Fig. S2, supplementary material).

Since the surface morphology can influence wettability, the con-
tact angle of water droplets (1ll, n¼ 5) was measured with a drop
shape analyzer (DSA30, Kruss). Bare SBN is hydrophilic with a contact
angle of �60�. Similar to other oxides,41,42 SBN becomes more hydro-
philic (Figs. S4 and S5, supplementary material) upon illumination
with UV light. To allow recovery from UV-induced hydrophilicity, the
contact angle measurements on patterned surfaces were carried out
two days after photodeposition. Figure 3(c) shows the contact angle of
the SBNþAg and SBNþAu vs photodeposition time. For both types
of surfaces, the contact angle increases with increasing photodeposi-
tion time, reaching a plateau between 15 and 25min. Between 5 and
10min, the SBNþAg surfaces becomes hydrophobic, and the highest
average contact angle of �108� was achieved for 25min photodeposi-
tion. For comparison, the highest contact angle of SBNþAu was
�83�. Figure 3(d) shows the roughness factor r (ratio of surface area
over projected surface area) obtained from AFM, as a function of pho-
todeposition time. Our results suggest correlation between surface wet-
tability and photodeposition time, due to the modification of the

surface morphology of the patterned surfaces. We further hypothesize
that the spatial modulation of the SBNþAg surfaces contributes to
their increased hydrophobicity. It should be noted that hydrophobic
and superhydrophobic surfaces exhibit analyte concentrating effects
that enhance Surface Enhanced Raman Scattering (SERS) sensitivity
and improve analyte detection limits.43

Since noble metal nanoparticles can exhibit plasmonic functionali-
ties, the UV-Vis absorption spectra of bare SBN, SBNþAg, and SBN
þAu, for 25min photodeposition, are shown in Fig. 4(a). The absorption
spectrum of SBNþAg shows broad absorption in the visible region with
a local maximum at �505nm, characteristic of surface plasmon reso-
nance from metal nanoparticles or clusters. The SBNþAu spectrum has
a weak, broad absorption band between 520 and 680nm. The proximity
of the SBNþAg absorption band to common green laser lines and
absorption bands of organic dyes, such as Rhodamine 6G or methyl
orange (MO) [Figs. S6(a) and S7(a), supplementary material], can be
employed to achieve surface enhanced scattering functionalities. As a
demonstration, micro-Raman spectra, under 532nm excitation, were col-
lected on bare SBNþRh6G, SBNþAgþRh6G, and SBNþAu
þRh6G, and they are shown in Figs. 4(b) and 4(c). Only SBN Raman
peaks were observed from bare SBNþ 10�5 M Rh6G. The main SBN
Raman peaks are located at 610 and 850cm�1.44,45 Strong Raman scatter-
ing from Rh6G is observed from SBNþAgþ 10�5 M Rh6G and
SBNþAgþ 10�7 M Rh6G.23,46 The lowest detected Rh6G concentration
was 10�9 M. Under lower magnification (10� objective), Rh6G was
detected down to 10�7 M [Fig. S6(b), supplementary material]. For
785nm laser excitation, no Rh6G peaks were observed for either
SBNþRh6G or SBNþAgþRh6G [Fig. S6(c), supplementary material].
Under 532nm excitation, enhanced Raman scattering was also observed
from anionic methyl orange (MO) deposited on poly-L-lysine coated

FIG. 3. Surface topography of the (001) unpoled SBN surface after 25 min of (a)
Ag and (b) Au particle photodeposition. Scan sizes are 2.0 lm� 2.0lm. Evolution
of the (c) contact angle and (d) roughness factor r as a function of Ag and Au parti-
cle photodeposition time. Inset: representative water droplet on the unpoled SBN
þ Ag surface obtained after 25min photodeposition.

FIG. 4. (a) Optical absorbance spectra of SBN, SBN þ Ag, and SBN þ Au after
25min photodeposition. (b) Raman spectra from SBN þ 10�5 M Rh6G, SBN þ Ag
þ 10�5 M Rh6G, SBN þ Ag þ 10�7 M Rh6G, and SBN þ Ag þ 10�9 M Rh6G
under 532 nm excitation. (c) Raman spectra from SBN þ 10�5 M Rh6G, SBN þ Au
þ 10�5 M Rh6G, SBN þ Au þ 10�7 M Rh6G, and SBN þ Au þ 10�9 M Rh6G
under 532 nm excitation. (d) Fluorescence emission spectra from SBN þ 10�5 M
Rh6G, SBNþ Au þ 10�5 M Rh6G, and SBNþ Ag þ 10�5 M Rh6G.
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SBNþAg surfaces [Fig. S7(b), supplementary material] but not for
785nm excitation [Fig. S7(c), supplementary material]. Raman scattering
from SBNþ AuþRh6G is shown in Fig. 4(c). Rh6G peaks are detected,
but when compared to the SBNþAg results of similar Rh6G concentra-
tion, their intensity is weaker.

Fluorescence spectra from bare SBNþ 10�5 M Rh6G, SBN
þ Agþ 10�5 M Rh6G, and SBNþAuþ 10�5 M Rh6G are shown in
Fig. 4(d). The peak fluorescence wavelength is located at �560nm,
and the fluorescence intensity from the Ag patterned SBN surface is
approximately four times higher than that collected from the bare
SBN surface, similar to Rh6G luminescence studies on Ag patterned
LiNbO3.

23 The fluorescence detected from the Au patterned SBN sur-
face is higher than that of bare SBN but lower than the response of the
Ag patterned surface. The enhanced Raman scattering and fluores-
cence emission from the Ag patterned SBN surfaces, under 532nm
excitation, can be attributed to the overlap between the Rh6G absorp-
tion and emission bands and the plasmonic Ag absorption peak. In
addition, Ag nanoparticles are negatively charged aiding attachment of
cationic Rh6G to their surface. The weaker Rh6G response from the
Au patterned surfaces is due to the lack of plasmonic coupling between
the Au nanoparticles and the excitation light.

Since SBN is ferroelectric, an external electric field can locally ori-
entate its polarization and modify the ferroelectric domain structure.
To create a template for domain-dependent, spatially resolved surface
enhanced Raman imaging of Rh6G, box in a box domains were writ-
ten with typical dimensions of 24lm� 24lm for the positive domain
(�80V at the tip) and 12lm� 12lm for the negative domain
(þ80V at the tip). Ag photodeposition on the bias-written domains
was carried out with a photodeposition time of 5min. Figure 5(a)
shows an optical image of the Ag deposition. Increased particle growth
is observed on the positive domain, whereas fewer particles are depos-
ited on the negative domain. For positive domains, the surface poten-
tial is lower than that of the bulk material, due to the presence of a
space charge region formed near the interface. The lower surface
potential allows photogenerated electrons to reach the surface and
reduce chemical species such as Agþ. For negative domains, the sur-
face potential is higher than that of the bulk material, thereby prevent-
ing photogenerated electrons from reaching the surface. The presence
of metal particles on the negative domain can be attributed to the high
photon energy of the UV light,12 incomplete domain switching during
the tip poling process, or time-dependent domain relaxation effects
that are common to bias-written domains and observed in Figs. 1(c)
and 1(d).47 A higher resolution image of the patterned SBN domains
is shown in Fig. 5(b). The surface roughness of the positive domain is

Sa � 40nm (Srms � 60nm), which is significantly higher than the sur-
face roughness of the patterned unpoled surfaces.

Similar to observations on liquid-electrode poled SBN photode-
position and Rh6G deposition on LiNbO3,

16,48 the bias-written posi-
tive domain is surrounded by a “depletion” zone almost completely
devoid of particles. This zone spans approximately 2lm beyond the
decorated positive domain and is surrounded by areas of modest Ag
deposition. The bias-written SBN domains likely do not propagate
through the entire thickness of the crystal, resulting in both charged
domain walls and increased domain instability.47,49 While these factors
can contribute to exotic photodeposition patterns,48 the presence of
transient surface charges associated with freshly poled domains is
likely the most important factor contributing to the deposition
peculiarity.48

To test the spatial selectivity of the SERS response, the area was
exposed to Rh6G, and the acquired Raman image is shown in Fig.
5(c). The Raman image shows a clear correlation between the Rh6G
intensity and Ag particle deposition. The representative Raman spectra
from selected points are shown in Fig. 5(d). For points 1 and 2, Rh6G
peaks are clearly detectable, but the integrated intensity of point 1 is
somewhat higher than that of point 2. Unpoled (Ag decorated) and
negatively poled areas show a weak Rh6G response, with spectra simi-
lar to those of point 3. This differs from our previous observations
where the Rh6G response was not detected outside the photodeposited
areas and suggests global adsorption of Rh6G that could be aided by
the transient screening charges previously discussed. Nonetheless, the
Raman mapping observations confirm that the Raman response of
Rh6G closely correlates with Ag particle deposition.

In summary, we demonstrated that photochemically patterned
metal nanoparticle SBN surfaces exhibit enhanced properties when
compared to bare SBN surfaces. The patterned SBN surfaces are suit-
able for enhanced chemical sensing, which opens up the possibility of
realizing microfluidic SERS sensors based on the pyroelectric concen-
tration of contaminants and organisms. Due to the instability of silver
nanoparticles under environmental conditions, resulting in the limita-
tion of SERS performance,50–52 we recommend further research on
plasmonic gold nanoparticle deposition and patterning strategies for
SBN-based microfluidic devices, suitable for multianalyte, ultrasensi-
tive single molecule detection methods such as SERS or photoinduced
enhanced Raman spectroscopy (PIERS).53 Our results are encouraging
for the realization of sensing platforms in other technologically rele-
vant relaxor ferroelectrics with exceptional pyroelectric coefficients
such as (1� x)PMN-xPT.54

FIG. 5. (a) Optical image and (b) topography scan of Ag deposition on bias-written ferroelectric domains of opposite polarity on (001) SBN. Outer box: positive domain; inner
box: negative domain. (c) Raman map of Rh6G intensity and (d) individual Raman spectra at locations indicated in (c).
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See the supplementary material for experimental details and anal-
ysis regarding AFM, contact angle, UV-Vis, Raman, and fluorescence
measurements.
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