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Abstract 

The coupling of organic molecules excitons with metal nano-structure surface plasmons can 

improve the performance of optoelectronic devices. This paper presents the effect of 

localized silver metal surface plasmons on spectral as well as charge transport properties of 

ordered molecular Langmuir Schaefer (LS) films of a fluorescent conducting multifunctional 

organic polymer: Poly (3, 3″′- dialkylquarterthiophene) [PQT-12]. Stability and thickness of 

PQT-12 LS film were studied by pressure vs. area isotherm curve. Atomic force microscopic 

images indicate the formations of smooth ordered polymer thin LS film of PQT-12 over 

silver nano structure islands films [SNIF] (∼ 40 to 50 nm in size). Raman, electronic 

absorption and fluorescence spectral measurements of PQT-12 LS film, near SNIF i.e. the 

near field, shows plasmon coupled enhancement of ∼13 fold in intensity of Raman bands 

along with two fold enhancement in absorption band (531 nm) and six fold enhancement in 

fluorescence band (665 nm) coupled with decrease in fluorescence decay time with improved 

photo-stability as compared to an identical control sample containing no SNIF i.e. the far 

field condition. These results indicate the formation of plasmon coupled unified fluorophor 

system due to adsorption of PQT-12 LS film over SNIF. The effect of plasmonic coupling is 

also studied by applying electric field in sandwiched structures of Al/PQT-12 LS/SNIF/ITO 
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with respect to Al/PQT-12 LS/ITO. Nearly three order of magnitude enhancement in current 

density (J-V plot) of PQT-12 LS film is observed in presence of SNIF, which further 

increases, on illuminating the film by green laser light [532 nm], while florescence intensity 

and decay time decreases. X-ray photoelectron spectroscopic measurement of SNIF also 

shows a red shift in 3d3/2 and 3d5/2 transitions of silver in PQT-12 coated LS film, which 

indicates partial charge transfer from PQT-12 polymer backbone to SNIF and causes 

enhancement in conductivity. This again supports the formation of field controlled radiating 

plasmon coupled fluorophor unified system. These findings shows greater potential in 

developing a voltage controlled high photon flux electroluminescence material for 

multifarious applications.   

 

Key words- Siver Nano Island films, Surface enhance absorption and emission, Surface 

Plasmon, Plasmon-enhanced fluorescence, Charge transport, Partial charge transfer. 
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1 Introduction 

 Nowadays, significant efforts have been directed to improve the efficiency of organic 

polymer-based electronic and optoelectronic devices using a variety of processing strategies. 

However, the performance of these devices is not yet up to the benchmark. Recently, near 

field surface plasmon interaction opened up an opportunity to improve the efficiency of these 

devices by adding plasmonic nano materials in ordered organic polymer films.
1-3

 The 

incorporation of plasmonic nano materials in devices cause interactions between the surface 

plasmons of metal nano structures and excitons of organic molecules, which gives rise to a 

number of interesting phenomena and a wide range of technological applications such as 

surface enhanced Raman spectroscopy, plasmon-enhanced fluorescence, plasmon-enhanced 

solar light harvesting large panels, improved organic LED and ultrasensitive chemical and 

biological sensors.
4-11

  

 Surface plasmons are collective oscillations of free electrons in a metal nanostructure 

at an interface with a dielectric. Excitation of surface plasmons of nano structure by light, at 

which resonance occurs, can result in strong light scattering with the appearance of intense 

surface plasmon absorption bands and an enhancement of the local electromagnetic fields. 

The coupling effect between excitons and surface plasmons, which is caused by the overlap 

of the local electromagnetic field of excitons in polymeric layer and surface plasmons, leads 

to the significant radiative emission through effective energy transfer. In addition, metal 

nanoparticle can act as effective antennas for incident light, enabling the storage of the 

incident energy in localized surface plasmon modes.
8, 12

 Therefore, plasmons have ability to 

enhance radiative emission rate as well as light absorptions which is a primary need for 

enhancing the performance of polymer based optoelectronic devices such as organic light 

emitting diodes and solar cells. Despite this, the interaction behaviour is strongly dependent 

on the electronic structures of organic molecules and metal nanostructure. Silver metal 
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nanostructure exhibits richness in surface plasmon in comparison to other noble metal. The 

surface plasmons of metal nanostructures are localized and confined in nanoscale systems. 

The nanoscale confinement of surface plasmons introduces higher flexibility in tailoring the 

localized plasmonic properties and also allows for the conjugation of metal nanostructure 

with organic semiconductor molecules.
12

 Thus, in spite of their strong potential for improving 

device performance and efficiency, there is limited number of reports available on metal 

nanostructure, simultaneously presenting the enhancement in spectroscopic as well as charge 

transport properties. 

 The purpose of this report is to demonstrate the surface plasmons and excitons 

conjugation effect on spectral as well as charge transport properties of Langmuir-Schaefer 

(LS) film of Poly (3, 3’’’-dialkylquarterthiophene) [PQT-12] over silver nano structure island 

films (SNIF) deposited on indium tin oxides (ITO) coated glass substrate. PQT-12, has got 

tremendous attention of researchers as a solution processible polymer for organic electronic 

devices.
13-16

 The long dodecyl chain substituted on the polymer backbone allows extended π-

conjugation, making it a suitable semiconductor material. It also holds solution 

processability, molecular self-organization and liquid crystalline property. The highly regular 

chain structure causes these regioregular PQT-12 film form lamellar structures with 

interchain stacking through self-organization into two-dimensional sheets, which is 

confirmed by X-ray diffraction (XRD) and Scanning tunnelling microscopy (STM) studies.
16-

19 
 These properties of PQT-12 represent an excellent organic device characteristics and make 

them a model material for easy fabrication of large area electronic devices.
20

 Langmuir-

Blodgett LB/ Langmuir-Schaefer (LS) technique offers a very excellent way to obtain large 

area ordered polymer films.
19, 21-23

 In this method, the ultra thin film preparation over water 

surface provides extraordinary control over the thickness of film by layer by layer 

depositions.
22-23

 It also offers a unique approach to prepare smooth ordered thin films of large 

Page 4 of 32Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



area with particular direction oriented and well defined architecture of organic molecule, thus 

providing a promising and versatile method for constructing large area electronic devices.
24-26

 

In this study we have used thermal vapour deposition technique
27

 as an alternative to 

traditional chemical route to obtain SNIF.  This technique has recently received significant 

attention to obtain a thin film of metal nanostructures with controlled size and properties, 

because of its tunable physical, optical and electrical properties.
28

 In the present study, we 

have found that SNIF induce the surface plasmon resonance (SPR) effect both in the 

spectroscopic as well as charge transport properties of PQT-12 LS film in controlled way and 

discussed in detail in the following sections.  

 

2. Experimental 

2.1 Material Synthesis  

The procedure for the synthesis of 3, 3’’’–dialkylquarterthiophene monomer and its 

corresponding polymer molecule have been reported in our previous report (Courtesy to Prof. 

W. Takashima, KIT, Japan). Dichloromethane (CH2Cl2) [Merck, India] was used to isolate 

the higher molecular weight polymer chains and Soxhlet extraction method were used to 

extract these molecules as discussed earlier.
29

 High purity silver (Ag) wires (99.95% pure) 

were purchased from Sigma Aldrich chemicals. 

2.2 Sample Film Preparation  

2.2 (a) Silver Nano-Islands Film (SNIF) Formation:   

The nanostructures of Ag over ITO coated glass substrates were obtained by vacuum thermal 

evaporation/depositions technique at 10
-6

 mbar with the help of model: HIND HIVAC 

12A4D.  It is important to note that the deposition of ultra thin film (<7 nm) of Ag metal over 
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solid substrate, temperature of which is less than 1/10
th

 of melting point of Ag during 

deposition cause formations of quenched condense film, which exist in nano size islandic 

form with charge confinement in thin films (Ts < 0.1Tm, where Ts stands for substrate 

temperature during depositions and Tm stands for melting point of Ag.).
28, 30

 Recently, Mishra 

et. al.
8, 31

 observed in their distance dependence surface plasmon coupled metal enhance 

fluorescence study of eosin, through steady state/ time domain fluorescence measurements 

and finite difference time domain (FDTD) calculations, that nearly 20 nm thin layer of silver 

over silica nanoparticles give maximum fluorescence enhancement effect. Therefore, we have 

deposited only 20 nm thin Ag film with deposition rate of 1 A
0
/s and ensured that all time 

substrate temperature below 1/10
th

 of melting point of Ag leads to formation of silver 

nanostructure islands [SNIF]. For this, we have deposited 5 nm Ag film over ITO substrate 

by mass transfer and found ∼ 20 nm thick SNIF of nearly 40 nm particle size with less than 

around 25 % surface coverage area, monitored through digital thickness monitor unit (DTM) 

having quartz crystal microbalance. 

2.2. (b) PQT-12 LS Film Formation: 

A 0.1mg/ml solution of PQT-12 was made in chloroform and spread over triply deionised 

water via a 250 µL Hamilton micro syringe (Reno, NV) in the Langmuir trough for study of 

intermolecular interaction and stability. The film was formed over water surface through 

compressing the barrier. Before transferring the film over substrate, we have run the three 

cycles of hysteresis loop of isotherm to obtain a stable configuration over water surface and 

after that this film transferred over solid substrate by horizontal lifting at constant surface 

pressure 20 mN/m by using Langmuir Schaefer film deposition system as shown in inset Fig. 

1. Bare ITO and SNIF coated over ITO glass slide were used as solid substrate to deposit the 

LS film of PQT-12. The thickness of different layers of PQT-12 LS films was measured by 

AFM in line scan mode. 
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2.3 Device Fabrication: 

The charge transport properties of PQT-12 LS film were studied in two kind of sandwiched 

structures (i) Al/PQT-12 LS/ITO and (ii) Al/PQT-12 LS/SNIF/ITO, respectively. Before the 

formation of these two devices for charge transport measurement, the ITO substrate was 

cleaned using deionised water, acetone, and chloroform for 20 minutes each using ultrasonic 

bath and then baked for 20 minutes in vacuum oven at 50
0
C. Aluminium (Al) electrode of 

size 2 mm x 2 mm at top of polymer films was fabricated by thermal vacuum evaporation 

unit. The charge transport property measurements of these two sandwiched structures were 

carried out with source meter of Keithley (model 2612A) at room temperature (27 
0
C) in air 

under dark condition and X-ray photoelectron spectroscopy (XPS) was used for the study of 

effect of charge transport from PQT 12 LS film to SNIF by change in binding energy through 

the model Kratos Analytical, SHIMADZU group company AMICUS XPS UK.  

2.4 Characterization Tools:   

Molecular interaction and stability, studied through pressure (π) vs. area (A) isotherms of 

PQT-12 LS ultra thin film over water surface by Langmuir trough (Apex Instrument Co. 

India, model apex 2007 DC). Surface morphology, topography and grain analysis of these 

films deposited glass substrates were done by using FE-SEM (Quanta-200) and AFM (NT-

MTD, Russia), respectively. Samples in AFM were imaged at a scan rate of 1 Hz with 512 × 

512 pixel resolution in semi contact mode. Raman spectroscopic measurements were 

conducted using a Micro Raman Spectrometer at 180
0
 scattering geometry (Renishaw, 

Germany) with 514.5 nm line of Ar
+ 

laser of 50 mW to investigate the effect of Ag film on 

PQT 12 LS layer. Absorption spectra of PQT-12 LS film in these substrates were collected 

using a dual beam spectrophotometer using Perkin Elmer Lamda 25, Germany. Edinberg 

spectro-fluorometer F-900 was used for steady state and time domain measurement. Front 
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face sample geometry was used to undertake all the fluorescence emission/ excitation spectra 

with a slit width of 5 nm, both in the excitation monochromator and emission monochromator 

with xenon source for excitation. Time-correlated single photon counting (TCSPC) 

technique, with a red sensitive PMT RS900 was used to measure fluorescence decay curve. 

The excitation source was a pulsed laser source of wavelength 375 nm having maximum 

repetition rate 1.0 MHz and pulse duration 1.1 nanosecond (FWHM). The intensity decays 

were analyzed by decay analysis software (DAS) version 6.4 in terms of the multi-

exponential model: 

)/exp()( ii
i

ttI τα −Σ=                                                                                (1) 

where, αi are the amplitudes and τi are the decay times, 
i
ΣαI = 1.0. The values of α i and τ i 

were determined by nonlinear least square impulse re-convolution analysis with the goodness 

of fit judged by the residual, autocorrelation function and chi square (χ2
) values.  The 

measurement error in decay time analysis was of the order of ± 0.01 ns. Photo-stability 

experiments were undertaken using a 530 nm excitation of the sample films through 

Shimadzu spectrofluoremeter in time scan mode for about 900 sec.  

 

3. Results and discussions 

3.1. Pressure (π) Vs. Area (A) Isotherm Study:  

Pressure (π) vs. area (A) isotherms of PQT-12 film (0.1 mg/ml in chloroform) spread over 

water surface were carried out to understand the nature of interaction of molecules, thickness 

of the monolayer and stability of the film, as shown in Fig. 1. Stability of the LS film over 

water surface, confirmed by running π-A isotherm  several times and a decrease in hysteresis 

loop area as well as mean monomeric area is observed with repeating the cycles of π-A, 
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curves two or three times. The first cycle in Fig. 1(a) reveals the large hysteresis loop, 

however, second and third run retrace almost the same path in their cycle and a successive 

decrease in loop area indicates the growth and rearrangement of self assembled coplanar 

molecule of polymer over water surface. The mean monomeric area represented by pressure 

vs. area isotherm is much less than that of actual monomer for first cycle (Fig. 1(a).  This 

lamella in solutions causes the reduction in area covered by polymer over water surface after 

spreading.  The compressions of the barrier taken place at the time of film formation over 

water surface because the reductions in area of molecule for compact solid film formation 

(inset Fig. 1). The effective area of molecules, where it feels interaction is very less in 

comparison to actual area. This phenomenon indicates the formation of multi molecule 

thickness film over water surface. Ong et al.
13, 16  

has also reported the presence of π-π stacked 

coplanar molecule lamella in solution for similar kind of molecular chain and the separation 

between two alkyl chains is 1.2 nm with an angle of 50
0
 from backbone and end to end alkyl 

chains length is 3.28 nm. The calculated area of the monomer is about 3.9 nm
2
. On the basis 

of this calculation, the number of π-π stacked monomer in single layer LS film is found to be 

around 15 at the onset of isotherm which have also been confirmed by AFM in later section.   

3.2 Geometrical and Structural Study: 

In order to understand, the structure of PQT-12 monomer and oligomers, geometry 

optimization of PQT-12 in ground state was carried out by density functional theory (DFT) 

and Molecular Mechanics (MM) approach using Gaussian 09 
32

 program package and 

Avogadro software
33,

 respectively as shown in Fig. 2. For DFT calculation of monomer unit, 

split valence augmented basis set; singly polarised with (d) polarization function with 

Becke’s exchange functional coupled with  gradient-corrected correlation functional of Lee, 

Yang and Parr
34

 [B3LYP/6-31G(d)] was employed. Energy difference between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 
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was estimated to be 3.52 eV along with dipole moment having value ∼ 0.42 Debye. DFT 

study reveals that PQT-12 monomer is not a planar system, whereas MM calculation, using 

universal force field (UFF) of oligomer containing four units of monomer, suggests that it 

attains planar shape in bunch of PQT units.  

3.3. Surface Morphology Study: 

To understand the surface morphology of the PQT-12 LS sample films, images were scanned 

under Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) 

respectively. Fig. 3 (a), (b), (c) represents 2µm x 2µm area scanned AFM images of silver 

deposited over ITO coated glass, single layer PQT-12 LS film over ITO coated glass 

substrate and single layer PQT-12 LS film over silver deposited ITO coated glass slide, 

respectively. AFM morphology and grain analysis reveals the formation of SNIF of nearly 40 

-50 nm size nano-particles (Fig. 3a and Fig. S1). While the AFM topography of PQT-12 

single layer LS film over ITO coated glass substrate discloses the formation of very smooth 

film (Fig. 3b) and its thickness was estimated about 4.8 nm using AFM in line scan mode. 

The PQT-12 LS film over SNIF deposited on ITO coated glass shows the change in 

morphology in comparison to PQT-12 LS film without SNIF (Fig. 2c). Further, the results 

were also confirmed by the SEM, TEM and SAED images as given in supplementary Fig. S2.  

 

3.4 Steady State and Time Domain Fluorescence Study:   

 Absorption spectrum of SNIF over ITO coated glass is shown in Fig. 4(a). It shows 

absorption band maxima at 460 nm. The appearance of this absorption band, reveals the 

formation of nano structure over the solid substrate during the deposition and corresponds to 

plamonic absorption band of silver. Fig. 4 (b) represents the absorption spectra of PQT-12 LS 

film over ITO coated glass substrate with and without SNIF, respectively. The appearance of 
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structured absorption spectra maximum at 531 nm of PQT-12 LS film reveals the rigid 

molecular structure, and the presence of higher wavelength shoulder peak in PQT-12 LS film 

indicates the formations of well ordered crystallite domains. The absorption spectra of PQT-

12 LS film over SNIF deposited ITO coated glass substrate reveals nearly two fold 

enhancement in absorbance in comparison to pure PQT-12 LS film over ITO coated glass 

substrate. It is also observed that the absorbance (optical density) of PQT-12 LS film over 

both bare ITO coated glass substrate and SNIF deposited ITO coated glass substrate increases 

linearly with increase in number of layers as shown in figure 4(c). The rate of increase in 

optical density of Ag coated LS films is more in comparison to  PQT-12 LS film over bare 

ITO substrate.  These effects can be explained as a result of the coupling of the PQT-12 

dipoles with the localized electromagnetic field of the metallic particles, which efficiently 

increases the absorption cross-section of the PQT-12. It is well-known that conducting 

metallic particles can modify the free-space absorption condition in such a way that it 

increases the incident electric field, felt by fluorophores, effectively increasing the excitation 

rate of the fluorophore. The enhanced absorption of dye molecules near metallic surfaces was 

first reported by Glass et al., 
35

 and also confirmed by other groups.
4-6, 8-9

 The absorption 

spectra of PQT-12 do not show any change in the structure of absorption structural bands on 

increase in LS layers, which rules out the possibility of dimer or higher aggregate formation 

in the ground state in this particular polymer. Although, linearity of the absorbance of PQT-

12 LS film was preserved up to 14 LS layers as shown in Fig. 4 (c), but in fluorescence 

measurement, it is observed that 12 LS layers of PQT-12 (thickness ∼ 58 nm) on SNIF, 

shows maximum fluorescence enhancement. Therefore, we use this sample film as an 

optimized one for all farther spectral and charge transport measurements.  

 The fluorescence excitation and emission spectra of 12 LS layers of PQT-12 film over 

ITO coated glass with and without SNIF are shown in Fig. 5. It shows a red fluorescence 
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band maximum at 665 nm in bare ITO LS film, whereas, nearly six fold enhancement is 

observed in this band of PQT-12 LS film on SNIF deposited ITO coated glass substrate, 

excited by 530 nm [Fig. 5 (b)]. The enhancement factor is defined as the ratio of intensity 

observed from SNIF (near-field) divided by that from without SNIF, control PQT12 LS film 

over ITO coated glass substrate under otherwise identical conditions. To confirm the origin of 

the fluorescence, excitation spectra were measured by monitoring the emission at blue and 

the red edges of the fluorescence band, where no change was observed in the excitation 

spectra, subsequently ruling out the potential formation of any ground state complex. Further, 

in SNIF containing PQT-12 polymer films, the intensity of the excitation band increases 

nearly two times with respect to the bare LS film on ITO coated glass substrate; this 

enhancement in excitation spectra [Fig. 5 (a)] resembles the absorption spectra, as shown in 

Fig. 4 (b). 

 Further, in order to understand the above spectral enhancement of PQT-12 LS film 

near SNIF surface over ITO coated glass substrate, time resolved fluorescence measurements 

were also carried out using TCSPC technique. The analyzed decay data are given in table 1 

and the corresponding analyzed overlapped time resolved decay curves are shown in Fig. 6. 

The goodness of fitting of the collected decay was judged by the distribution of residuals and 

associated chi-square values.  

Table 1. Time Resolved Fluorescence Decay Parameters of PQT-12 LS Film. 

a
<τ> is the amplitude weighted decay time Στiαi, and 

bττττ  is the mean decay time Στ2
iαi,/ Στiαi, 

 

Sample  

λλλλEx  530 nm /λλλλEm 665nm 

ττττ
1  

(ns)  

α
1
 

%
 
 

ττττ
2  

(ns)  

α
2  

 

% 

ττττ
3 

(ns)  

α
3
 

%
 
 

<<<<ττττ>>>>a
 

(ns)  

ττττ b 

(ns)  

χχχχ2 

PQT-12 LS/ITO/glass 0.05 81 0.52 20 2.07 7 0.29 0.35 1.251 

PQT-12 LS/SNIF/ITO/glass 0.03 69 0.45 24 2.03 5 0.23 0.26 1.276 

PQT-12 LS/SNIF/ITO/glass 

+ External electric field 

0.01 65 0.40 33 1.37 2 0.17 0.09 1.210 
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It is observed that PQT-12 LS film decays triple-exponentially, with an average decay time of 

0.35 ns and amplitude weighted decay time 0.29 ns in LS film, these values decreases to 0.26 

ns and 0.23 ns respectively in the presence of SNIF. These reductions in decay times of PQT-

12 in the presence of SNIF indicate the coupling of excited states of PQT-12 molecules with 

surface plasmons of the SNIF and the subsequent nonradiative energy transfer among them, 

consistent with the radiative plasmonic model postulated by Geddes and Lakowicz.
1
  

 These observations are modifications to the classical far-field (≥1 wavelength of light 

away) rate equations. The free-space quantum yield (Q0) and decay time (τ0 ) for a 

fluorophore is given by:
4
  

�� =
Γ

Γ����
                                                                       (2a) 

and 

  τ� =
�

Γ����
                                                                    (2b) 

where, Γ is the radiative rate and knr is the non-radiative rate. In this free-space condition, any 

changes in a fluorophore radiative rate invariably result in the quantum yield and lifetime, Q0 

and τ0, respectively, changing in unison. However for SPC-MEF, these classical far-field 

conditions get modified for the near-field condition, such that: 

�	 =
Γ�Γ


Γ�Γ
����
                                                        (3a) 

and τ	 =
�

Γ�Γ
����
                                                    (3b) 

where, Qm and τm are the metal modified quantum yield and lifetime, respectively.  On 

analysing the above results, we subsequently propose that there are two populations of 

adsorbed PQT-12 LS film on the SNIF containing LS film: one set of population is composed 

of more isolated molecules far from the SNIF, and the photophysical properties of these are 

similar to PQT-12 in the far-field or free space condition. However, in another set of 
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population, near SNIF, i.e. in the near field an enhanced absorption and coupling to 

plasmons, facilitates metal enhanced PQT-12 fluorescence as well as an enhanced photo-

stability with reduced decay time. 

 Further, in order to understand metal-enhanced PQT-12 LS fluorescence dynamics, 

we have also measured the photostability of PQT-12 in LS films with and without SNIF 

deposited ITO coated glasses substrate. These samples were exposed by 531 nm radiation 

from xenon lamp, for about 900 seconds and the steady state fluorescence was measured as a 

function of time (Fig. 7). The photostability of the PQT-12 is found more pronounced on 

SNIF containing LS film as compared to the LS film control, i.e. more photons are observed 

per unit time (photon flux). This finding of enhanced fluorescence photostability is consistent 

with the reduced decay time of PQT-12 near-to SNIF (Table 1).  

 Interestingly, it is also observed that on applying the external electrical field on the 

PQT-12 LS film on  SNIF deposited ITO coated glass substrate, both the fluorescence 

intensity [Fig. 5 b (iii)] and decay time [Fig. 6 (c)] of 665 nm emission band decreases by 530 

nm excitation [Table 1]. This result indicates the surface plasmon coupled metal enhanced 

fluorescence intensity which can further be enhanced and controlled by external electric field 

and can be used more efficiently for the development of organic LED. Similar decrease in 

fluorescence intensity of fluorophor with applied external electric field reported by Geddes 

and Co workers 
36-37

 in their voltage gated metal enhanced fluorescence studies in semi 

continues silver nanoparticle film. 

  

3.5 Surface Plasmon Enhance Raman Study:  

Raman spectra of SNIF deposited on ITO coated glass substrate along with PQT-12 LS film 

deposited over, with and without SNIF deposited ITO coated glass substrate are shown in 

Fig. 8. SNIF deposited film does not show any Raman peak [Fig. 8 (a)]  while extremely 
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weak Raman signal is observed in PQT-12 LS film deposited over ITO coated glass substrate 

[Fig. 8 (b)]. The observed peaks at 1457 cm
-1

, 1393 cm
-1

 and 1057 cm
-1

 corresponds to C=C 

symmetrical stretching, ring C-C stretching and C-H bending vibrations, respectively. 

Interestingly, huge enhancement in intensity of these Raman signals of PQT-12 LS film is 

observed in SNIF deposited ITO glass slide along with appearance of an additional peak at 

1565 cm
-1

 which correspond to C=C asymmetric stretching mode of vibration.  Nearly, 

thirteen fold enhancement is observed in C=C symmetrical stretching mode (1457 cm
-1

) of 

Raman signal. The magnitude of enhancement in Raman signal of PQT-12 vibrations in this 

case is very less (∼13 fold) in comparison to electromagnetic near field effect for isolated 

system (should be nearly 1000 fold).
38

 This again indicates the formation of plasmon coupled 

fluorophor unified system due to adsorption of PQT-12 LS film over SNIF. It is probably, 

because of chemical enhancement of surface plasmon enhance Raman signal by inter 

molecular interaction. 

 

3.6 Charge Transport Property 

 Charge transport properties of PQT-12 LS film, over without (Al /PQT-12/ITO) and with 

SNIF deposited ITO coated glass substrate (Al/PQT-12/ SNIF/ITO) devices were studied by 

measuring the current density (J) vs. voltage (V) characteristics in Schottky diode 

configurations as shown Fig. 9. The thickness of PQT-12 LS layer remains same in all 

configurations. The J-V characteristic in all configurations shows the non linear behaviour 

and follows the thermionic emission Schottky equations as follows 
39-40

 









−







= 1exp0

kT

qV
JJ

η
                                           (4) 

where, η is ideality factor, k is Boltzmann constant, T is temperature, q is charge, V is voltage 

and J0 is saturation current density given as:  
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 Φ
−=
kT

q
ATJ Bexp2

0

                                           (5) 

where, ΦB  is barrier height between Al and polymer. 







∂
∂

=
J

V

kT

q

ln
η

                                                          (6)

 

    

On the basis of above equations different charge transport parameters viz. ideality factor, 

saturation current density and barrier height calculated from J-V characteristics in different 

device films are shown in table 2.  

Table 2: Electronic parameters of device performance under different condition. 

Devices Ideality Factor J0(A/cm
2
) ΦB (eV) 

ITO/PQT-12 /Al 4 2.5x10
-9

 1.09 

ITO/SNIF/PQT-12 LS /Al 2.5
 

1.7x10
-5

 0.84 

ITO/SNIF/PQT-12 LS/ Al +Laser 

light  
 

2.3 2.0 x10
-4

 0.83 

 

PQT-12 LS film shows nearly 1.5 µA/ cm
2
 current density over ITO coated glass substrate 

(Al /PQT-12/ITO) [Fig. 9(a)], while enhancement in current density of the order of 10
3
 with 

better ideality factor in ITO/SNIF/PQT-12 LS/Al configuration is observed, with increase in 

both reverse saturation current density and decrease in barrier height (Fig. 9(b)). The 

illuminations of Al/PQT-12LS/ SNIF/ITO junctions from ITO side with green laser light 

shows the further enhancement in current density in comparison to the un-illuminated 

junction with further improved ideality factor as shown in Fig. 9 (c). 

 Further, in order to understand enhancement in spectral as well as in  current density 

of PQT-12 LS film, X-ray photoelectron spectral measurement of SNIF were carried out with 

and without PQT-12 LS film over the surface of SNIF. XPS spectra of thermally coated 
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SNIF, without and with LS film of PQT-12 are shown in Fig. 9. In bare SNIF, 3d3/2 and 3d5/2 

binding energy transitions of Ag are observed at 378 eV and 372.5 eV, respectively. 

However, on layering the PQT-12 LS film over SNIF, both the binding energy transition of 

silver are red shifted with decrease in intensity. This again confirms the formation of 

fluorophore-plasmon coupled unified  system of PQT-12 LS with silver nanostructures, by 

chemi-adsorption (through week Wander-Wall forces), therefore partial charge transfer from 

PQT-12 polymer backbone to SNIF take place and cause reduction in binding energy which 

induces enhancement in conductivity. This again supports the coupling of surface plasmons 

of SNIF with conducting fluorescent polymer PQT-12 LS film. 

Finally, on summarizing above results, the current interpretation of surface plasmon 

coupled metal enhance fluorescence of PQT-12 LS film near the SNIF, supports the  

radiating plasmon model (RPM), proposed by Geddes and Lakowicz,
4-5

 whereby non-

radiative energy transfer occurs from excited fluorophores to surface plasmons in non-

continuous films due to fluorophore-plasmon near field coupling. The surface plasmons in 

turn, efficiently radiate the emission of the coupling fluorophores through the scattering 

portion of the SNIF extinction spectrum and controlled by external electric field as shown in 

scheme I. Appearance of an increase in the fluorescence emission from the plasmon-

fluorophore unified system with the spectral properties of the fluorophores maintained, and  a 

reduction in the fluorescence decay time, giving rise to improvements in the photo stability of 

the PQT-12 LS film. These results show that near-field surface plasmons are capable to 

enhance and control; both spectral as well as charge transport properties of PQT-12-LS film 

and provide, a new approach in the next generation of energy efficient materials for 

multifarious applications. 
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4. Conclusions  

The present work describes near-field effects of SNIF both on spectral and charge transport 

properties of LS film of PQT-12 on ITO coated glass substrate. In the near field, i.e. near  

SNIF, coupling of plasmons with PQT-12 LS film enhances both absorption and fluorescence 

as well as facilitates to enhanced photo-stability with decrease in decay time as compared to 

an identical control sample containing no silver i.e. the far field condition. The photo-

physical and charge transport properties of PQT-12 are found to be both drastically and 

favourably changed near the metallic nanoparticle surfaces in such a way that an opportunity 

to develop a highly novel platform approach for the voltage controlled electro-luminescent 

materials with a higher photon flux can be realized.  

 

Supporting information available: Particle size analysis using AFM histogram given in 

Fig.S1 and SEM image of PQT-12 LS film (a) Single Layer over ITO, (b) Double layer over 

ITO, (c) Double layer LS film deposited over SNIF, (d) SNIF, (e) TEM image of single layer 

LS film and (f) SAED pattern are given in supplementary Fig. S2. 
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Fig. 1.  Pressure (π) vs. area (A) isotherm of PQT-12 in chloroform [concentration  0.1 

mg/ml]. (Inset shows the schematic diagram of Langmuir trough with PQT-12 molecule 

lamella.  
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Fig. 2. Optimized geometry of PQT-12 (a) monomer at B3LYP/6-31G* level of DFT theory, 

(b) HOMO-LUMO band gap and (c) PQT-12 oligomer at MM/UFF level of theory. 
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Fig. 3. Atomic force microscopy (2µm x 2µm) image of (a) silver film (SNIF) (b) single layer 

PQT-12  LS film (c) single layer PQT-12 LS film on SNIF. 
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Fig. 4. Absorption spectrum of (a) SNIF layer  (b) PQT-12 LS film (i) without SNIF layer (ii) 

with SNIF layer on ITO coated glass substrate (c) Optical density vs. No. of layer on ITO 

coated glass substrate (i) without SNIF and (ii) with SNIF layer. 
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Fig. 5. Fluorescence (a) excitation spectrum [λem 
 
=  665 nm]  and (b) emission spectrum [λex 

 

=  530 nm] of  12 layers LS film of PQT-12 on ITO coated glass (i) without SNIF layer and  

(ii) with SNIF layer (iii) with SNIF layer + Electric field.  

  

550 600 650 700 750 800
0

5

10

15

20

(iii)

(ii)

(i)

(b)

In
te

n
si

ty
 x

 1
0

3
(a

.u
.)

Wavelength (nm)

400 440 480 520 560 600

1

2

3

4
(ii)

(i)

(a)
In

te
n

si
ty

 x
 1

0
3
(a

.u
.)

Wavelength (nm)

Page 26 of 32Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

 

 

 

 

 

 

 

Fig.  6. Fluorescence decay curves  of  12 layers LS film of PQT-12  on ITO coated glass (a) 

without SNIF layer and  (b) with SNIF layer (c) with SNIF layer and external electric field. 

(λem  = 375 nm).  
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Fig.7. Photo stability curves of 12 layers LS film of PQT-12  on ITO coated glass (a) With 

SNIF layer (b) without SNIF layer. 
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Fig.8. Raman spectra of  (a) SNIF (b) 12 layers LS film of PQT-12 without SNIF layer and 

(c) 12 layers LS film of PQT-12 with SNIF layer. 
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Fig. 9:-  Current density (J)- Voltage (V) characteristics of 12 layers LS film of PQT-12 (a) 

without SNIF (b)  with SNIF, and (c) with SNIF irradiated by green laser light (λ = 520 nm).  
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Fig.10. X-ray photoelectron spectroscopy of thermally coated SNIF  (a) without and, (b) with 

PQT-12 LS film. 
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Scheme I: Cartoon depicting the sample device geometry used to study the Surface Plasmon 

coupled Metal Enhanced Spectral and transport properties of Poly (3, 3″′- 

dialkylquarterthiophene) Langmuir Schaefer Film.  
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