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A B S T R A C T   

The formation of nanocomposites including metals and organic conducting semiconductors offers significant 
potential to act as an effective flexible, lightweight platform that can support plasmon-based sensing. We 
demonstrate super band-gap irradiation of a polymer-plasmonic composite based upon the conducting polymers 
P3HT and PCBM to support the plasmon-enhanced based spectroscopic detection and then the removal of 
analytes. We demonstrate that such a polymer-plasmonic composite is an effective self-cleaning substrate for 
application as a reusable optical sensing substrate.   

1. Introduction 

Modern materials processing and advanced nanoimaging techniques 
allow the creation of a variety of nanomaterials from a broad variety of 
material kinds [1–14]. One such type of nanomaterials is plasmon active 
nanostructures [8,9,15–18]. Optical stimulation of plasmon-active 
noble metal nanoparticles enhances light-matter interaction, resulting 
in a significantly amplified electromagnetic field at the surface of the 
metal nanostructure [19–24]. Localized surface plasmon resonances 
(LSPR) excitation of plasmonic nanomaterials offers a number of uses, 
including sensing, or the modulation of chemical reactions (photo
catalysis) [24–33]. It has been shown that a combination of semi
conductors and plasmonic metal nanostructures may build 
metal-semiconductor junctions that enables efficient carrier separation 
through the construction of a Schottky junction [34–36]. This junction is 
generated when a metal and a semiconductor are in close proximity and 
the electrons from either the semiconductor or the metal move toward 
the other component in order to achieve Fermi-level equilibrium [37]. 
Studies have shown that forming a Schottky Junction with plasmonic 
nanomaterials and a semiconductor enhances photocatalysis efficiency 

[38] and plasmon-enhanced spectroscopy signal strength (including 
surface-enhanced Raman spectroscopy (SERS)) [39–43]. 

SERS spectroscopy is a robust and attractive spectroscopic technique 
used for the unequivocal identification of analytes [16,17,19–24]. In 
order to fully exploit the potential of SERS as a general analytical tool, it 
is required to develop low-cost, efficient SERS substrates that ideally can 
be self-cleaning enabling them to be reused. In recent years, a range of 
self-cleaning plasmonic-based photocatalysts has been designed 
[44–46]. Where self-cleaning-based processes as initiated by irradiation 
of the substrate using UV/visible light which photo-degrades the analyte 
molecules. The plasmon active materials generate a strong local electric 
field that is favourable for achieving high photocatalytic activity 
(enabling the self-cleaning processes) under UV and visible light irra
diation as well as supporting SERS [44]. 

In designing a SERS substrate, organic polymers are attractive ma
terials. Polymeric materials are increasingly active due to their low cost, 
mechanical flexibility and simple processing methods. Blends of p- and 
n-type semiconductors, such as P3HT: PCBM, constitute an extensively 
used conducting organic semiconductor [47–49]. In a well-crystallized 
film, the polymer P3HT (poly 3 hexylthiophene) acts as an electron 

Abbreviations: LSPR, Localized surface plasmon resonances; SERS, surface-enhanced Raman spectroscopy; Ag NPs, silver nanoparticles; P3HT, poly 3 hexylth
iophene; PCBM, phenyl C61-butyric acid methyl ester; FTIR, Fourier transform infrared spectroscopy; PL, The photoluminescence; SEM, Scanning electron micro
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donor during the photoexcitation process and has high hole mobility 
[47–49]. PCBM (phenyl C61-butyric acid methyl ester) is an electron 
acceptor and matching candidate that enables the dissociation of exci
tons [47–49]. Combining such a polymer blend with metals like silver or 
gold nanomaterials can form a Schottky junction [45]. It has been shown 
that following thermal annealing P3HT/PCBM with Ag NPs enhances 
more strongly SERS signal from analytes [50]. This arises potentially 
through better charge mobility from increased polymer crystallization 
enhancing its performance as a Schottky junction. Here, we study a 
thermally annealed polymer-plasmonic hybrid composite formed by 
combining P3HT: PCBM, with silver nanoparticles (Ag NPs). We 
demonstrate that this substrate provides sensitive detection of analytes 
through SERS and supports redox-based photocatalysis for self-cleaning 
action. 

2. Results 

Depositing Ag NPs onto a P3HT:PCBM thin film (shown schemati
cally in Fig. 1(a)) resulted in a hybrid plasmonic and conducting poly
mer composite. The polymer film was produced by drop-casting a 0.1 
wt/vol% chloroform solution in a 1:1 ratio. Then, Ag NPs (particle size 

of 40 nm) dropped cast onto the polymer (details of sample fabrication 
and analysis are summarized in the supporting information). Following 
this, Fourier transform infrared spectroscopy (FTIR) was used to char
acterize the hybrid semiconducting polymer-plasmonic substrate 
(Table 1 supporting information). The FTIR spectrum of the P3HT: 
PCBM thin film (Fig. 1(b)) reveals the predicted spectral characteristics 
[47–49]. Carbon-to-sulfur (C–S) single bond deformation vibrations are 
responsible for the 816 cm− 1 peak seen in pure P3HT (Fig. 1(b)) (blue). 
Also visible in the spectrum are carbon-to-carbon (C = C) stretching 
vibrations at 1515 cm− 1 and aliphatic (CH2) stretching vibrations at 
2906 cm− 1. The FTIR transmittance spectrum of PCBM (Fig. 1(b) 
(green)) has a peak at 692 cm− 1 due to carbon-to-hydrogen (C–H) single 
bond bending, carbon-to-oxygen (C = O) double bond stretching at 
1732 cm− 1, a peak at 1424 cm− 1 due to CH2 bending, and a peak at 
1147 cm− 1 due to oxygen-to-carbon (O – C) single bond vibrations. 

The photoluminescence (PL) emission spectra of the hybrid P3HT: 
PCBM/Ag NP composite (Fig. 1(c)) displayed the predicted wide feature 
centered at around 695 nm for this polymer mix [33,34]. The optical 
absorption spectra of Ag NPs (Fig. 1(d)) reveals an absorption band at 
420 nm, while the polymer mix displays a wide absorption characteristic 
with a maximum at 375 nm [33,34]. Following annealing of the polymer 

Fig. 1. (a) A schematic of the hybrid P3HT:PCBM/Ag NP composite. (b) FTIR spectra of the pristine P3HT, PCBM, and P3HT:PCBM blend, blue, green, and orange, 
respectively. (c) A fluorescence spectrum of P3HT:PCBM/Ag NP before and after being thermally annealed P3HT:PCBM for 40 min at 200 C. The inset shows a picture 
of the substrate when flexed. (d) UV/Vis absorption spectra showing P3HT:PCBM polymer composite and Ag NPs. (e–f) Fluorescence lifetime microscopy lifetime plot 
RhD B on P3HT:PcBM, and RhD B on thermally annealed P3HT:PCBM. (g) Scanning electron microscopy (SEM) images of silver nanoparticles (Ag NPs); bars indicate 
(i) 200 nm and (ii) 100 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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P3HT: PCBM at 250 ◦C for 40 min causes the PL emission band to 
become more intense. This potentially arises from enhanced exciton 
recombination [35] arising from P3HT and PCBM moving from the 
amorphous to crystalline phase improving charge mobility following 
annealing [47–50]. Fluorescence studies of P3HT/PCBM blend films 
reported a blue shift in the fluorescence for the annealed polymer blend 
which is in line with our studies (Fig. 1(c)) which also shows a blue shift 
of c. a. 10 nm for the annealed P3HT:PCBM blend [47–50]. The optical 
absorption spectra (Fig. 1(d)) of the plasmonic-polymer thin film is 
formed from Ag NPs and P3HT: PCBM blend. Fluorescence lifetime 
imaging of the P3HT:PCBM/Ag NPs thin film before and after thermal 
annealing (Fig. 1(e and f)) shows that the exciton recombination lifetime 
is reduced from 1.6 to 0.7 ns following annealing. This potentially arises 
from enhanced charge transport as the polymer blend moves from 
amorphous to crystalline phase improving charge mobility following 
annealing [47–50]. The properties of the Ag NPs were also characterized 
by SEM (Fig. 1(g)) the images showed that the Ag NPs have nearly 
spherical morphologies, with an average diameter of about 40 nm. 

A study of the self-cleaning potential of the annealed P3HT:PCBM/ 
Ag NP thin film was then undertaken. Two different molecules were 
added at concentrations of 10− 4 M to the plasmonic-polymer thin film 
substrate. In-situ monitoring of these molecules following UV irradiation 
was undertaken (Fig. 2(a and b)). These studies show that over 20 min of 
UV irradiation of the substrate the probe molecule was removed. A study 
(Fig. 3) was then undertaken to demonstrate that the substrate could be 
reused. To demonstrate this SERS spectra for two different probe mol
ecules were recorded following UV irradiation and then re-addition of 
the analyte to the substrate (Fig. 3). shows that strong SERS spectra can 
be obtained following the substrate being reused as cleaning (via UV 

light irradiation). 
In order to better understand the mechanism responsible for the 

photocatalyst removal of the probe molecules observed in Fig. 2, we 
undertook electronic spectroscopy studies of the system. The optical 
absorption spectra of the hybrid P3HT:PCBM/Ag NP composite were 
measured before and after UV irradiation. The absorption spectrum 
(Fig. 4(a)) of the composite before UV irradiation shows a band at c. a. 
410 nm. This feature becomes more pronounced after exposure to UV 
light (10 min) and its peak shifts to red by c. a. 15 nm–425 nm. This 
redshift potentially arises from an increase in Ag NPs electron density 
following irradiation which changes the reflective index of the nano
particles [29] in line with literature reports. We calculate that the 
injected electron density (ΔN/N) on the Ag NPs following UV irradiation 
using equation (1): 

ΔN
N

= 2Δλ/λ0 (1)  

where Δλ is the measured wavelength shift (~15 nm) and λ0 is the initial 
Ag NPs plasmon peak position (~410 nm). From Fig. 4(a), we can 
calculate ΔN/N ~ 7%. A Tauc plot of photon energy hν (eV) versus (α ∗

hν) 1/n (Fig. 4(b)) was made based on 

α(λ)= 2.303 log
A(λ)

T
(2)  

Where (α) is the absorbance co-efficient, (A) is the absorbance, (T) the 
thickness of the sample. A linear fit to this plot shows that the band edge 
of the absorption inset moves to the red by c. a. 0.3 eV (from 1.99 eV to 
1.70 eV). This arises potentially from changes in the silver nano
particles’ LSPR features following charge migration from the polymer to 

Fig. 2. SERS study of (a,b) PATP or (c,d) MB prepared at 10− 4 M on the thermally annealed P3HT:PCBM/Ag NPs composite. Examining the impact of SERS signal 
strength as a function of UV irradiation time. (a,c) Are SERS spectra as a function of UV irradiation time and (b,d) are histogram plots of the SERS intensity with UV 
light irradiation vs when no UV light is added, only the Raman excitation laser is irradiating the sample. This demonstrates that the application of UV irradiation 
reduces the presence of analyte molecules as compared to irradiation from the Raman excitation laser. 
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the silver. 
Super bandgap irradiation of P3HT/PCBM (using a UV light source) 

forms excitons in the polymer blend that either recombine or remain 
separated and become free. The polymer blend supports charge sepa
ration of the excitons and supports high charge mobility [47]. P3HT: 
PCBM when added with Ag NPs form a Schottky junction [37,47]. This 
supports the transfer of charge from the polymer to the Ag NPs and then 
potentially migrating to the probe molecule resulting in increased 
catalysis activity. It is known that the band gap of P3HT is 1.9 eV and 
PCBM is 1.8 eV [47]. This UV irradiation of the polymer blend will form 
electron-hole pairs that can separate and move toward the 
metal-semiconductor interface. 

In order to confirm if the added molecule (e.g. PATP or MB) has 
charge transferred to it from the polymer-plasmonic thin film substrate 
we under the following study. Through the use of low concentrations of 
PATP (<10− 5 M) a study of the hybrid P3HT:PCBM/Ag NP composite as 
a platform for plasmon catalysis was undertaken (Fig. 5). The UV- 
initiated catalysis reaction was monitored using surface-enhanced 
Raman spectroscopy (SERS) [27–29,34,35]. SERS spectra of PATP 
(Fig. 5(a and b)) are characterized by peaks at 1075 and 1594 cm− 1. The 
additional peaks appearing in the spectrum of PATP centre around 1140, 
1388, and 1438 cm− 1 and are assigned to the β (C–H) and γ (N––N) bond 
caused by the dimerization of the PATP molecule on silver [51]. These 
Raman peaks from PATP are distinct from Raman peaks arising from the 
polymer blend. Following UV irradiation changes in the SERS spectra 
are observed due to the catalysis reaction of PATP on the hybrid P3HT: 

PCBM/Ag NP composite substrate. New vibrational modes at 1334 and 
1376 cm− 1 were assigned to symmetric NO2 stretching vibrations of the 
oxidation product PNTP [27–29,34,35]. The formation of PNTP can 
therefore be monitored using SERS through the intensity of the 1334 
cm− 1 Raman band (Fig. 5(c)). Plotting the intensity of the 1334 cm− 1 

band intensity as a function of UV irradiation time shows that the yield 
of the oxidized product PNTP increases with UV exposure time. This 
study demonstrates that charge is moving onto the probe molecule. 

3. Conclusion 

We demonstrate the use of nanocomposites including metals and 
organic conducting semiconductors P3HT and PCBM offer significant 
potential to act as an effective flexible, lightweight platform that can 
support plasmon-based sensing. P3HT:PCBM when added with Ag NPs 
form a Schottky junction [33,34]. This supports the transfer of charge 
from the polymer to the Ag NPs and then potentially migrating to the 
probe molecule resulting in increased catalysis activity. It is known that 
the band gap of P3HT is 1.9 eV and PCBM is 1.8 eV [30–34]. This UV 
irradiation of the polymer blend will form electron-hole pairs that can 
separate and move towards the metal-semiconductor interface. The 
electrons then move to Ag NPs and then to the added molecules (e.g. 
PATP or MB in our studies) resulting in increased catalysis activity 
applied to a self-cleaning action. We show that this nanocomposite is 
shown to support the plasmon-enhanced based spectroscopic detection 
(SERS) and then the removal of analytes. 

Fig. 3. Study using the substrate as a reusable platform for SERS measurements. (a,b) Show SERS spectra for PATP and MB respectively. Spectra were recorded 
following re-adding a probe molecule and then following its removing/cleaning via UV light irradiation. 

Fig. 4. (a) Normalized optical absorption spectra before and after UV light exposure for Ag NPs on P3HT:PCBM (b) Tauc plots of P3HT: PCBM to determine the value 
of the bandgap following UV exposure. 
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