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Abstract
Combining plasmonic and semiconductors offers significant potential in creating sensing and
photocatalytic devices. Nanocomposites including bothmetals and semiconductors can control the
charge states in themetals that can enhance catalysis activity alongwith plasmon-enhanced
spectroscopy. Herewe demonstrate the use of conducting polymermaterials with plasmonic
nanomaterials to boost up tofive-fold plasmon-enhanced Raman scattering spectroscopy signal
strength and support oxidation of targetmolecules through supporting charge transfer processes. This
work demonstrates the use of conducting polymers as a semiconductor platform to support plasmonic
catalysis and sensing.

Introduction

Vibrational spectroscopy is awidely usedmethod to characterizematerials. One frequently used vibrational
spectroscopymethod is Raman scattering [1–4]. In Raman spectroscopy, only approximately one in 106 photons
converted into stokes scattering light producing aweak analytical signal intensity [5–10]. However, the use of
nanostructuredmaterials can increase the efficiency of Raman scattering through plasmonic enhancement to
enable single-molecule Raman detection [11, 12].Modernmaterial processing and characterizationmethods
can produce nanomaterials, includingmetal nanostructures with a range of different geometries and properties
[10, 13–16]. Localized surface plasmon resonance (LSPR) excitation results in a strongly enhanced
electromagnetic field on the surface of themetal nanostructure [17, 18]. In addition to the electromagnetic-
basedmechanism to enhance Raman scattering, there is a chemicalmechanism [19]. The chemicalmechanism
is less studied due to its relatively lowRaman enhancement factors, in comparison to those of electromagnetic
nature. The chemicalmechanism can be assigned to arise from charge transfer processes such as those due to
vibronic coupling of resonances in themolecule-substrate systemproviding Raman scattering signal
enhancements [20–23].

Studies have shown that surface enhancement of Raman scattering (SERS) can be achieved through
incorporating photo-induced surface oxygen vacancy states on semiconductors such as TiO2 surfaces [24]. It
was reported that the oxygen vacancy defects facilitated semiconductor-defect-metal-analyte vibronic
couplings, furthering the Raman enhancement. The process was termed Photo-induced enhanced Raman
Spectroscopy or simply PIERS [25–27]. PIERS trace level detection on a range of semiconductors [28] has been
reported. In addition, to providing PIERS-based processes semiconductors can producemetal-semiconductor
junctions that enable effective carrier separation through the formation of a Schottky junction [26, 29–31]. This
junction is formedwhen themetal and semiconductor are in intimate contact, where the electrons from either
semiconductor ormetalmigrate toward the other component to equilibrate their Fermi levels [23, 32–34]. A
widely used conducting organic semiconductor is a blend of p and n-type semiconductors e.g. P3HT: PCBM.
The polymer P3HT (poly 3 hexylthiophene) performs as an electron donor during the photo-excitation process
and presents high chargemobility inwell-crystallized film [35–37]. PCBM (phenyl C61-butyric acidmethyl
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ester) acts as amatching candidate thatwill enable exciton dissociation to occur.[31, 32]. This polymer blend
forms a Shockey junctionwith gold or silver (nanoparticles) [35, 38]. In this study, we combine P3HT: PCBM
with silver nanoparticles (AgNPs) as a platform to enhance Raman scattering.We demonstrate that this
semiconductor-plasmonic system following thermal annealing enables a c.a.3-fold enhancement in SERS signal
to be generated from analytes. Additionally, we show that the polymer supports plasmonic catalysis-based
processes.

Results and discussion

P3HT:PCBMpolymer blendwas first prepared as afilm and then thermally annealed (as outlined in
supplicatory information). Thermal annealing has been shown to enhance the blending of the polymer
enhancing charge transport efficiency [39]. The FTIR (fast transform infrared transmission) spectra of P3HT:
PCBMblend prior to and following heat treatment, it is shown in (figure 1(a)). The FTIR spectrumof the
polymer blend shows spectral features in linewith literature reports [36, 40, 41]. Two clustered peaks appeared
in the range of 2857–2958 cm−1 attributed to the presence of C–Hband symmetric and asymmetric vibrations.
The spectrum appears around 1500–1600 cm−1 showing the formation of C=C symmetric vibrations
[36, 40, 41]. Following heat treatment the spectrum appears around 1600 cm−1 and 1400 cm−1 a slight peak shift
to the right has been observed. A peakwas also detected between 2750 to 3000 cm−1 after heat treatment
(supplementary information figure 1). This is in linewith literature studies indicating amorphology change in
the polymer after thermal annealing [39].

The photoluminescence (PL) emission spectrumof the P3HT: PCBMblend (figure 1(b)) showed the
expected broadband feature centred at c.a. 695 nm. Following annealing the polymer P3HT: PCBMat 250 °C for
40 min causes the PL emission band to becomemore intense. It has been reported that the degree of PL signal
enhancement increases for thermally annealed films [40] an increase in PL signal intensity provides direct
evidence for enhanced exciton recombination [40]. This enhanced exciton recombination yieldwithin the
P3HT:PCBMheterojunction occurs due to an increased separation between P3HT and PCBM [40, 42, 43].
Significantly this annealing also produces improvements in photovoltaic device efficiency associatedwith
improved chargemobility, as compared to the un-annealed P3HT:PCBMpolymer [42, 43]. The explanation for
such improved photovoltaic device performance using annealed P3HT:PCBMblended polymermaterials is
through better chargemobility from increased polymer crystallization [42, 43].Where P3HT and PCBMmove
from the amorphous to crystalline phase improving chargemobility following annealing. Femtosecond [44]
time-resolved fluorescence studies of P3HT/PCBMblend films reported that thermal annealing of the polymer
blend produced an increased contribution to PL of self-trapped dynamic localized excitons, whichwere
competitive processes due to increased crystallization in the P3HT/PCBMblend film. This study [44] also
reported a blue shift in thefluorescence for the annealed polymer blendwhich is in line with our studies
(figure 1(b))which also shows a blue shift of c.a. 10 nm for the annealed P3HT:PCBMblend.

Contact angle (CA)measurements were performed on the samples before and after annealed treatment 0,
50, 100, 150, 200, and 250 °C for 40 min in the oven. The average of 5 different spots on the sample was reported.
The results indicate a considerable reduce in hydrophilicity of the surface as shown in (figure 1(c))with the
contact angle changed from60 °C to 80 °C.Wettability of the surface is a recognised factor affecting the Raman
signal intensity of a probemolecule deposited on it. Hydrophilic surfaces such as P3HT: PCBMorganic
semiconductors at a room temperature cause random spreading of analytemolecules whilemore hydrophobic
surfaces contain a deposited drop to a small area and allow the droplets to keep their spherical shape during

Figure 1. (a) FTIR spectra of the treated and nontreated P3HT: PCBMalso showed different temperatures of 50, 100, 150, 200, and
250 °C in the oven for 40 min (b)fluorescence spectra of P3HT: PCBMbefore and after thermal annealing at 250 °C. (c)Thewater
contact angle of the blended P3HT: PCBMshows different temperatures of 0 to 250 °C.
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solvent evaporation, resulting in an increase of the probemolecule concentration. A previous study shows an
increase in the contact angles of the P3HT: PCBMblendswith the annealing time at>150 °C [45]whichmakes
the substrate hydrophobic and lowered the spot diameter of the deposited analyte.

We then studied the impact of thermal annealing the P3HT: PCBM/AgNPs composite on the SERS signal
intensity of 2-amino thiophenol (2-AMP) (figure 2). The 2-AMPSERS spectra [29] are described by peaks
located at 1580, 1440, 1390, 1180, 1145, and 1098 cm−1. These peaks are distinct fromRaman peaks arising from
the polymer blend (supplementary information figure 2). Comparing the SERS signal from the probemolecule
on the thermally annealed substrate (treated at 250 °C) to the un-annealed substrate shows an increase in SERS
signal intensity. The SERS signal recorded for the 250 °Cannealed substrate shows a c.a. 5-fold increase in
Raman signal (peak-to-peak) and a c.a. 2-fold increase in overall SERS signal intensity compared towhen the
polymer blend is unannealed. Inspection of the SERS spectra shows clear changes when comparing the SERS
spectrumof 2-AMPon the un-annealed and 250 °Cannealed substrate (figures 2(a)–(c)). The changes in the
SERS spectra are assigned to a redox reaction, where 2-AMP is oxidized to 2-nitrophenol (2-NIP). Following
heat treatment, 2-AMPhas undergone a redox reaction, with themolecule 2-NIP formed from2-AMP. The
2-NIP SERS [41–44] spectra is described by peaks located at 1617 cm−1 and 1590 cm−1, 1536 cm−1, 1472 cm−1,
1326 cm−1 and 820 cm−1. As the annealing temperature increases from room temperature to 250 °C the
formation of 2-NIP increases (figure 2(c)).With Raman bands associatedwith 2-NIP becomingmore visible
with increasing annealing temperature.

We investigated if other probemolecule SERS signals could be boosted through thermal annealing of the
substrate. The SERS spectra of 4-nitrophenol (4-NP) on the thermally annealed polymer blend (with AgNPs)
were recorded (figure 3). The SERS spectra for the thermally annealed substrate at 250 °C showed a c.a. 5-fold
increase in SERS signal (peak to peak ratio) compared to using the unannealed substrate. The SERS spectra
recorded on this annealed substrate show SERS peaks at 1285 (C–Nstretchingmode) and 1334 (amine
scissoringmode) cm−1 which signifies the transformation from4-nitrophenol to 4-aminophenol [22].

The SERS signal from the probemoleculeMB (methylene blue)was recorded (figure 4). Inspection of the
SERS spectra shows that using the thermally annealed substrate (annealed at 250 °C) shows a c.a. 3-fold increase
in SERS peak-to-peak signal intensity. The SERS spectra forMB showing characteristic ν(C−C) ring stretches at

Figure 2. SERSmeasurements of aminophenol (2-AMP) recorded on theAgNP/P3HT: PCBMhybrid substrate (a) SERS spectra of
thermally annealed (250 °C) and pristine P3HT: PCBMpolymer blendswith AgNPs and 2-AMP. (b)Normal Raman (black)Prior
(red) following (blue)heat treatment. (c)A series of SERS spectra recorded for different annealing temperatures.

Figure 3. SERS spectra of 4-nitrophenol (4NP) recorded on P3HT: PCBM (a) SERS recorded on polymer blends that were annealed at
different temperatures. (b)normalized SERS intensity prior (black) following (red) heat treatment. (c) Schematic of the oxidation
reaction and formation of 4-aminophenol from4-Nitrophenol.
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1621 cm−1, ν(C−N) symmetric and asymmetric stretches at 1433 cm−1, and δ(C−N−C) skeletal deformation
mode at 450 cm−1 is observedwhich is in good agreementwith the literature [46]. No changes in the SERS
spectral features were observed other than changes in SERS signal intensity.

This increase in SERS signal for 2-AMP, 4NP andMBprobemolecules, when recorded on the annealed 250
°C substrate,may be assigned to changes in surfacewettability (figure 1(c)). However, thermal annealing of the
substrate is shown to affect plasmonic catalysis activity (figures 2 and 3) implying that annealing the substrate
may create changes to the electronic properties of the hybrid substrate that facilitates oxidation of 2-AMP to
2-NIP or 4-aminophenol from4-Nitrophenol (figures 2 and 3 and supplementary information figure 3).

The energy levels shown in a band diagram for P3HT’s conduction (CBM) and valance (VBM) band edges
are 3.3 eV and 5.2 eV below the vacuum level respectively [37, 47]. TheCBMandVBMenergy levels for PCBM
are located at 4.2 eV and 6.0 eV respectively [36]. The optical band gap value of P3HT is 1.9 eV and PCBM is 1.8
eVwhich allows for absorption of the Raman excitation lasers photons (2.3 eV). Following absorbing photons,
excitons are generated in the polymer blend. For some of these excitons; electrons and holes are recombined; for
other excitons, electrons and holes are separated and become free. Then free electronsmove fromP3HT to
PCBMand free holesmove fromPCBM to P3HT shown infigure 5. The electrons thenmove toAgNPs and then
to the probemolecules resulting in increased SERS and catalysis activity [48]. Thermal annealing of the substrate
enhances this process throughmore efficient chargemobility resulting in higher SERS signals and higher
plasmonic catalysis activity.

Conclusion

Wedemonstrate the use of conducting polymermaterials with plasmonic to boost plasmon-enhanced Raman
scattering spectroscopy signal strength (� 5-fold) and also support oxidation of targetmolecules on plasmon
active nanostructures through assisting in charge transport-based processes. This charge-based process also
enhances Raman scattering signals through an enhanced chemicalmechanism. Thiswork demonstrates the use
of conducting polymers as semiconductor platforms to support plasmonic catalysis and sensing.

Materials andmethods

Substrates and chemicals
All chemicals provided by sigma-Aldrich and frontier scientific the conducting polymers powder of Poly(3-
hexythiophnene-2.5-dily) regioregular (P3HT,CASNumber 104934–50–1) and [6,6]-Phenyl C61 butyric acid
methyl ester ([60]PCBM,CASNumber 160848–22–6)were dissolved in chloroform (ChCl3) tomake 0.1wt/
vol% solution and sonicated for 30 min bymeans of ultra-sonic cleaning tank, aimof ensuring a uniform
distribution in the diluent. The solutionwhere then concentratedwith chloroform (ChCl3) tofinal
concentration of 10–3 wt/vol%. The blend of P3HT and PcBmwas achieved by adding 500μl of both solutions
together 1:1 ratio. The thinfilmwasmade by drop deposition of 30μl from the blend P3HT:PcBMonto into a
glass or silicon (Si-Mat, Thickness: 525+/− 5 um) substrates. Then the solution lifted out at the room

Figure 4. SERSmeasurements ofMBwere recorded on theAgNPs/P3HT: PCBMhybrid substrate. (a)Normal Raman (black) SERS
spectrawere recorded prior (red) and following (blue)heat treatment. (b)The spectra show four different SERS spectra, corresponding
to different annealing temperatures.
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temperature for 24 h to ensure it completely dry, then the samples were heated for 40 min in the oven at different
temperatures 50, 100, 150, 200, 250 °C. After the annealed treatment we drop-cast 30μl AgNPS solutions (40
nmparticle size) to be 1:1 ratio semiconductors tometals and lifted out at room temperature for 24 h no drying
methodswere used.

Preparation of probemolecule solutions

2-amino thiophenol (2-AMP),Methylene blue (MB) and 4-nitrophenol (4-NP) solutionwere prepared in
methanol diluent at an former concentration of 10–2M. The solutionwere then dilutedwith deionizedwater to a
final concentration of 10–5M. Then 30μl of the probemolecule liquidwas drop cast on themade substrates
before the Ramanmeasurements. 1:1:1: ratio (semiconductors:metals:Molecule).

Raman spectroscopy

SERS spectrawere collected using 532 (nm) excitationwavelengths laser Power and energymeter: with
microscopy slid powermeter sensor head (SN: 09113026, S121C, 400–1100 (nm), 500 (mW), LMR1/M,
Thorlabs) and energymeter was used tomeasure the incident laser power. The energy of the laser powerwas
focused by an attenuator at 5mW in order to control the laser power at a distance of c.a. 8.2mm for the entire
experiment. Briefly, the beampass through an interference filter and directed bymirror to angle prismwhich
drives the beam at 90 towered the sample. Then, pass through lenswhich can be focusses onto the samples in
order to have best signals, here the sample is excited and scattered light which is collected by lens and then pass
through notch filter which is lowers the impact from the laser line before entries the spectrograph. Raman
spectrawere collectedwith an exposure time of 1 s and 10 accumulationmode . Calibration of the Raman
spectrographic windows by acquiring a Raman spectrum from toluene and using it as a standard spectrum. the
mean and standard deviation of 10measurements is recorded.

Optical spectroscopyUV–vis absorption

Optical absorbancemeasurements of P3HT, PcBm, and P3HT/PcBmConcentration of 1×10–3 wt/vol%
with andwithout AgNPs.Measurements were achieved using an absorbance spectrometer (V-650, JASCO, Inc.)

Figure 5.An energy band diagram illustrating the electronic transition between P3HT: PCBMandAgNPs and theMB analyte
molecule. The red lines show electron transitions excited by the Raman excitation laser.
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as following settings, 1 nm step size, UV/Vis bandwidth of 2 nm, and 200 nm/min scan speed through a
200–800 nm range. A coverslip substrate was employed to accomplish themeasurements.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) set upmeasurement parameter resolution 4 cm−1, sample scan
time 8 scans,measurement time>10 s, saved data from400–4000 cm−1, result spectrum transmissionmode,
accessory ATRplatinumdiamond.We have recorded FTIR spectrumof P3HT, PcBM, and the blend P3HT:
PcBmas a solid state. FTIR instrument have been collected by using Alpha PlatinumBruker system.

Contact angle

A contact angle has been applied to determent surface Chemistry of the conducting polymers at different
temperatures startingwith room temperature, 50, 100, 150, 200, 250 °Cby using (Kruss AdvanceDrop Shape
AnalyserDSA25E). A deionizedwater droplet on treat and untreated substrates has been added to the surface
and then the average of c.a. 5measurements is taken.

Scanning electronmicroscopy

High-resolution scanning electronmicroscopy (SEM) imageswere obtained using a Sigma 300 gemini scanning
electronmicroscopy system.Control panel status scanning operationmode normal scan speed 8 cycle time
1 min zoom factor 2.

Associated content supporting information

Figures S1−S8 (available online at stacks.iop.org/MRX/9/075002/mmedia) - Further data related to SERS
spectra have been used for the purpose of identify the peaks of the organic semiconductors spectra,
measurement of substrate stability and reproducibility. High-resolution scanning electronmicroscopy (SEM),
Atomic ForceMicroscopy (AFM) images, Optical spectroscopyUV–vis absorption.
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