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Solid state dewetting (SSD) of thin-film can trigger morphology evolution from continuous film to isolated
nanostructures over percolation threshold. However, the Au thin-film fabricated by low-degree SSD, namely
Au network nanostructures, showed a wider plasmon absorption over visible and mid-infrared region as
compared to the fully-developed nanoparticles. The optical properties of Au networks is systematically
investigated by assistant of finite difference-time domain (FDTD) analysis in terms of E-field distribution and
extinction efficiency. It is shown that the semi-manufactured irregular nanostructure possess strong plasmon
resonance even at the wavelength up to 1900 nm. The monochromic plasmon responds of corresponding
low-developed and high-developed samples are examined by surface enhanced Raman spectroscopy with
532 nm laser excitation. And for polychromic light, solar simulator was employed to evaluate the photocur-
rent performance of TiOx / Au network hybrid film. The results suggest the Au network have large potentials
to be utilized under polychromic LSPR excitation scenes such as solar irradiation to improve the photoelectric
properties.
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1. Introduction

Localized surface plasmon resonance (LSPR) of free electrons that
triggered by incident electric-magnetic wave can induce significant
near-field enhancement, specific light extinction and hot electron
generation [1], therefore, have been widely studied and demon-
strated in surface enhanced Raman spectroscopy [2,3], photoacoustic
technology [4], photoelectric devices [5], imaging system [6], display
technology [7] and other optoelectronic applications. Metallic nano-
structures (MNSs) are the most common LSPR materials due to their
high Quality factor that determined by the nature permittivity. Over
3-folder enhancement on electromagnetic field have been achieved
within the nano-gap between dimer nano-islands [2,8], which
pushed the Raman spectroscopy resolution approaching to single
molecular level with the enhancement factor of 1014.

Among the various LSPR metals, Au can be one of the most used
instances whose resonance wavelength can be modulated over VIS-
NIR regions [1,4,5,9]. The tunable behavior that lies in LSPR
wavelength and intensity derives from the variation of quality factor
since the permittivity of NSs are quite sensitive to their morphology
[10]. Thereby, for the NSs possessing a specific shape, the LSPR
absorption is usually shown as peaks at relatively settled positions.
For example, Au spherical NPs show LSPR peaks between 500 and
700 nm and the peaks of Au rods are usually observed in NIR region
(along longitudinal) [11�13]. By the various fabrication approaches,
e.g. lithography [14], solid state dewetting (SSD), wet chemistry [12]
and combined processing technology [15], Au NSs with uniform
shape and size can be obtained with sharp characteristic peaks,
exhibiting strengthful LSPR with the excitation of monochromatic
light, such as light-emitting-diodes and lasers. Nevertheless, when
application scene is established under polychromatic light excitation,
e.g. solar irradiation and Xenon light, the light utilization for LSPR
excitation can be limited due to the spectral mismatch [16] and lead
to a low LSPR excitation efficiency. Therefore, exploration of LSPR
materials possessing wide excitation band is significant for the
numerous applications based on.

Thin-film SSD is a widely used bottom-up fabrication method for
metallic nanostructures, in which the thin-film undergo void nucle-
ation, film rupture, rim retraction and nanostructure formation
[17,18], as seen in Fig. 1. As the process of nanostructure formation is
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Fig. 1. Diagrams of Au film evolution through solid-state-dewetting. Cross-sectional schematic diagrams for (a) void nucleation and (c) instability. Nanostructure formation regimes
of (b) void nucleation, (d) instability induced film fracture and (e) island isolation presented by atomic force microscopy (AFM) images and corresponding line-profiles.
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relatively random, the low-developed nanostructures in early SSD
stage can obtain wiggly shapes and thus lead to the various dielectric
properties for individual nanostructures, which may give a new route
for the research of wide-excitation LSPR material but rarely demon-
strated yet. In current work, we demonstrate the fabrication of Au
network NSs through low-degree SSD processing, in which an
extremely wide LSPR absorption band was observed between 500
and 1900 nm. By the random formation behavior in SSD process, the
mixture of Au NSs including hemispheres, rods and irregular NSs are
formed with relatively stochastic configuration, therefore, each NS
can exhibit dissimilar LSPR properties. The NS optical properties are
systematically characterized and analyzed by the assistant of finite
difference time domain (FDTD) simulation. Meanwhile, the mono-
chromatic and polychromatic LSPR performance are separately evalu-
ated by SERS and photon-detection.
2. Materials and methods

2.1. Nanoparticle (NP) fabrication

The various Au NPs were fabricated on double-side polished JGS1
quartz substrates that pre-treated by ultrasonic cleaning in acetone
and ethanol for 10 min successively. The samples were dried by high
pressure nitrogen flow before Au deposition. The Au films were
deposited by direct current plasma sputtering with working gas (dry
air) pressure of 6.5 Pa and a preset ionization current of 10 mA. The
average Au deposition velocity is estimated as 0.03 nm/s. The film
annealing was achieved inside an infrared furnace. The samples were
heated to the target temperature with a ramping rate of 10 °C/s under
the vaccum of ~10 Pa. After dwell duration, the samples were natu-
rally cooled down inside the frunace chamber to 150 °C and then air-
vented for further cooling until room temperature.
2.2. Surface enhanced Raman scattering

The Rhodamine 6 G (R6G, purchased fromMACKLIN, 95%) was uti-
lized as Raman reporters, and the R6G solution was prepared by dis-
solving in ethanol (AR, 98%). The SERS substrates were immersed
into R6G solution (10�4 M) for 13 h to make sufficient molecular
attachment. The confocal Raman microscope (inVia, Renishaw, UK)
was employed for Raman spectra collection with a 532 nm excitation
laser of 0.05 mW and a £ 50 objective. The acquirement time was set
as 5 s and accumulated for 30 cycles.

2.3. Fabrication of Tiox/Au hybrid film based photodetector

TiOx deposition was performed with sol-gel deposition of tetrabu-
tyl titanate (purchased from Aladdin) as precursors. Tetrabutyl tita-
nate solution was prepared by dissolving in dimethoxy ethanol
(2-ME, from Aladdin). The Au/quartz samples were first coated with
tetrabutyl titanate solution of 0.05 M and then span at 3000 rpm for
20 s. Successively, the samples were annealed at 200 °C on hot-pad
for 5 min to fully evaporate the 2-ME and also promote the hydrolysis
of tetrabutyl titanate into TiOx. After 10-time spin coating, the TiOx/
Au/quartz samples were placed into tube furnace to receive a 3 h
annealing at 550 °C under atomosphere to improve the crystallnity.
The Al electrodes were depositioned by mask sputtering and the
thickness of Al eletrodes were ~ 50 nm.

2.4. Finite-difference time-domain (FDTD) simulation

The spectra and electro-magnetic field distribution of modeling
structure were obtained through FDTD simulation (FDTD solutions,
Lumerical, Canada). Total-field scattered-field (TFSF) light source was
engaged with the injection axis of z to evaluate the absorption and
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scattering properties of each modeled NS. Perfect matched layer
(PML) boundary conditions were set for x-, y- and z-axis along with
the mesh size 0.5 nm, and the simulation duration was set as 1000 fs
with auto shutoff level of 1E-6. The permittivity values of Au refer to
the Lermarchand based on their experimental data of an 11.7 nm-
thick Au film [19], and the data of TiOx and quartz were from Sarkar
[20] and Philipp [21], respectively. The error source analysis in simu-
lation can be referred in supplementary Fig. S1 and S2.

2.5. Characterization

An atomic force microspocy (AFM, Molecular Vista, USA) was
employed for morphological characterization under tapping mode
and the probes umployed in this work were PPP-NCHR (Nano-
sensorsTM, USA) with a typical tip height and radius of 17 mm and ~
7 nm, respectively. The RMS, surface coverage, SAR and projected
area were obtained by Gwyddion (open-source). The UV�VIS-IR opti-
cal characterization were acchieved by an micro-spectrophotometer
(20 PV, CRAIC Technologies, USA), in which the micro area of
~16 mm2 was characterized through a £ 36 objective with an objec-
tive-sample distance of ~10 mm. The cross-sectional SEM imaging
were done via Schottky field emission SEM (JSM-7800F, JEOL, Japan)
and the photocurrent characterization was obtained by a source-
meter (Keithley 2400, Tektronix, USA). The simulation of solar irradi-
ation was achieved by Xenon lamp simulator (7IS0503A, SOFN
Fig. 2. Morphological and optical evolution of Au film annealed at 600 °C by the increasing t
on x-y plane, surface area ratio, (e) coverage and roughness along annealing time. (f) Absorp
area ratio and RMS, §10% for PA mean and coverage.
instruments CO., LTD, China) with a working distance of 12 cm and
an illumination power of 100 mW cm�2.

3. Result and discussion

3.1. Morphological and optical evolution

Fig. 1 shows the diagram of Au nanostructure formation in solid-
state dewetting (SSD) process and Fig. 2 exhibits the evolution of Au
NSs fabricated at 600 °C by the variation of annealing duration
between 15 and 900 s. Generally, surface morphology of thin-film in
SSD process can be largely determined by the Adatom immigration
through thermal-activated surface diffusion [22,23]. Initialized from
film defects such as pinholes, voids, gas bubbles or grain boundary
triple points, heterogeneous nucleation of vacancies can occur in
solid metallic film as shown in Fig. 1(a) and (b) [17,24]. Following the
void growth and coalescence, continuous film can be penetrated and
isolated into nanostructures with longer annealing duration, and
eventually evolved by rim retraction into droplets via surface energy
minimization induced instability as shown in Fig. 1(c)�(e) [25]. In
specific, with 15 s annealing, voids were formed through heteroge-
neous nucleation and partially coalesced with each other as seen in
Fig. 2(a). As a consequence, the continuous film evolved into overall
networks as most of the NSs are still in connection. Soon after, when
the annealing lasted to 300 s, the network was further separated by
ime of (a) 15, (b) 300 and (c) 900 s. Plots of (d) nanostructure projected area (PA) mean
tion and (g) reflectance spectra for corresponding samples. Error range: §5% for surface
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coalesced voids and evolved into more isolated NSs as exhibited by
AFM images in Fig. 2(b). With longer annealing of 900 s, the wiggly
NSs were further split into the NSs containing less surface energy, e.
g. hemispherical nanoparticles (HS-NPs). Consequently, the NSs were
formed in smaller but compacter configuration, seen in Fig. 2(c). The
dimensional evolution can be observed via the projected area (PA)
and surface area ratio (SAR) variation plotted in Fig. 2(d). At 15 s, the
PA mean of NSs appeared 9.3 £ 10�2 mm2 as the majority of nano-
structures are connected in the networks. Then, at 300 s, most of the
NSs were separated and the mean was sharply decreased to
2.3 £ 10�2 mm2 as the nanostructures are separated by rim retrac-
tion. Lastly, the PA mean was further decreased to 1.8 £ 10�2 mm2

with the NS separation. Meanwhile, from the SAR data, it is clear that
the nanostructures were turned into compacter shape as the SAR was
Fig. 3. Morphological evolution of Au nanostructures annealed at increasing temperature of
AFM images of 1 £ 1mm2 and the line-profiles of locations indicated by white lines are show
grams of nanostructure height. Plots of (g) projected area (PA) mean, surface area ratio, (h) co
components. (j) Absorption spectra of corresponding samples. (k) Evolution of absorption i
spectra of Rhodamine-6 G using various Au nanostructures as SERS substrates. Error range: §
increased from 1.07 to 1.17, and finally reached 1.31 at 900 s, match-
ing with the inference by surface energy minimization mechanism.
Moreover, RMS roughness of sample surface was correspondingly
increased from 9.72 to 12.09 nm along with the configurational evo-
lution as seen in Fig. 2(e). It is notable that the RMS evolution
matched well with the evolution with PA mean, which indicate that
RMS contribution from nanostructure separation can be larger than
that from single nanostructure constriction (The relationship
between effective thickness and RMS is plotted in supplementary Fig.
S3). And at the same, the NS coverage showed a continuous decrease
from ~ 62.3 to 46.4%.

Accompanying with the NS isolation, the continuous Au film
passed through percolation threshold, therefore, triggered the trans-
formation of overall electric susceptibility from metallic to dielectric
(a) 600, (b) 700 and (c) 800 °C. (a)� (c) AFM images of 3£ 3mm2. (a-1) � (c-1) Enlarged
n below. (a-2) � (c-2) Slope distribution of nanostructures on x-y plane. (d) � (f) Histo-
verage and RMS versus annealing temperature. (i) Pie chart summary of nanostructure
ntensity at typical wavelength of VIS (550 and 615 nm) and NIR (1030 nm). (l) Raman
5% for surface area ratio and RMS, §10% for PA mean and coverage.



Fig. 4. Optical analysis in terms of E-field distribution and extinction efficiency by
FDTD methods for the (a) hemi-sphere and (b) rod. (a-1) � (b-1) AFM 3-D views. (c) �
(d) Corresponding E-field distribution with longitudinally polarized excitation. (e)
Extinction efficiency for the hemi-sphere and rod along longitudinal and transverse
directions, and (f) summary of maximum E/E0 values and scatting/absorption ratio.
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[26,27]. As a consequence, the optical properties of Au films were cor-
respondingly modified along with surface morphology, in which the
resonance path of free electrons was confined locally when plasmon
was activated. Evidenced by the absorption spectra in Fig. 2(f), the
LSPR absorption peak in VIS region was gradually strengthened as
more NSs were isolated, while the absorption in NIR region was cor-
respondingly weakened oppositely. Consistently, from the reflec-
tance spectra, it can be also seen that the VIS responds was enhanced
while NIR reflection was much reduced.

As lifted temperature can enhance the surface diffusion of adatoms,
the evolution from Au network to NPs was also achieved via tempera-
ture control. With the temperature modulated surface diffusion length
[28�30], the overall SSD progress was significantly accelerated and led
to a corresponding morphological evolution, exhibited in Fig. 3(a)�(c).
Lifted temperature could be helpful to improve the large-scale unifor-
mity, in which the void nucleation can happen more quickly and syn-
chronously, therefore avoid the occurrence of localized morphology
[24,29]. The height mean of NSs was gradually enlarged from 29.1 to
34.5 nm along with the temperature increase as seen in Fig. 3(d)�(f).
At the same time, judged by the PA mean plotted in Fig. 3(g), the NSs
were gradually retracted into smaller and compacter configuration as
the average area was decreased from 2.3 to 1.2 £ 10�2 mm2. As com-
pared with time-induced evolution, the temperature induced PA varia-
tion evolution is milder, which is also verified in SAR variation from
1.18 to 1.32. At the same time, the coverage was decrease from 60% to
47%. And for the RMS, the value was 11.94 nm for 600 °C, which was
then increased to 12.8 nm at 700 °C and finally reached 15.4 nm at
800 °C. Again, it can be seen that the RMS evolution matched well
with the variation of PA mean, which cross-verified that the instability
induced nanostructure break can be main inducement for RMS
increase (Analysis shown in supplementary Fig. S3). Furthermore, to
evaluate the facet properties of NSs, the 2-D slope distribution of corre-
sponding samples are shown in Fig. 3(a-2)�(c-2) and NSs were
observed with no specific facial preference by round patterns. How-
ever, the flat top of NSs could be clearly observed as the low-degree
part (blue) occupied a large area at pattern center for 600 °C sample.
And at higher temperature, the flat-top of NSs gradually disappeared
as the surface reconstruction was triggered by surface energy minimi-
zation when sufficient energy was supplied [31]. The componential
evolution of NS, including HS-NP, rod and irregular NS, is summarized
using pie charts in Fig. 3(c) by component ratios in order to make the
morphology evolution more intuitive. As discribed previously, with
the spliting of irregular NSs from 600 to 800 °C, the ratio of HS-NPs
was increased from 10% to 72% while the irregular NSs were decreased
from 86% to 9%. The evolution from continuous film to wiggly and
hemi-spherical nanostructures was also observed by using other
energy supply method such as pulse laser, so that the high-tempera-
ture process can be avoid from possible damage to the substrate with
low thermal tolerance [32].

In terms of optical properties, similar evolution trend was
observed owing to the mophological variation. Generally, the absorp-
tion in VIS region was contineously enhanced along with the forma-
tion of more isolated NSs while the absorption in NIR showed a
decaying trend as seen in Fig. 3(k) (The corresponding reflectance
spectra are shown in supplementary Fig. S4). Specifically, take 550
and 1030 nm as typical wavelength for VIS and NIR, the absorption at
550 nm was gradually increased from 25.2 to 34.3%, while the
absorption at 1030 nm was decreased from 26.1 to 2.6%. As a conse-
quence, with morphological evolution from 600 to 800 °C, the nearly
equivalent absorption intensity in VIS and NIR was varied with a
growing difference until 31.7%. The spectra indicate the great poten-
tials of Au network to be utilized as a LSPR material for dual VIS-NIR
region. To further varify the plasmon properties of corresponding
samples in VIS region, rhodamine-6 G (R6G) molecules were utilized
as Raman reporters and the various samples were employed as SERS
substrates to evaluate the LSPR effect on Raman signals excited by
532 nm laser. As displayed in Fig. 3(l), the characteristic peaks of R6G
were not shown clearly on original quartz substrate owing to the
ultra low molecular consentration of 10�4 mol/L. However, by LSPR
excitation, the nearfield intensity can be enstrenghed and assitant to
magnify the Raman signal by 6 to 9 orders [33] as the enhancement
factor is approximately proportional to |E|4 [34,35]. In contrast with
quartz substrate, the Raman signals were clearly observed with all
other Au NS substrates. According to the SERS signal intensity, the
enhancement order was observed as 800 > 700 > 600 °C which is
indentical to the absorption intensity order at 532 nm as seen in
Fig. 3(j). The SERS result indicats that the SERS enhancement matches
with the strength of light-matter interaction (absorption), thus it can
be concluded that the LSPR intensity of further developed NSs can be
stronger in VIS region.
3.2. FDTD analysis for relationship between NSs and optical responds

To futher explore the relationship between NSs and their optical
properties, rigorous examination was performed by FDTD simulation
for various NSs. The corresponding analysis was based on 5 individual
NSs including the HS-NP, rod and 3 individual irregular NSs. The model-
ling and E-field distribution of HS-NPs and rods are shown in Fig. 4(a)�
(d). The extinction cross-section sExt of a NS that describes the scatter-
ing rate of unit incident light and the sExt of specific wavelength sExt(λ)
can be expressed as sExtðlÞ ¼ Power total extinctionðlÞ=Powersource ðlÞ.
At the same time, the dimensionless efficiency of light extinction at
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specific wavelength QExt(λ) is obtained by QExtðlÞ ¼ sExtðlÞ=sGeometric

and plotted in Fig. 4(e).
For the HS-NP, clear dipolar resonance was observed and the

strongest excitation appeared at 581.7 nm with an sExt of 6290 nm2

and QExt of 3.9. (The corresponding sExt and geometric area was plot-
ted in supplementary Fig. S5) Meanwhile, the maximum E-field
intensity was enhanced by 27.2 times and the E/E0 values were plot-
ted in Fig. 4(g). For rod, the FDTD simulation was performed with the
excitations along both transverse and longitudinal directions, as the
difference in oscillation distance can significantly vary the LSPR
wavelength. Consequently, the resonance wavelength 556 and
693 nm were respectively observed with the QExt of 1.89 and 8.04
along transverse and longitudinal directions. And the maximum
E-field intensity were observed as 31.6 and 83.2. Furthermore, the
responding scattering and absorption cross-section sAbs and sScat

were calculated and the sScat/sAbs ratio was plotted in Fig. 4(f) (Origi-
nal spectra can be seen in Supplementary Fig. S6). In HS-NP case, the
sScat/sAbs ratio was calculated as 0.34, which indicates a relatively
small component of scatting to extinction. However, the scattering
was varied for rod, according to the excitation directions. As seen, the
scattering was significantly increased to 0.70 in longitude direction,
while smaller in transverse direction as 0.17. The scattering intensity
can be largely determined by the resonance distance in light polariza-
tion direction [36], thus lead to a dimension and direction dependent
behavior.
Fig. 5. Optical analysis via FDTD method for irregular nanostructures: (a) A (overlapped rod
corresponding samples. (a-2)�(c-2) E-field distribution with longitudinally polarized excitat
and (e) summary of maximum E/E0 values and scatting/absorption ratio.
Fig. 5 shows the FDTD analysis for three irregular NSs, namely A, B
and C. The 3 typical NSs were picked from AFM images and modelled
by combining HS-NPs and rods as elements, in which the compo-
nents are overlapped with each other to simulate the low-degree SSD
state before totally isolated. (The morphology modelling details are
shown in supplementary Fig. S2). In general, as compared with
HS-NPs and rods, the irregular NSs showed higher E-field enhance-
ment and extinction properties in NIR region especially along longi-
tudinal excitation. Specifically, displayed by Fig. 5(a-2)�(c-2), the
irregular NSs were excited in a dipolar resonance mode and the max-
imum E-field intensity is 106.4, 69.6 and 86.2 for model A, B and C as
plotted in Fig. 5(e). And for extinction, in model A case, maximum
extinction efficiency was observed at 1126.4 nm and 882.6 nm for
longitudinal and transverse directions, respectively. And for B and C,
the maximum extinction cross-section along longitudinal directions
were observed at 1176 and 1807 nm with relatively weaker trans-
verse extinction. And in terms of QExt, model A, B and C all showed
much enhanced extinction efficiency as witnessed in Fig. 5(d),
reached even 10, exhibiting the strong capacity of light control. Fur-
thermore, the sScat/sAbs ratios of A, B and C in longitude direction
were calculated and plotted in Fig. 5(e). As the volume of irregular
NSs are larger as compared with single HS-NP or rod, the scattering
components are significantly increased. Based on the values of
sScat/sAbs ratios, the scatting and absorption can be nearly equal with
each other as seen in Fig. 5(e).
s), (b) B (Hemisphere and rod) and (c) C (multiple rods). (a-1)�(c-1) AFM 3-D views for
ion. (d) Extinction efficiency of A, B and C along transverse and longitudinal directions,
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Evidenced by the extinction cross-section, it can be concluded
that, each individual NS with irregular shape usually possess charac-
teristic excitation peaks in VIS-NIR region. As their configuration can
be relatively random during the formation process via SSD, a continu-
ous NIR LSPR absorption can be resulted with the overall surface mor-
phology in a macro perspective. According to the observation in Fig. 3
(i), the absorption was last smoothly even beyond 1800 nm, which
endows the surface a widespread plasmon responding region. More-
over, the E-field intensity was quite much enhanced even over 100,
therefore, suggests that the NSs could be utilized for the purpose of
NIR and even SWIR (short-wavelength IR, 1.4�3 mm) LSPR for the
widespread of applications.

3.3. Dielectric effect of Tiox top-layer on Au LSPR

To explore the dielectric effect on Au network LSPR, TiOx thin
films were deposited on top of Au networks via sol-gel approach to
fabricate TiOx/Au hybrid films. The optical properties of TiOx/Au
hybrid films were evaluated through gradually thickened TiOx top-
layers as shown in Fig. 6(a), in which precursor solution of TiOx was
spin-coated repeatedly by 10 times to generate the gradually
increased dielectric environment. The Au network film after 10-time
TiOx coating was observed as ~30 nm in thick as evidenced by the
cross-sectional SEM in Fig. 6(b). The spectral evolution and related
Fig. 6. Fabrication of TiOx/Au network hybrid film. (a) Diagram of hybrid thin-film fabricatio
of pure TiOx along coating thickness. (d) Absorption spectra of the TiOx/Au network hybrid fi

(f) Reflectance spectra of the TiOx/ Au network hybrid films.
analysis for the fabricated hybrid films are shown in Fig. 6(c)�(f). As
seen in Fig. 6(d), pure TiOx displays the single peak in UV region
(Reflectance spectra of pure TiOx are shown in supplementary Fig.
S7), while obvious dual extinction was observed in UV and VIS-NIR
regions with the Au NSs beneath. Meanwhile, in return, the dielectric
effect from TiOx was also observed on Au absorption, in specific, the
absorption peak of Au NSs was gradually red-shifted and the peak
intensity was simultaneously enhanced as summarized in Fig. 6(e).

In general, contacting with high dielectric material can result in
significant amplification to LSPR intensity for metallic NSs [9,37]. The
extra dielectric top-layers can play roles as screenings and partially
neutralize the charge density at NS surface, therefore, make the plas-
mon excitation at lower energy level. At the same time, the absorp-
tion was correspondingly increased as the extinction efficiency Qext

can be enlarged with the surrounding media of larger refractive index
[9,38]. As a result, the overall extinction intensity was enhanced from
12.9 to 35.4% and the peak position was redshifted from 566.3 to
582.9 nm along with the TiOx thickness increase. Through the post
annealing of 550 °C, the absorption of hybrid film was further
enhanced to 42.7% and the peak was simultaneously redshifted to
643.1 nm. The post annealing may decrease the defects also improve
the crystallinity of TiOx, so that the dielectric effect can be corre-
spondingly improved. The reflectance spectra also showed a similar
evolution trend, while the reflectance peak is slightly redshifted in
n. (b) Cross-sectional SEM image of TiOx/Au network hybrid film. (c) Absorption spectra
lms, and (e) absorption peak shift and intensity evolution plotted versa TiOx thickness.
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comparison with absorption due to the plasmon decay induced light
re-emission [39].

3.4. Enhanced optoelectronic performance of Tiox through Au LSPR

With the sputtering of Al electrodes, the hybrid film was fabri-
cated as a simple photodetector for solar irradiation detection. Distin-
guished by previous SERS spectra, Au network film exhibited a
weaker plasmonic effect with the monochromatic excitation of
532 nm. However, the situation can be reversed as the solar irradia-
tion is polychromatic light source over UV�VIS-IR. Seen in Fig. 7(a),
although hybrid film of Au network showed a little bit weaker
absorption between 500 and 700 nm in comparison to HS-NP hybrid
film, a more consistent absorption was observed between hybrid film
of Au network and solar irradiation spectrum in the overall range.
The photocurrent characterization was performed within the voltage
range between §8 V. Since the solar irradiation contains 7% of UV
components [40], pure TiOx film showed a photocurrent of
9.0 £ 10�8 A with an ON/OFF ratio of ~ 60 as seen in Fig. 7(b) and (c).
Meanwhile, both HS-NP and network hybrid film showed obvious
enhancement as plasmon triggered by light shining can significantly
restrain the electron/hole recombination at near field areas [41,42].
Therefore, huge magnification on photocurrent was observed for
Fig. 7. Photoelectric characterization for TiOx, TiOx/HS-NP and TiOx/Au Network hybrid film
rent responds of TiOx, TiOx/HS-NP and TiOx/Au Network hybrid films versus drive voltage. (c
and the corresponding plots for TiOx/HS-NP and TiOx/Au network hybrid films are shown in
films under 8 V. (e) Summary of photo-responsivity and ON/OFF ratio for each sample.
both samples as shown in Fig. 7(b), (c-1) and (c-2). In specific, the
photocurrent of HS-NP and network hybrid film was enhanced to
5.6 £ 10�7 and 1.2 £ 10�6 A respectively with the ON/OFF ratio pro-
motion to 538 and 907. The characterization matches well with the
expectation from absorption and analysis displayed previously, as
the photocurrent showed a significant increase by nearly twice owing
to the enhanced LSPR in NIR region.

The photocurrent-time (I-T) cycle test was performed under 8 V
and the result is plotted in Fig. 7(d). As seen, within the cycling dura-
tion, the performance of both hybrid film are stable in terms of maxi-
mum photocurrent. For a single cycling duration, it took ~220 and
~330 s for Au network and HS-NPs case, respectively. In specific, the
photocurrent took 31 s to reach 80% of maximum in Au network case
and the comparable duration of 33 s was observed for HS-NP case.
However, in terms of the decay speed, network showed a rapid decay
within 16 s to reach 20% maximum, while 4-time longer duration
was observed for HS-NPs as 65 s. The response of photo detection is
evaluated by photo-responsivity (Rp) expressed as Rp ¼ Ion�Ioff =Ps,
where P and s are illumination power and effective illumination
area, respectively. In our case, the s between electrodes is
0.15 £ 4 mm2 and P is 100 mW/cm2. The calculated Rp was plotted in
Fig. 7(e) and as seen, the Rp of TiOx was 0.16 mA/W with the poly-
chromatic light excitation of solar simulator. With the enhancement
s. (a) Spectral comparison between solar irradiation and film absorption. (b) Photocur-
) Photocurrent responds of pure TiOx between § 8 V plotted in logarithmic coordinates
(c-1)�(c-2). (d) Current-time cycling test for TiOx/HS-NP and TiOx/Au network hybrid
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of Au HS-NPs and network, the Rp was significantly increased to 0.93
and 2.02 mA/W by 5.8 and 12.6 times.

4. Conclusions

In this work, the Au network NSs were fabricated via SSD from the
originally deposited Au film on quartz substrate. By variation of
annealing time and temperature, morphological evolution from Au
continuous film to network and isolated HS-NPs were successfully
demonstrated with the control through surface diffusion length and
surface energy minimization mechanism. Consisting of the mixture
of irregular NSs that formed with relatively random configuration,
the Au network exhibited an extremely widened LSPR absorption
between 500 and 1900 nm in comparison with the common Au NSs,
such as sphere and rods. The optical properties of Au individual NSs
are correspondingly analyzed by FDTDmethod in terms of E-field dis-
tribution and extinction efficiency. It is found that the irregular NSs
possess strong dipolar near E-field and even 3-time higher extinction
efficiency than HS-NPs when light-excited and thus would be poten-
tially suitable for VIS-IR photo-electronic applications. The mono-
chromatic LSPR properties of corresponding samples were
characterized via SERS for R6G molecular by 532 nm laser excitation,
in which the HS-NPs showed a larger enhancement than Au network
as the HS-NPs possess higher visible absorption. However, with poly-
chromatic light, e.g. solar simulator, a twice higher photocurrent
value was observed for the TiOx / Au network hybrid film since the
wider LSPR absorption of Au network can lead to more efficient utili-
zation of polychromatic light energy.
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