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The integration of metal nanoparticles in an organic buffer matrix for plasmonic organic solar cells

(OSCs) has been explored as a route for improving the photovoltaic performance, with localized

electromagnetic field enhancement around nanoparticles. We investigate the optical behavior of

gold-silica core-shell nanospheres (Au@SiO2 NSs) with different shell thicknesses integrated into

a 30 nm-thick poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) layer which is traditionally

used as a buffer layer in OSCs. The morphology and size of the chemically synthesized Au@SiO2

NSs are determined by TEM, indicating that the average diameter of the Au core is about 50 nm,

while the thickness of the dielectric shell can be adjusted to around 5 or 10 nm. The effect of

Au@SiO2 NSs on the surrounding electromagnetic field in such a heterogeneous matrix and subse-

quent multilayers is examined using a numerical simulation based on a 3D-FDTD method.

Furthermore, a broadband absorption enhancement in the films, which can be primarily attributed

to far-field scattering and also to the localized surface plasmon resonance around the wavelength of

530 nm, is observed in the simulated and measured absorption spectra. The analysis of the electro-

magnetic field between NSs and the active layer using Raman spectroscopy is also presented. The

Raman spectra confirm that a plasmon effect occurs and induces a strong field enhancement; this

does not change the Raman peak position but increases its signal intensity depending on the silica

shell’s thickness. As a result, plasmonic devices including Au@SiO2 NSs with a 5 nm-shell thick-

ness present the best optical behavior compared to bare NSs or 10 nm-thick shell Au@SiO2 NSs.

Published by AIP Publishing. https://doi.org/10.1063/1.5013329

I. INTRODUCTION

Due to low-production-cost, mechanical flexibility, solu-

tion processability, potential for large-area manufacturing, and

lightweight, organic solar cells (OSCs) have been revealed as

an alternative solution for solar cell devices.1–3 The power

conversion efficiency (PCE) of OSCs is showing significant

progress every year, and PCE over 13% has been obtained by

Zhao et al.4 However, their PCE, still relatively low compared

to inorganic solar cells, reduces their further application. This

is due to short exciton diffusion lengths and low charge carrier

mobilities, limiting the photoactive layer thickness.5,6

Therefore, one of the challenges in OSC absorption

enhancement is to find the compromise between the efficient

photogenerated carrier collection, as in thin active layers, and

light absorption, which requires a thick active layer. Many

light-trapping strategies such as the introduction of a surface

plasmon effect, induced by either metallic nanostructures7,8 or

photonic crystals,9,10 are widely studied for improving light

absorption in OSCs. The incorporation of metallic nanoparticles

(MNPs) inside the buffer layer or the active layer of OSCs has

been explored as one of the promising routes to enhance the

light absorption with near-field localized surface plasmonic reso-

nance (LSPR) or far-field light scattering from MNPs. These

proposed mechanisms could improve the light absorption and

increase the optical path length.11–15 Nevertheless, the use of

bare MNPs in contact with the active layer in thin-film OSC

devices involves the increase in the charge recombination and

exciton quenching, leading to efficiency losses.16,17 Thus, these

electrical losses offset the optical enhancement produced by the

MNPs.18 Moreover, the possible migrations or segregations of

the MNPs in the undesired areas of a cell could lead to shunt

currents, which are also detrimental to the electrical properties

of photovoltaic devices. To eliminate these issues, the MNPs

can be coated with a dielectric shell. The position of core-shell

nanoparticles (NPs) inside the OSC devices should improve

light scattering and absorption through electromagnetic field dis-

tribution. To maximize hole collection and reduce exciton

quenching, some research groups incorporated the MNPs or

core-shell MNPs at the interface of Indium Tin Oxide (ITO)

and poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid

(PEDOT:PSS)19 or in the PEDOT:PSS layer.20,21 Choi et al.22

integrated silica-coated silver nanoparticles between

PEDOT:PSS and the active layer in order to prevent possible

NP aggregations inside the active layer or disturb its morphol-

ogy. Their results revealed a remarkable enhancement of PCE.

The latter is attributed to the light scattering and absorption via

strong near-field distribution inside the active layer, the enlarged

contact area between the buffer and the active layer, and the

enhancement of the buffer layer conductivity.a)philippe.torchio@univ-amu.fr
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Hao et al.23 demonstrated that the use of silica-coated sil-

ver nanoparticles in the buffer layer improves the perfor-

mance of OSCs with a relative gain of 22% in PCE. The

authors demonstrated that the integration of spherical core-

shell NPs inside the buffer layer, including some large NPs

that penetrate partly into the active layer, generated an

increase in PCE. Based on these results, a large metallic core

diameter will be synthesized with the ability to protrude par-

tially inside the active layer for increasing light-harvesting

capacity via light scattering and the LSPR effect inside the

active layer. The dielectric shell thickness is a key design

parameter of metallic-dielectric core-shell NPs. Few articles

addressed the impact of the silica shell thickness surrounding

MNPs to increase the OSC performance except those origi-

nating from gold-silica nanorods embedded between the

PEDOT:PSS layer and the thieno[3,4-b]thiophene/benzodi-

thiophene PTB7:PC71BM active layer interface24 or inside

the 7,70-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b0]-dithio-

phene-2,6-diyl)bis(6-fluoro-4-(50-hexyl-[2,20 bithiophen]-5-

yl)benzo[c][1,2,5] thiadiazole) (p-DTS(FBTTh2)2):PC71BM

active layer.25 In this regard, the results converged and dem-

onstrated that an ultra-thin silica shell enhanced efficiently

the OSC performance, which was consistent with our numeri-

cal results.26 In disagreement, Chen et al.,27 by following

their finite-difference time-domain method (FDTD) simula-

tions, revealed that the optimum thickness for the SiO2 shell

is found to be 50 nm. This result is not consistent with the

experimental studies addressed on the effect of the silica shell

thickness on OSC performance enhancement. In addition, the

authors used large Au@SiO2 NPs (Au NPs with an approxi-

mate size of 70 nm coated by an �50 nm-thick SiO2 shell)

that penetrated all organic layers and partially embedded in

the Al cathode layer. On the other hand, our recent numerical

studies26 predicted that if the dielectric shell is too thick, the

localized electromagnetic field enhancement effect around

the NPs embedded in the active layer would be greatly dimin-

ished. To clear up any doubts about the theoretical results, an

experimental study on the silica shell thickness is needed to

confirm or rule out our numerical results26 or other experi-

mental results presented in the literature.24,25

The goal of this paper is to treat Au nanospheres with an

approximate size of 50 nm coated with an �5 and 10 nm-thick

SiO2 shell (Au@SiO2 NSs) embedded within the PEDOT:PSS

buffer layer and partly penetrating inside the active layer. The

nanospheres are chosen unlike other shapes of NPs to be closer

to our numerical structure design previously studied in Ref. 26.

Kelly et al. demonstrated that the MNP shape affects their

optical properties, thereby showing that the optical behavior of

nanorods MNPs differ from that of nanospheres.28 Gold and

poly(3-hexylthiophene-2,5-diyl)-[6,6]-phenyl-C61-butyric acid

methyl ester (P3HT:PCBM) are chosen as the core material of

core-shell NSs and the active layer, respectively, in order to

compare the expected experimental results with the ones exist-

ing in the literature.

This work deals about the integration of gold-silica

core-shell nanospheres with different shell thicknesses in the

PEDOT:PSS layer which is traditionally used as an anodic

buffer layer in organic solar cells. The objective is to enhance

the absorption inside the adjacent photoactive layer without

enlarging its thickness by a light-trapping strategy based on

the surface plasmon effect. To the best of our knowledge, no

correlated numerical to experimental study has been focused

on the impact on the optical behavior of the shell thickness in

gold-silica core-shell nanospheres embedded in an organic

buffer matrix. As cited before, only a few results have been

reported, either theoretical or experimental on nanospheres

or derived from other morphologies (such nanorods). In

addition, no study correlated with the plasmonic effects of

metallic-dielectric core-shell NPs embedded in organic solar

cells has been yet reported using Raman spectroscopy. In

the literature, some authors have already used Raman spec-

troscopy to analyze the electromagnetic field between bare

MNPs and polymers29 and the structural changes of the con-

jugated polymers near the bare MNPs30 by the relative inten-

sity and the peak position.

In this paper, we experimentally and theoretically report

the effects of the (0 nm, 5 nm, and 10 nm) silica shell thick-

nesses of gold-silica core-shell nanospheres (Au@SiO2 NSs)

on the optical behavior of an organic buffer matrix made of

the poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

(PEDOT:PSS) layer. Chemical synthesis is described for the

preparation of Au NSs, while the absorption properties of Au

NSs coated with different silica shell thicknesses are investi-

gated via spectrophotometry. Furthermore, the influence of

such Au@SiO2 NSs on the morphology of the PEDOT:PSS

layer and on the electromagnetic field distribution around

Au@SiO2 NSs is obtained by using AFM and numerical sim-

ulation based on a Finite Difference Time Domain (FDTD)

method, respectively.

II. EXPERIMENTAL

A. Materials

KAuCl4, trisodium citrate, cetyltrimethylammonium bro-

mide (CTAB), Gold(III) chloride trihydrate 5 HAuCl4.3H2O,

Ascorbic acid, cetyltrimethylammonium bromide (CTAB),

Orthosilicate de t�etra�ethyle (TEOS), ammonia, and m(PEG)-

SH (O-[2-(3 Mercaptopropionylamino) ethyl]-O-methylpoly-

ethylene glycol)) are obtained from Sigma Aldrich.

B. Preparation of Au@SiO2 core/shell NSs

1. Synthesis of Au NSs

Gold seeds of 12 nm are synthesized according to the

method described by Wang et al.31 Subsequently, the 12 nm

gold nanoparticles are regrown to 50 nm nanospheres (Au

NSs) by the seeded growth method.32 Typically, in a 1 l round

bottom flask, 15 mM CTAB is dissolved in water and stirred at

35 �C and 0.5 mM of HAuCl4�3H2O are added to the solution,

followed by the addition of 1 mM of ascorbic acid and 2 ml of

gold seeds. After 1 h of reaction, the gold NSs are centrifuged

and redispersed in 1 ml of water and purified by Jana method33

to remove the remaining nanorods in the colloidal suspension.

2. Synthesis of Au@SiO2 NSs

The encapsulation of the gold nanoparticles with a thin

layer of silica is performed following a procedure described

063102-2 N’Konou et al. J. Appl. Phys. 123, 063102 (2018)



by Pastoriza-Santos et al.34 Gold nanoparticles of 50 nm

diameter are chemically modified by O-[2-(3-mercaptopro-

pionylamino)ethyl]-O-methylpoly-ethylene glycol (PEG-SH).

Briefly, an amount of PEG-SH corresponding to 4 functions/

nm2, previously redispersed in 500 ll of water, is added drop

by drop to the colloidal suspension and stirred vigorously for

2 h. The pegylated gold nanoparticles are then centrifuged and

redispersed in 1 ml of water. A silica shell is grown on the Au

NS surface by a conventional St€ober method.35 In brief,

0.5 mM of gold nanoparticles are redispersed in 10.5 M of

water and ethanol (1:4). 0.2 M of ammonia are added to the

mixture. Finally, 0.8 mM and 0.4 mM of TEOS are added drop

by drop to the colloidal solution to get 5 nm and 10 nm of silica

shells, respectively. The solution is stirred for 6 h.

C. Preparation of the multilayer films

Initially, the ITO-coated glass substrates (Lumtec#) are

cleaned successively for 10 min by ultrasonic treatment in

detergent, deionized water, acetone, and ethanol and then blown

dry using N2 gas just before deposition of PEDOT:PSS

(CLEVIOS PVP Al 4083). The PEDOT:PSS solution is diluted

with deionized water in 1:1 volume ratio in order to reduce its

acidity. The Au nanospheres with silica shell thicknesses of

0 nm, 5 nm, and 10 nm solutions with the same concentration

(optimized doping concentration of 4.3.1014 particles/l) will be

named as Au NSs, Au@SiO2 (5 nm) NSs, and Au@SiO2

(10 nm) NSs, respectively. Each mixed solution is prepared by

adding 400 ll of Au NS, Au@SiO2 (5 nm) NSs, or Au@SiO2

(10 nm) NS solution to 1 ml of the previous PEDOT:PSS solu-

tion. Consequently, the mixed solution is sonicated for 20 min

to obtain a uniform dispersion of the NSs into PEDOT:PSS

aqueous solution. Then, it is filtered using a polyvinylidene

fluoride (PVDF) filter with a pore size of 0.45 lm in order to

remove the main clusters. 300 ll of each mixed solution is spun

at 3500 rpm for 60 s onto the pre-treated ITO glass substrates to

form thin films of approximately 35 6 5 nm in thickness.

Afterwards, the PEDOT:PSS-coated samples are deposited on a

hot plate and annealed at 120 �C for 10 min to remove any

residual water. Finally, the P3HT:PC60BM solution is prepared

by dissolving the P3HT (10 mg) and PC60BM (10 mg) blend in

1 ml of chlorobenzene. This solution is stirred for 24 h at 50 �C
to promote complete dissolution. 40 ll of P3HT:PC60BM blend

solution is subsequently deposited by spin-coating at 4000 rpm

for 60 s in a glove box on top of the PEDOT:PSS layer forming

a thick layer of approximately 60 nm.

D. Measurement techniques

The optical properties of ITO/PEDOT:PSS without and

with Au@SiO2 NSs with different silica shell thickness/

P3HT:PC60BM multilayer samples are measured using a UV/

Vis/near-IR spectrophotometer (Perkin Elmer Lambda 950).

The absorption (A) is obtained from reflection (R) and trans-

mission (T) by the equation: A¼ 1 – R – T. TEM images are

obtained using a Hitachi H600 microscope operating at 75 kV

and using a Hitachi H7650 operating at 120 kV. The surface

morphology of the films is obtained by atomic force micros-

copy (CSI Nano-Observer AFM), while Raman spectra are

obtained using a Horiba Jobin-Yvon HR800 spectrometer with

a laser excitation wavelength of 633 nm from a HeNe laser.

III. RESULTS AND DISCUSSION

Figure 1 presents the TEM images of bare Au NSs and

the coated particles as well as the absorbance spectral changes

observed from silica deposition. The method adopted yields

highly monodisperse spherical particles; polydispersity never

exceeded 5%. The monodispersity is preserved after the encap-

sulation of the metallic particles by the glass shell of different

thicknesses (5 and 10 nm). The silica shell insulates entirely

and uniformly the surface of each Au NS. The UV-Vis absorp-

tion spectrum of Au NSs dispersed in deionized water presents

a surface plasmon resonance peak around 530 nm. Considering

that the absorption band matches with the range of the absorp-

tion spectrum of P3HT:PC60BM (whose bandgap is approxi-

mately 1.9 eV), it can be predicted that the incorporation of

such Au NSs into OSCs could enhance light absorption in

these devices through LSPR effects.

The possible influence of Au NSs and Au@SiO2 NSs on

the morphology of the composite PEDOT:PSS layer is inves-

tigated. The AFM images of PEDOT:PSS films without and

with NSs are given in Fig. 2. The surface morphology

changes can be attributed to the incorporation of NSs. As it

can be seen, the integration of Au NSs and Au@SiO2 NSs

has a moderate influence on the Root-Mean-Square (RMS)

roughness of the composite matrix buffer, which increases

from 1.17 nm to 1.60 nm. It has also been demonstrated that

increasing surface roughness can enhance the interface area

between PEDOT:PSS and the active layer, which can pro-

mote a shortcut route for holes to move to the anode, allow-

ing the hole collection to be enhanced.36

After coating previous samples with the P3HT:PCBM

bulk heterojunction, their structure is composed as follows:

glass/ITO/PEDOT:PSS/P3HT:PCBM (reference), glass/ITO/

PEDOT:PSS with Au NSs/P3HT:PCBM and glass/ITO/

PEDOT:PSS with Au@SiO2 (5 or 10 nm) NSs/P3HT:PCBM

[Fig. 3(a)]. These designs will be considered and named there-

after as OSCs, even if the metal cathode is missing. These mul-

tilayers are then optically characterized by spectrophotometry

to investigate their optical behavior.

Figure 3(b) presents the experimental absorption spectra of

the multilayer films without and with NSs. A broadband absorp-

tion enhancement is observed in the majority of the spectral

range from 300 to 800 nm wavelength upon incorporation of

NSs into the PEDOT:PSS buffer layer except in the [480–530]

nm range. The highest absorption enhancement is obtained with

Au@SiO2 (5 nm) NSs embedded in the buffer layer, which indi-

cates that a thin silica shell does not reduce the probable plas-

monic absorption gain. Since Au@SiO2 NSs have a larger

diameter than non-coated NSs, the far-field scattering effect will

be somewhat amplified. However, these absorption enhance-

ments inside the P3HT:PCBM layer can be attributed not only

to the far-field scattering effect but also to the LSPR effect.

The experimental UV–Vis absorption spectra of the thin

films stacked on ITO/PEDOT:PSS are also compared with

the FDTD simulation results. We perform optical simulations

on design close to the experimental ones by using the FDTD
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method (by Lumerical FDTD Solutions# software). This

method is based on solving Maxwell’s equations and requires

the optical constants of all materials as input data. The thick-

nesses of each layer from the stack: ITO/PEDOT:PSS/

P3HT:PC60BM are 180/30/60 nm, respectively [the same

design as samples of Fig. 3(a)], where Au core NSs have a

50 nm diameter with a 5 nm or 10 nm-thick SiO2 shell. All cal-

culations around metal/dielectric interfaces are performed with

a 0.5 nm spatial mesh grid. The modeling details such as mesh

sizes, boundaries, and optical constants for all the layers can

be found in Ref. 26. The period (distance between NPs) is

fixed at 320, 260, and 240 nm for Au NSs, Au@SiO2 (5 nm)

NSs, and Au@SiO2 (10 nm) NSs, respectively. These period

values are determined from the average distance separating the

NPs as observed in AFM images (Fig. 2).

The measured and simulated optical absorption spectra of

the multilayers are presented in Figs. 3(b) and 3(c). The

numerical results demonstrate an absorption enhancement in

the 550–650 nm wavelength range when NSs are added to the

films (by comparing with the reference sample). The enhance-

ment band is broader when Au@SiO2 (5 nm) NSs are embed-

ded, with a beneficial red-shift of the secondary peak. The

simulated absorption spectra [Fig. 3(c)] follow similar trends

as the measured spectra [Fig. 3(b)]. However, the simulation

data of the absorption are higher than those of the measure-

ment data. These differences can be attributed to the optical

FIG. 1. TEM images of (a) bare Au NSs and Au@SiO2 NSs with silica shell thicknesses of (b) 5 nm and (c) 10 nm; (d) UV–Vis spectra of Au NSs before and

after silica encapsulation; and (e) Size distribution histogram of Au NSs.
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constants [n(k) and k(k)] of the real materials, which can dif-

fer from those used in the modeling, and to the roughness of

the films, which is not considered in the model (involving an

underestimation of the external scattering for the simulation).

Furthermore, the real NSs are not all spherical and are ran-

domly distributed (i.e., not periodically), which can change or

split the plasmon resonance band and enlarge the absorption

enhancement band, as observed in Fig. 3(b).

In order to check that the LSP excited by the NSs can

also improve light absorption in such multilayers, the distri-

bution of the electromagnetic field around the Au@SiO2 NSs

is theoretically investigated. A plane wave in normal inci-

dence illuminates the multilayers with a monochromatic exci-

tation. The wavelengths of 530 nm and 633 nm are selected to

map the electromagnetic field distribution because the wave-

length of 530 nm represents the surface plasmon resonance

peak of Au NS [as presented in Fig. 1(d)] and is placed in the

maximum absorption band in the 400–660 nm range [as seen

from Fig. 3(a)], while the wavelength of 633 nm is that of the

HeNe laser excitation used for obtaining the Raman spectra.

The electromagnetic field maps are presented in Fig. 4.

At k¼ 530 nm (top of the Fig. 4), the maximum of the electro-

magnetic field intensity around Au@SiO2 (5 nm) NSs and

Au@SiO2 (10 nm) NSs is concentrated in the silica shell

and penetrates somewhat into the active layer, as well as for

Au NSs. This indicates that the near-field effect contributes

partially to the absorption enhancement in plasmonic samples

at k¼ 530 nm. It can be noticed that the thick silica shell limits

the extent of the localized enhanced electric field within the

organic matrix. At k 633 nm (bottom of the Fig. 4), the overall

electromagnetic field intensity enhancement is around 3 times

larger than that at k¼ 530 nm. At k¼ 633 nm, we also note

that the near-field intensity around Au@SiO2 (5 nm) NSs is

more intense than that around Au@SiO2 (10 nm) NSs inside

the active layer [Figs. 4(b) and 4(c)], where the electric field

intensity is mainly concentrated in the shell. This implies that

integration of Au@SiO2 (5 nm) NSs is able to contribute to a

higher enhancement of the light absorption in the active layer.

We note that the exaltation of the electromagnetic field is

extended around Au NSs in Fig. 4(a) (bottom) compared to

Au@SiO2 NSs, which might suggest that embedding Au NSs

should lead to a better optical absorption enhancement than

with Au@SiO2 NSs; but this is not really confirmed by the pre-

vious results presented in Figs. 3(b) and 3(c). Consequently,

the scattering of Ag@SiO2 NPs should be a more valuable

contributor to the light absorption enhancement than the LSPR

effect. Other results from a follow-up research (Ref. 23) have

also suggested that the embedded silica-coated silver

FIG. 2. AFM images of PEDOT:PSS films (a) without NSs, (b) with bare Au NSs, (c) with Au@SiO2 (5 nm) NSs, and (d) with Au@SiO2 (10 nm) NSs. Root

Mean Square (RMS) surface roughness is calculated from data using Gwyddion software.
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nanoparticles (Ag@SiO2 NPs) induce much stronger far-field

scattering than bare Ag NPs.

Based on the experimental and numerical results, we

demonstrate that a thick silica shell does not contribute to effi-

ciently enhancing the optical absorption but that it is appropri-

ate to coat MNPs with an ultrathin silica shell, in agreement in

first instance with our numerical predictive results and those

from the studies by Zhang et al.24 and Xu et al.25 The theoreti-

cal and experimental results demonstrate that if the silica shell

is too thick (over 5 nm-thick), the electromagnetic field is pri-

marily concentrated in the dielectric shell and should not con-

tribute significantly to the absorption in the active layer. This

is in contradiction with the Chen27 findings, about an optimal

silica shell thickness at 50 nm.

In general, the integration of MNPs also enables light

to be scattered, which is especially useful in the active layer.

The absorption enhancement is dependent on the metallic

NP dimensions. When metallic NPs are incorporated into the

organic solar cells, they can act as local electromagnetic field

enhancers and/or light scatterers, and so, they can increase the

optical path length without changing the actual thickness of

the active layer. Some authors37–39 reported that low

absorption in the metal nanoparticles is required when the

MNPs are used for scattering light. Large particles give a

larger scattering effect because the scattering cross-section

CScat and absorption cross-section CAbs are proportional to the

diameter D of the particle [CScat� (D/2)6 and CAbs� (D/2)3].

In other words, when the diameter increases, scattering from

NPs is more enhanced than absorption and scattered light can

be beneficially collected by the active layer.37,40 Considering

the size of our NSs, we suggest that Au@SiO2 NSs induce

higher light scattering within the active layer and contribute to

light harvesting by plasmonic OSCs.

Raman spectroscopy is performed to check the impact

of Au NSs with different shell thicknesses in the Raman

response of the material under 633-nm excitation. This

wavelength was previously demonstrated to present an elec-

tromagnetic field more intense in the photoactive material

compared to k¼ 530 nm. Figure 5 presents the Raman spec-

tra of a reference sample and plasmonic samples, while the

inset shows the chemical structures of P3HT. The very low

extinction coefficient of PCBM at this wavelength does not

allow observing the Raman modes of this material. The

characteristic Raman peaks of P3HT are found in the

FIG. 3. (a) Device schematic of OSC without NSs blended into the PEDOT:PSS layer (left) and with Au@SiO2 NSs blended into PEDOT:PSS solution (right).

(b) Measured and (c) simulated UV–Vis absorption spectra of the thin films stacked on ITO/PEDOT:PSS.
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wavenumber range of 600–1600 cm�1. The two most domi-

nant modes from P3HT are observed at 1380 and

1445 cm�1, which correspond to the C–C skeletal stretch

and the C¼C symmetric stretch modes, respectively.41,42

Another peak at 995 cm�1 (C–Calkyl) and a component of

the 1210 cm�1 complex structure are also attributed to

stretching modes identified as (s) in the peak designation of

Fig. 5(a). On the other hand, several peaks corresponding to

bending and deformation modes are identified as a part of

the 1210 cm�1 band, at 1090 cm�1 both corresponding to C-

H bending vibrational modes and the peaks at 727 and

683 cm�1, assigned to the antisymmetric C–S–C ring skele-

ton in-phase deformation in the thiophene ring of P3HT.42,43

Moreover, no new peak or any peak position shift is

observed in the Raman spectra of samples embedding Au

NSs or Au@SiO2 NSs. In a similar way, Yang et al.44 inves-

tigated the plasmonic effects on the molecular order of

P3HT:PCBM by using Raman spectroscopy at the excitation

wavelength of 633 nm. This wavelength is known to be sen-

sitive to ordered molecules but insensitive to disordered

molecules for P3HT of the samples. Their Raman experi-

ments on silver nanowires (Ag NWs) with different sizes

integrated in P3HT:PCBM films also revealed that the peak

positions of reference and plasmonic samples do not change

under 633-nm excitation. The Raman scattering of the plas-

monic samples is enhanced compared to that of the refer-

ence sample, which would be consistent with the

enhancement of the scattering part of absorption spectra.

When comparing the relative intensity of the main

peaks at 727 and 1380 cm�1 with the peak at 1445 cm�1, it

becomes apparent that the evolution of these peaks within

the samples is very different. In Table I, the ratio between

both peaks (C–C stretch and C–S–C deformation) and the

main peak at 1445 cm�1 is calculated for each sample. For

FIG. 4. Electromagnetic field intensity distributions around Au@SiO2 NSs in OSCs at the wavelengths of 530 nm (top) and 633 nm (bottom) for (a) 0 nm, (b)

5 nm, and (c) 10 nm-thick silica shell.

FIG. 5. Raman spectra of reference and Au@SiO2 plasmonic samples with

different silica shell thicknesses under 633 nm wavelength excitation. The

baselines of the spectra are shifted vertically for presentation clarity. The

inset presents the chemical structures of P3HT.
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the C-S-C deformation mode, there is an increase in the rela-

tive ratio for the plasmonic samples. These augmentations in

relative intensity have already been observed when P3HT is

subjected to an oxidative doping,45,46 when a redistribution

of charges inside the polymer is achieved to accommodate

the doping. Nevertheless, in that case, this increase is also

accompanied by an increase in the intensity of the C-C

stretching mode at 1380 cm�1. This is not what it happens in

our case, as it is for the reference sample when we find the

largest relative intensity for this mode. This difference of

behavior can be tentatively explained by the impact of the

local electric field created by the plasmonic structures in the

C-S-C ring deformations, which will be more important in

the case of two different atomic species involved in the

vibration mode than in the case of the same atomic species

(C-C). The Raman spectroscopy results indicate that the

LSPR induced electromagnetic field strength enhancement

would not change the Raman peak position but increase its

intensity, which is in adequacy with our FDTD simulations

and the UV–Vis absorption results as presented above.

IV. CONCLUSION

We successfully synthesized Au nanospheres with various

silica shell thicknesses (Au@SiO2 NSs) as presented in the

TEM images. The optical behavior of organic bulk heterojunc-

tions is enhanced by embedding Au@SiO2 NSs with different

shell thicknesses within the PEDOT:PSS buffer layer and

partly penetrating inside the active layer. Our experiment and

theoretical optical absorption results in the visible range high-

light a broadband absorption enhancement in the concerned

plasmonic samples especially with Au@SiO2 (5 nm) NSs.

This light absorption increase can be mainly attributed to the

far-field scattering from the large size Au@SiO2 NSs and par-

tially to the near-field enhancement effect owing to the LSPR.

If a thick shell is employed, the FDTD simulation results con-

firm that the electromagnetic field is primarily located in the

dielectric shell and should not contribute significantly to the

absorption in the active layer. The Raman spectroscopy results

indicate an enhancement of C-S-C related vibration modes of

the P3HT molecule after embedding Au@SiO2 NSs, which

are more intense in the case of the 5 nm SiO2 shell, due to the

presence of the plasmonic near-field effect. Furthermore, no

new peaks or peak position shifts are observed in the Raman

spectra, which suggests that the main structure of the polymer

layer remains unchanged. Finally, we demonstrate that the

optical behavior of gold-silica core-shell nanospheres embed-

ded in an organic matrix highly depends on the shell thickness

and that the highest optical enhancement is obtained for plas-

monic samples including NSs with an optimized shell

thickness of 5 nm. Such absorption phenomena can further be

engineered to improve light harvesting of OSC and can pave

the way for efficient plasmonic OSCs.
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