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Abstract: Large-area dual-phase plasmonic gold nanostructures were produced using the
phase-separation pattern of a polymer blend film, where two typical light-emitting
polymeric semiconductors of poly (9,9-dioctylfluorene-co-benzothiadiazole) (F8BT) and poly (9,9dioctylfluorene-co-bis-N,N 0 -(4-butylphenyl)-bis-N,N 0 -phenyl-1,4 phenylenediamine) (PFB) have been
employed to construct the heterojunction patterns. The laser-induced selective cross-linking of
F8BT molecules and the subsequent rinsing process using the good solvent of chloroform for PFB
supplies a stable template for a further metallization process. When colloidal gold nanoparticles were
spin-coated onto the surface of the template, a majority of the gold nanoparticles were confined into
the “holes” of originally PFB-rich phase, while a minor portion stays on the “ridges” of F8BT-rich
phase. After the annealing process, larger gold nanoparticles were produced inside the holes and
smaller ones on the ridges, which induced localized surface plasmon resonance in the near infrared
and in the visible, respectively. The structural parameters of the gold plasmonic pattern can be tuned
by different surface modification and annealing processes, which can tune the spectroscopic response
in the spectral position and in the spectral intensity. The produced nanostructures with broadband
plasmon resonance can be used as a template for random lasers with strong optical scattering at
both the pump and emission wavelengths and for photovoltaic devices with strong absorption in the
visible and near infrared.
Keywords: localized surface plasmon resonance; dual-phase plasmons; polymeric heterojunctions;
laser-induced selective cross-linking

1. Introduction
Plasmonic nanostructures with optical response in the infrared [1–4] are potentially important
for exploring efficient photodetectors and for applications in solar cells. Localized surface plasmon
resonance or surface plasmon polaritons have been the main physical mechanisms [5]. A series
of techniques are available, e.g., electron beam lithography (EBL), for the fabrication of such
metallic nanostructures [6–9], which enables precise control of the shape and size of the produced
micro-/nano-structures. However, a small dynamic range of the fabrication area (<200 µm),
low speed, and high costs are the obvious disadvantages of this method. The solution-processible
fabrication [10–12] using colloidal gold nanoparticles has evolved into an important technique for the
fabrication of both periodic and randomly distributed nanostructures, which supplies advantages
like simplicity, large-area fabrication, and flexible tunability in spectroscopic response of the finished
structures. However, this method generally produces structures in nanoscale, which is mainly limited
by the size of the structures in the template, the required high concentration of the colloidal solution,
and the annealing process of the gold nanoparticles in the size ranging from 5 to 10 nm. Consequently,
the resultant plasmon resonance is generally located in the visible spectrum. Thus, it is significant
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to explore approaches for achieving plasmonic structures resonant in the infrared, making sufficient
use of such a solution-processed technique. The corresponding fabrication depends strongly on the
patterning on the template substrate.
Laser-induced selective cross-linking in polymer blends [13–15] enabled efficient large-area patterning,
where the phase-separation scheme may be tuned from nano- to micro-scales. This supplies us an
opportunity to template metallic structures with localized surface plasmon resonance in the infrared. In this
technique, a blend film of semiconducting polymers of poly (9,9-dioctylfluorene-co-benzothiadiazole)
(F8BT) and poly (9,9-dioctylfluorene-co-bis-N,N0 -(4-butylphenyl)-bis-N,N0 -phenyl-1,4 phenylenediamine)
(PFB) is first produced on a glass substrate using spin-coating. The phase-separation scheme between
F8BT and PFB can be tuned by changing the composite ratio between these two polymers. The resultant
template substrate consists of hole-structures in the size of microns and ridges surrounding the holes,
corresponding to PFB-rich and F8BT-rich phases, respectively. Blue-laser illumination induced selective
cross-linking of the F8BT molecules, producing a stable template after a rinsing process to remove PFB.
Metallization of the template using colloidal gold nanoparticles produced larger plasmonic structures
in the holes and smaller ones on the ridge surface, which are resonant in the near infrared and in the
visible, respectively. As a result, we achieved a plasmonic substrate with its optical response covering
the whole range from 400 nm to 1.7 µm.
2. Preparation and Stabilization of the Template by Selective Cross-Linking of a Polymeric
Phase-Separation Scheme
To achieve a large phase-separation scheme, F8BT and PFB were dissolved in chloroform
and xylene, respectively, with a concentration of 15 mg/mL before they were mixed with a
volume-to-volume ratio of 2:1. Figure 1 presents a summary of the fabrication procedures. The blend
solution was then spin-coated onto a fused-silica substrate at a speed of 2000 rpm for 30 s, where
the substrate was coated with a layer of 200-nm-thick indium-tin-oxide (ITO), as shown in Figure 1a.
The resultant thin film has an average thickness of about 120 nm and the phase-separation between
F8BT- and PFB-rich domains can be clearly resolved by the optical microscopic image under UV
excitation, as will be shown in Figure 2a. The mechanisms for the phase-separation in F8BT:PFB blend
film have been extensively studied and clearly understood [16–18]. The green and blue domains
correspond to F8BT- and PFB-rich phases, respectively, where the PFB phase is observed as large
holes in the blend film and is more than 30 nm lower than the F8BT. The diameter of the PFB phase
is larger than 2 µm. However, small particle-like F8BT-rich phases can also be resolved inside the
PFB-rich domains, which is more precisely characterized by the atomic force microscopic (AFM) image
in Figure 2b.
In the subsequent procedure, the blend film was exposed to a blue laser beam at 470 nm with
an average power of about 65 mW and a diameter of about 3 mm for 30 min (Figure 1b). Since
F8BT molecules have roughly a peak-absorption at 470 nm, whereas PFB has nearly no absorption of
blue light. The exposure using a blue laser beam actually enables selective cross-linking of the F8BT
molecules. Thus, rinsing the sample in chloroform removed PFB molecules and left a stable network
consisting of F8BT-rich domains (Figure 1c). The polymer film now becomes non-luminescent and
insoluble in organic solvent. Furthermore, it becomes thinner and possesses much higher thermal
stability [19,20]. Figure 2c,d shows the optical microscope and AFM images of the network of
crosslinked F8BT, indicating much larger modulation depth of the phase-separation scheme, which
was increased from 36 to 70 nm. In the subsequent procedures, we have two channels to achieve
metallization of the samples, where the first channel is demonstrated by Figure 1d,e and the second
one by Figure 1f–i. In the first channel, the patterned substrate was obtained immediately after the
selective cross-linking process; however, in the second one, the surface of the substrate was treated
using an oxygen plasma etching process.
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Figure 2. Optical microscopic (left panel) and atomic force microscopic (AFM, right panel) images of
the template before (a,b) and after (c,d) the laser-induced selective cross-linking process.

Figure 2. Optical microscopic (left panel) and atomic force microscopic (AFM, right panel) images of
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the laser-induced
laser-induced selective
selective cross-linking
cross-linking process.
process.
the template before (a,b) and after (c,d)
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3. Metallization for Achieving Dual-Phase Plasmons
3.1. Direct Annealing of the Spin-Coated Colloidal Gold Nanoparticles on the Phase-Separation Scheme
(Sample A)
We have presented the solution-processible fabrication of plasmonic nanostructures using
colloidal gold nanoparticles in detail in our previous publications [10,11,21]. Although fabrication of
periodical structures was presented in [10,11], the mechanisms for the assembly of gold nanoparticles
into the patterned substrate also apply to the random scheme in this work.
The solution-processible metallization processes have employed colloidal gold nanoparticles,
which have been synthesized chemically and have a diameter ranging from 5 to 10 nm. In the
preparation of the gold nanoparticles, tetraoctylammonium bromide (1.50 g, 2.75 mmol) and hydrogen
chloroaurate trihydrate (0.32 g, 0.81 mmol) were dissolved in toluene/water mixture (80 mL/10 mL)
with ultrasonicating for 3 min. The aqueous phase was then discarded out of the flask after hydrogen
chloroaurate was completely transferred into organic phase. Hexanethiol (0.36 g, 3.04 mmol) was
added before 20 mL of freshly prepared aqueous sodium borohydride (0.28 g, 7.4 mmol) solution
was rapidly injected into the flask. The aqueous phase was removed again after 4 h of reaction.
The remaining organic solvent was removed using a rotary evaporator. The product of the black solid
was washed five times with methanol using centrifugal methods and dried with nitrogen completely.
Finally, the black powder was dissolved in xylene with a specified concentration, where the gold
nanoparticles are covered with ligands of 1-Hexanethiol to ensure excellent dispersity.
In the first channel of metallization process, we spin-coated colloidal gold nanoparticles in xylene
with a concentration of 100 mg/mL onto the surface of the above finished template (Figure 1d)
before annealing the sample at 400 ◦ C (Figure 1e). The ligands covering the gold nanoparticles were
sublimated at a temperature of above 150 ◦ C and the gold nanoparticles have a melting point higher
than 200 ◦ C. In the annealing process, the temperature was increased from room temperature to 400 ◦ C
with a speed of about 20 ◦ C/min and it was held for about 20 min. Then, the sample was cooled down
to room temperature after the furnace was switched off.
It is understandable that the majority of the gold nanoparticles are confined naturally into the
“holes” on the template due to the large diameter and modulation depth of the hole-phase sites,
forming a thick layer of colloidal gold nanoparticles, as shown in Figure 1d. Additional confinement
mechanisms based on the wetting or de-wetting performance are studied in Section 3.5.
However, a small portion of the gold nanoparticles still stays outside, forming a much thinner
layer of the gold nanoparticles, as shown in the optical microscopic image in Figure 3a. During the
annealing process, the ligands were evaporated quickly and the gold nanoparticles became molten
and aggregated into larger ones. The size of the resultant gold nanoparticles depended strongly on
thickness of the gold-particle layer or the amount of the gold nanoparticles per unit area. Therefore,
much larger gold nanoparticles were produced inside the “holes” than on the F8BT “ridge” surface,
as shown in Figure 1e and in the scanning electron microscopic (SEM) image in Figure 3b. It needs to
be noted that the total amount of gold nanoparticles are not sufficient to form a gold “disk” or “plate”
inside the holes; instead, we observed large particles that are distributed randomly on the hole sites.
These large gold nanoparticles are basically irregular according to the SEM image in Figure 3b, which
have an average size of up to 135 nm, according to statistical evaluations. The smaller ones remaining
on the F8BT surface have an average diameter smaller than 50 nm. Figure 3c shows the atomic force
microscopic image of the dual-phase gold nanoparticles and Figure 3d shows the plot of the profile of
the height image in Figure 3c; both show a modulation depth as large as 25 nm inside the holes and
smaller than 10 nm on the ridge surfaces. Actually, it is a more suitable characterization to evaluate the
occupation ratio by gold inside and outside the holes or on the F8BT ridge surface. We measured an
occupation ratio of 48% and 33% by gold inside and outside the holes, respectively, using the SEM
image in Figure 3b.
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Figure 6. Measurements of the contact angles of colloidal solution of gold nanoparticles with a
concentration of 100 mg/mL in xylene dropped onto the surfaces of (a) F8BT; (b) PFB; and F8BT:PFB
blend films before (c) and after (d) being treated using oxygen plasma.
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FigureFigure
6. Measurements
of of
thethecontact
colloidalsolution
solution
gold
nanoparticles
concentration of 100 mg/mL in xylene dropped onto the surfaces of (a) F8BT; (b) PFB; and F8BT:PFB
concentration of 100 mg/mL in xylene dropped onto the surfaces of (a) F8BT; (b) PFB; and F8BT:PFB
blend films before (c) and after (d) being treated using oxygen plasma.

blend films before (c) and after (d) being treated using oxygen plasma.
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Furthermore,
Furthermore, the
thethermal
thermalde-wetting
de-wetting of
ofthe
themolten
moltengold
goldon
onthe
thepolymer-patterned
polymer-patternedsubstrate
substratehas
has
also
also played
played important
importantroles
roles in
in determining
determiningthe
the morphology
morphologyof
ofthe
thefinal
final plasmonic
plasmonicnanostructures,
nanostructures,
although
although such
such effect
effect did
did not
not influence
influence much
much the
the confinement
confinement process.
process. This
This mechanism
mechanism took
took effect
effect
during
determined
thethe
sizesize
andand
shape
of the
on local
sites. sites.
The
duringthe
theannealing
annealingprocesses
processesand
and
determined
shape
of AuNPs
the AuNPs
on local
related
investigations
havehave
beenbeen
reported
in our
workwork
[21] and
in literature
[22,23].
The related
investigations
reported
in previous
our previous
[21] and
in literature
[22,23].
4.Optical
OpticalSpectroscopic
SpectroscopicPerformance
Performance
4.
Figure 77 shows
shows the
the optical
optical extinction
extinction spectra
spectra of
of the
the metalized
metalized Samples
Samples A
A (solid
(solid red),
red), BB (solid
(solid
Figure
black),and
andCC(dashed
(dashedblack),
black),corresponding
correspondingto
tothose
thosedemonstrated
demonstratedininFigures
Figures33and
and4,4,respectively.
respectively.
black),
The optical
optical extinction spectrum has
(λ)],where
where II00(λ)
(λ)and
and IIss(λ)
(λ)are
are
The
has been
been calculated
calculatedusing
usinglog
log1010[I[Iss(λ)/I
(λ)/I00(λ)],
the
incident
and
transmitted
spectra
through
the
structures.
Thus,
optical
density
(OD)
can
be
used
as
the incident
spectra through the structures. Thus, optical density (OD) can be used
units
forfor
thethe
amplitude
values
of theofoptical
extinction
spectra.
For Sample
A, we observe
two plasmon
as
units
amplitude
values
the optical
extinction
spectra.
For Sample
A, we observe
two
features peaked
about 620
1050620
nmand
with1050
an amplitude
and 0.68 OD,
respectively.
plasmon
featuresat peaked
atand
about
nm withofan0.64
amplitude
of 0.64
and 0.68These
OD,
two peaks correspond
the gold
nanoparticles
thenanoparticles
original locations
the F8BTand PFB-rich
respectively.
These twoto
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correspond
to the on
gold
on theoforiginal
locations
of the
phases,
respectively,
in the respectively,
template, as in
indicated
in theasinset
SEM image.
These
twoimage.
features
are
F8BTand
PFB-rich phases,
the template,
indicated
in the inset
SEM
These
indicated
by are
the indicated
two arrows
Figure
7, relating
the SEM
image tothe
theSEM
optical
extinction
two
features
byinthe
two arrows
in Figure
7, relating
image
to the spectra.
optical
The two peaks
have
nearly
equal amplitudes.
extinction
spectra.
The
two peaks
have nearly equal amplitudes.
Due to
tothe
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differenceininthe
the
annealing
process
in the
oxygen-plasma
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Due
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spectra
of
the
two
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of
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B
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to
the
red,
which
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peaked
at
resonance spectra of the two plasmons of Sample B shifted slightly to the red, which are peaked at
650and
and1070
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nmwith
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anamplitude
amplitudeof
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0.76and
and0.96
0.96OD,
OD,respectively.
respectively. Meanwhile,
Meanwhile,the
thetwo
tworesonance
resonance
650
spectra become
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broadened and
and enhanced.
enhanced. These
These phenomena
phenomena indicate
indicate that
that the
the gold
gold nanoparticles
nanoparticles
spectra
became larger
larger and
and less
less homogeneous
homogeneous in
in Sample
Sample BB than
than in
in A.
A. However,
However, the
the peak
peak at
at 1070
1070 nm
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larger amplitude
amplitudethan
thanthat
thatat
at650
650nm,
nm,implying
implyingstronger
strongerplasmons
plasmonsin
inthe
thenear
nearinfrared
infraredfor
for
obviously
the gold
gold nanoparticles
thethe
original
blend
film.
It should
be noted
that
the
nanoparticles located
locatedin
inthe
thePFB
PFBhole-phase
hole-phaseinin
original
blend
film.
It should
be noted
the spectral
peaks
at about
400 400
nm nm
for all
spectra
in Figure
7 have
actually
resulted
from
the
that
the spectral
peaks
at about
forof
allthe
of the
spectra
in Figure
7 have
actually
resulted
from
intrinsic
higher
optical
transmission
or lower
extinction
at about
500500
nm nm
of gold.
the
intrinsic
higher
optical
transmission
or lower
extinction
at about
of gold.

Figure
Figure 7.
7. Optical
Opticalextinction
extinctionspectra
spectrameasured
measuredon
onSamples
SamplesAA(red),
(red),BB(black,
(black,solid),
solid),and
andCC(black,
(black,
dashed).Inset:
Inset:aalocal
localSEM
SEMimage
imageon
onSample
SampleAAwith
withthe
thescale
scalebar
bardenoting
denoting11μm.
µm.
dashed).

After
◦ C, the
After aa further
further annealing
annealing process
process at
at 500
500 °C,
the spectrum
spectrum of
of plasmon
plasmon resonance
resonance of
of Sample
Sample CC
becomes
significantly
enhanced
at
the
shorter-wavelength
peak
around
645
nm
with
an
amplitude
becomes significantly enhanced at the shorter-wavelength peak around 645 nm with an amplitudeof
of
0.93
the spectral
spectralintensity
intensitybecomes
becomesreduced
reduced
longer-wavelength
around
1090
0.93 OD,
OD, whereas
whereas the
atat
thethe
longer-wavelength
oneone
around
1090
nm
nm with an amplitude of 0.87 OD, as compared with Sample B. Meanwhile, the shorter-wavelength
peak becomes narrower in spectral bandwidth and the longer-wavelength one becomes broader.
In our previous works on the randomly distributed gold nanoparticles fabricated using colloidal
gold nanoparticles [21,24] and in the reported structures [23], the peak values of optical extinction
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with an amplitude of 0.87 OD, as compared with Sample B. Meanwhile, the shorter-wavelength peak
becomes narrower in spectral bandwidth and the longer-wavelength one becomes broader.
In our previous works on the randomly distributed gold nanoparticles fabricated using colloidal
gold nanoparticles [21,24] and in the reported structures [23], the peak values of optical extinction
have been generally smaller than 0.6 OD. However, in this work, the optical extinction ranges from
larger than 0.6 OD to larger than 0.9 OD, as shown in Figure 7, implying much enhanced efficiency of
optical extinction.
Thus, we have achieved broadband optical extinction spectra, making use of the dual-phase
localized surface plasmon resonance (LSPR) of gold nanoparticles at different locations, which extend
from about 500 to 1600 nm with efficient optical absorption and scattering. We have the following
mechanisms to explain the spectroscopic response of the dual-phase gold nanostructures: (1) the
size-dependence of the plasmonic nanostructures, which is determined by the height (H), the diameter
(D), and the value of H/D. A larger value of H/D corresponds to a blue-shift of plasmon resonance
of gold nanoparticles [25,26]. Gold nanoparticles on the F8BT- and PFB-rich phases have larger
differences in H, D, and H/D, resulting in LSPR in the visible and in the infrared, respectively; (2) the
environmental dielectric constants (ε). A larger value of ε leads to a red-shift of plasmon resonance
of gold nanoparticles. Different contacts of gold nanoparticles with the substrate within the F8BTand PFB-phase regions have influenced the LSPR spectrum differently. This explains why different
annealing processes have influenced LSPR of the gold-nanoparticle samples differently; (3) the shape
of the gold nanostructures. Larger gold nanostructures with more irregular shapes led to red-shift
and broadening of the resonance spectrum. Moreover, high irregularity in the gold nanoparticles
induced different responses for different polarizations of light, leading to further broadening of the
LSPR spectrum.
5. Dark-Field Characterization
Figure 8a–c shows the dark-field optical microscopic images of Samples A–C, respectively.
A Nikon eclipse LV 100 ND microscope (Tokyo, Japan) equipped with a 50 W halogen lamp and
a 100× objective lens was used in the dark-field image acquisition. The colors of the scattered light
resolve differently resonant plasmons. The sizes and shapes of the nanostructures have significantly
influenced the scattered light color and intensity. Therefore, the structures in the holes, on the ridge
surfaces, and on the borders are observed in different colors in the dark field.
For Samples A and B, there exists a transition border from the F8BT ridges to the PFB holes, which
has an intermediate dielectric constant between F8BT and ITO. Thus, we observed a yellow border on
each of the red “grains”. Larger gold nanoparticles are located inside the holes, corresponding to the
plasmon resonance in the red and in the infrared. Smaller ones are coating the ridges and partially
embedded in the F8BT film, corresponding to plasmon resonance mainly in the green, partially in the
yellow and red. This is clearly observed in Figure 8a. However, for Sample B shown in Figure 8b,
the green color becomes weak because much larger gold nanoparticles were produced on the ridge
surface than for Sample A. Meanwhile, the red and yellow colors become brighter, which agrees with
the microscopic images in Figure 3 and the spectroscopic images in Figure 7.
For Sample C, both the smaller and larger gold nanoparticles are now sitting on the ITO glass,
and the dielectric constant were increased dramatically for the smaller ones, leading to redshift of
plasmon resonance. As a result, light scattering in the red can be observed over the whole structure,
as shown in Figure 8c, although a border is still observable for each grain. Now the border scattering
results mainly from the intrinsic gold reflection at the surface of the large particles.
Furthermore, there exists a gap between the grain and ridge, corresponding to the original
heterojunction in the template. Light scattering may be more efficiently coupled out at the borders
than inside the holes, where localization of light by the multifold reflection and scattering between the
gold nanoparticles was reduced.
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Figure
Figure 8.
8. Dark-field
Dark-field optical
optical microscopic
microscopic images
images for
for (a)
(a) Sample
Sample A;
A; (b)
(b) Sample
Sample B;
B; and
and (c)
(c) Sample
Sample C.
C.

6. Conclusions
6. Conclusions
We demonstrated fabrication of large-area gold micro-grains using a template of the phaseWe demonstrated fabrication of large-area gold micro-grains using a template of the phase-separation
separation scheme of the F8BT:PFB polymer blends. The phase-separation pattern enabled dualscheme of the F8BT:PFB polymer blends. The phase-separation pattern enabled dual-phase fabrication
phase fabrication of plasmonic gold nanostructures. Laser-induced cross-linking not only enabled
of plasmonic gold nanostructures. Laser-induced cross-linking not only enabled “solidification” or
“solidification” or “stabilization” process, but also modified the surface properties of the template.
“stabilization” process, but also modified the surface properties of the template. Oxygen-plasma-etching
Oxygen-plasma-etching and high-temperature annealing has tuned the microscopic and
and high-temperature annealing has tuned the microscopic and spectroscopic performances of the
spectroscopic performances of the plasmonic structures further. Plasmon resonance of the resultant
plasmonic structures further. Plasmon resonance of the resultant micro-/nano-hybrid structures covers
micro-/nano-hybrid structures covers the whole visible band and extends to the infrared, showing
the whole visible band and extends to the infrared, showing two peaks around 600 and 1100 nm and
two peaks around 600 and 1100 nm and a broad extinction spectrum ranging from 400 nm to 1.7 μm.
a broad extinction spectrum ranging from 400 nm to 1.7 µm. These unique features are important for
These unique features are important for the exploring optoelectronic devices operating in the
the exploring optoelectronic devices operating in the infrared. In particular, the dual-phase performance
infrared. In particular, the dual-phase performance is important for plasmonic lasers, where the
is important for plasmonic lasers, where the shorter- and longer-wavelength resonance modes supply
shorter- and longer-wavelength resonance modes supply optical feedback for the pump and emitting
optical feedback for the pump and emitting lasers, respectively.
lasers, respectively.
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