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Abstract

In this work, the effect of Ag@SiO2 core-shell nanostructure (NS) on photovoltaic

characteristics of polymer solar cell has been studied. Addition of Ag@SiO2 nano-

structure containing SiO2 dielectric shell into the polymer solar cell eliminates the

influence of metal nanoparticles (NP) to electron transfer between the polymer and

the metal nanoparticles. The efficiency of the polymer solar cell was increased by

60% for the optimal concentration of Ag@SiO2 NSs (10�8 mol/L) in the PEDOT:PSS

film. The increased efficiency of the polymer solar cell with inclusion of Ag@SiO2

nanostructure in PEDOT:PSS film was ascribed to a decrease of the electrical resis-

tance of the PEDOT:PSS layer and enhancement of light harvesting by light scatter-

ing of Ag@SiO2 nanostructure in the polymer solar cell. The mechanism and kinetics

of the plasmonic enhanced polymer solar cell were explained by IPCE, time-resolved

photoluminescence spectroscopy, and EIS studies.
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1 | INTRODUCTION

Polymer solar cell (PSC) is currently considered as one of the promis-

ing research areas due to its unique advantages such as cost-effec-

tiveness, easy fabrication, and flexible solar panel. The production of

the PSC is relatively cheap since it does not require the extreme con-

ditions (high vacuum or clean room) and the roll-to-roll printing tech-

nique can be readily adapted to produce them at the large scale.

Manufacturing of the PSC is environmentally-benign process.1 In

recent years, due to the discovery of the new promising semiconduc-

tor polymers and organic molecules, the high efficiency of polymer

solar cells has reached.2

Despite the above results achieved by developing the new com-

pounds with excellent optical and electrical characteristics, there are also

another viable way to enhance the PSCs efficiency.3 Furthermore, inclu-

sion of nanoparticles (NPs) and nanostructures (NSs) of metals with

pronounced localized surface plasmon resonance (LSPR) is widely

explored for the PSCs. Metal NPs have attracted great attention of

researchers due to their distinctive properties and potential applications

in various fields,4–7 such as photocatalysis,8,9 nonlinear optics,10,11 and

optical sensors.12 Advances in synthesis methods have made it possible

to synthesize predicted shapes and sizes of the NPs and NSs.13–15 Their

core-shell NSs have also been successfully synthesized.15

Polymer nanocomposites16–19 of semiconductor materials with

inclusion of NPs and NSs have been actively explored due to their

application in photovoltaic cells.20,21 Such nanocomposites have

remarkable properties, not typical for intrinsic semiconducting poly-

mers. They are used as essential elements of organic electronics,22

and as a model system for studying the processes of light conversion

into electrical energy in PSC.23

Most studies have shown that the addition of NPs into various

functional layers leads to an increase in the PSCs efficiency.20,24
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However, the efficiency of the PSC with addition of plasmon NPs

shows different results. The substantial enhancement in the efficiency

has been usually observed for the cell with the relatively low effi-

ciency.24 Often, the increase or decrease of the PSC efficiency is

determined by the conducting properties of semiconducting poly-

mers.25 Sometimes, addition of NPs to the active layer of the cell

decreases the efficiency due to the increase of recombination.20 One

of the promising ways to reduce the influence of NPs on the electrical

properties is to use metal NPs with a protective shell.26,27 Oxide

materials such as TiO2 and SiO2 are often used for shell26–28 because

they possess relatively high stability and dielectric property. Methods

for the synthesis of such shell with an accuracy of up to units of nano-

meters have been developed.

Despite large number of works published on improving the effi-

ciency of PSC with plasmonic NP, there is no unified opinion about

enhancement mechanism of its efficiency.20,21,23 There are a number

of mechanisms proposed for the influence of NPs on the light conver-

sion process in PSC:

1. Addition of metal NPs can change the conductivity of semicon-

ducting polymer, thus improve their electrical transport

properties29;

2. Presence of LSPR can lead to an increase in the absorption and

scattering of light in polymer films.

Recently, the studies indicate that LSPR can increase the rate of

exciton dissociation and reduce the rate of exciton recombination

and/or a number of radiative and non-radiative processes.20 There is

also a significant effect of silver NPs on the structure of the polymer

film,30 which will lead to significant improvement on the photovoltaic

properties of PSC.

Nanostructures consisting of a dielectric shell (silicon dioxide)

around the metal core have advantage over other types of core-shell

materials.15 This is due to their high temperature resistance, colloidal

stability, dielectric property, and water compatibility.

Thus, this research work conducted fundamental investigation on

the PSC performance through adding the core-shell NSs (consisting of

the metal core [Ag] and the dielectric shell of SiO2) into the con-

ducting polymer film layer based on the hypothesis that: (1) addition

of the Ag@SiO2 makes it possible to significantly reduce the effect of

these additives on the electrical conductivity of the films or recombi-

nation of photogenerated holes/electrons, and (2) increase its optical

property. At the same time, we also investigated the mechanism of

the LSPR influence on the optical and electrical properties of PSCs.

Furthermore, this paper discussed the results from the studies of the

Ag@SiO2 nanostructure effect on the efficiency of conversion light

into electrical energy in P3HT:PCBM solar cells.

2 | MATERIALS AND METHODS

Silver NPs were obtained by reducing of silver nitrate with the addition

of sodium citrate.31 In brief, aqueous solution of silver nitrate (9 mg of

AgNO3 per 100 ml of deionized water) was heated to boil. Then, 2.5 ml

of 1% sodium citrate solution was added drop by drop under intensive

stirring to the above silver nitrate solution. During the synthesis process,

the solution became a yellow-green color, which is typical nature of silver

colloidal NPs. As a result, a 10�7 mol/L concentration of silver NPs was

obtained. The method for determining the concentration of the silver

NPs in a solution is described in detail in Reference 32.

Tetraethyl orthosilicate (99.8%, Sigma Aldrich), ammonium

hydroxide (NH4OH, ACS reagent 28.0%–30% NH3) and dehydrated

ethanol were added to the above synthesized silver nanoparticle solu-

tion to produce the Ag@SiO2 core-shell nanostructures. In this syn-

thesis, silver NPs were transferred from an aqueous solution to an

isopropyl alcohol before the synthesis of the SiO2 shells.

The average sizes of NPs and NSs were determined by the

method of dynamic light scattering on the Zetasizer Nano ZS particle

size analyzer (Malvern).

ITO (Indium Tin Oxide) coated glass substrates were used to

assemble solar cells. The ITO glasses (2 � 2 cm) previously etched by

one-third were successively washed in a surfactant solution, and in

deionized water. Next, the dried substrates were sonicated in both

acetone (20 min) and isopropyl alcohol (IPA) (15 min) separately.

Finally, the ITO surfaces were treated in oxygen plasma cleaner (PC-

002-CE, Harrick Plasma).

An aqueous solution of PEDOT:PSS (PH 1000, M122, Ossila) was

used in the PSC. To increase the conductivity of the film, additional

solvents such as dimethylsulfoxide (DMSO) and isopropyl alcohol

were added to the PEDOT:PSS solution.

A spin-coating equipment (SPIN 150i, Netherlands) was used to

deposit the PEDOT:PSS solution onto the glass surface. For the film

deposition, 40 μl of the PEDOT:PSS solution with all additives was

spinned onto ITO substrate at either 1000 rpm or 4500 rpm. The films

were further annealed at 110�C for 30 min.

A four-probe measurement method was applied to determine the

surface electrical resistance of the obtained composite films (ρ).

Concentration of additional solvents was determined to obtain

the minimum surface resistance of the polymer films. The IPA solution

of Ag@SiO2 was added to the PEDOT:PSS solution with additives.

The optimal concentration of the additional solvents was achieved by

adding various concentrations of Ag@SiO2 NS.

A chlorobenzene solution of P3HT:PC60BM [e.g. poly

(3-hexylthiophene-2,5-diyl and [6,6]-phenyl-C60-butyric acid methyl

ester or 10 mg P3HT, 8 mg PC60BM in 1 mL of chlorobenzene] was

prepared to deposit as the photoactive layer. Also the P3HT:PC60BM

films were prepared with the addition of Ag@SiO2 NSs in the range of

10�10 mol/L and 10�8 mol/L. Sixty microliters of the finished solution

was spin-coated onto substrate in an inert atmosphere under the fol-

lowing conditions: 500 rpm—30 s, 700 rpm—120 s. The films were

further annealed at 80�C for 30 min.

The thickness of the produced polymer films were determined

using a scanning electron microscope (SEM) Tescan Mira 3. The thick-

ness of films was 300 nm for the PEDOT:PSS films obtained at a rota-

tion speed of 1000 rpm and 90 nm at a rotation speed of 4500 rpm.

The P3HT:PCBM films thickness averaged 150 nm.
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InGa eutectic material (Sigma-Aldrich) was used as the upper elec-

trode to assemble the PSC.

The absorption spectra of the various PSC layers were measured

by Cary 300 spectrophotometer (Agilent).

The fluorescence lifetime was measured by the time–correlated

photon counting method at the following excitation condition

(λgen = 532 nm, τ = 120–180 ps, Becker&Hickl GmbH).33 The fluores-

cence decay curves were analyzed using the SPCImage software.34

The lifetime of the emission was determined using the following for-

mula, which used to approximate the decay kinetics35:

I tð Þ¼
X3
i¼1

Aie
t
τi ð1Þ

where τi, Ai are the lifetime and amplitude of each dye luminescence

component
P3
i¼1

Ai ¼100%

� �
. The average lifetime of the emission

was determined by the formula τΣ ¼
P3
i¼1

Aiτi.

A certified silicon cell (National Renewable Energy Laboratory,

Certificate number 1239.02) was used as the reference cell for deter-

mination of an external quantum efficiency of the PSCs.

The impedance of the cells was measured using the Z 500PRO

impedance meter in the potentiostatic mode at a given constant

potential. The measurement method was described in Reference

36–39. To determine the main parameters of the solar cell chain, the

EIS–analyzer program was used.

The current–voltage characteristics (CVC) and efficiency of solar cells

were determined by a standardized solar simulator Solar Cell IV Measure-

ment (Photo Emission Tech., Inc.) under standard 1 sun light irradiation

(xenon lamp with power density of 100 mW/cm2, Class AAA) (Figure 1).

3 | RESULTS AND DISCUSSION

In the PSC, like other solar cells the conversion process of the solar

light into electrical energy consists of several major steps. They are

light absorption, exciton migration to the center of charge carrier sep-

aration, charge carrier separation at the interface of P3HT:PCBM, and

transport of charge carriers to counter electrodes. To improve the

PSC efficiency, based on the hypothesis described in the introduction

section, the core-shell nanostructures of silver (core) and silica (shell)

NSs were fabricated to investigate their effect on the light transfor-

mation into the electrical energy.

As described in the experimental section, silver NPs were synthe-

sized first. Average size of the silver NPs was ~5 nm (Figure S1a,

[Supporting Information]). Then, the core-shell of Ag@SiO2 was pro-

duced. Its average diameter was around 15 nm (Figure S1b). The shell

thickness was approximately 10 nm. The absorption spectra (-

Figure S2) is another indicator to monitor formation of “core-shell”
NSs. The presence of the SiO2 shell leads to a long-wave shift relative

to the plasmonic spectra of the silver NPs. This indicates the forma-

tion of the “core-shell” NSs.40 The shift of the spectrum is associated

with a change in the dielectric characteristics of the medium sur-

rounding the silver NPs.40 The final concentration of Ag@SiO2 NSs

prepared in isopropyl alcohol solvent was equal to 4.1 � 10�8 mol/L.

Electron microscope image of the Ag@SiO2 confirmed the forma-

tion of core-shell nanostructures (Figure S3).

To produce the low resistant PEDOT:PSS films, effect of addi-

tional solvents (DMSO and IPA) on the surface resistance of PEDOT:

PSS films was investigated (Table S1). The results showed that the

low resistance of the films were observed respectively as the volume

of DMSO reached 15 volume % of the entire solution of PEDOT:PSS

and as the volume IPA reached 50% of PEDOT:PSS aqueous solution.

The detailed results are not shown in this article. The deposition

speed of the solutions used was in the range of 1000 rpm and

4500 rpm (Table 1).

To investigate influence of core-shell structures (Ag@SiO2) on the

PSC performance, Ag@SiO2 in IPA was added to the resulting

PEDOT:PSS solution. The concentration of DMSO and IPA in the

resulted solution was maintained at 15% and 50%, respectively. The

final surface resistances of PEDOT:PSS films with and without

Ag@SiO2 NSs, are shown in Table 1. The lower resistance was

F IGURE 1 Current–voltage characteristics (CVC) of the solar cells
with Ag@SiO2 NSs in different layers of the cells. The CVC results
(1-5) are also listed in the first and second columns of Table 2

TABLE 1 Surface resistance (ρ) of the films on concentration of
Ag@SiO2 NSs in a mixture of PEDOT:PSS solution with 15% of
DMSO and 50% of IPA

Changing conditions for the samples ρ (kΩ/sq.)

4500 rpm without NSs 352.66

4500 rpm С(Ag@SiO2) = 10�10 mol/L 70.48

4500 rpm С(Ag@SiO2) = 10�9 mol/L 47.16

4500 rpm С(Ag@SiO2) = 10�8 mol/L 34.04

4500 rpm С(Ag@SiO2) = 10�7 mol/L 15.25

1000 rpm without NSs 147.52

1000 rpm С(Ag@SiO2) = 10�10 mol/L 9.18

1000 rpm С(Ag@SiO2) = 10�9 mol/L 6.86

1000 rpm С(Ag@SiO2) = 10�8 mol/L 0.23

1000 rpm С(Ag@SiO2) = 10�7 mol/L 1.34
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obtained for PEDOT:PSS films with NSs at C(Ag@SiO2) = 10�8 mol/L

deposited at 1000 rpm relative to the resistance of the film without

the core-shell NS. The decrease in the surface resistance of PEDOT:

PSS is dependent on the electrostatic interaction between Ag@SiO2

NSs and PEDOT and PSS.25

Thus, the addition of Ag@SiO2 NSs with a SiO2 dielectric shell

leads to a decrease in the electrical resistance of PEDOT:PSS films.

The similar results were found previously for the film with the addi-

tion of Ag@TiO2 NS.36 The electrical resistance of PEDOT:PSS films

with additive of Ag@TiO2 NSs was lower than the resistance of the

films with silver nanoparticles.

An increase in conductivity was observed upon the addition of

SiO2 nanoparticles to PEDOT films41 and an increased conductivity in

hybrid PEDOT–SiO2 films.42 The increase in the conductivity of the

PEDOT films in the presence of SiO2 nanoparticles was explained by

the formation of a conducting molecular complex between PEDOT

and SiO2
43 or by a change in the structural organization of PEDOT

polymer chains in the presence of SiO2 nanoparticles.23 Analysis of

absorption spectra showed the absence of an additional band at 500–

1200 nm in the absorption spectra of PEDOT:PSS + Ag@SiO2 com-

posite films (Figure 2, curves 3–6), associated with the formation of a

charge transfer complex PEDOT and SiO2.
25 Therefore, a more likely

mechanism leading to an increase in the conductivity of PEDOT:PSS

films in the presence of Ag@SiO2 NS is a change in the structural

organization of PEDOT polymer chains in the presence of SiO2, which

was observed in Reference 25.

The PSCs with addition of various concentration of Ag@SiO2 NSs

in the PEDOT:PSS layer and in the P3HT:PCBM layer were respec-

tively studied (Figure 1). It was found that the efficiency of the PCSs

with addition of Ag@SiO2 NSs in the photoactive layer (P3HT:PCBM)

was smaller than the efficiency of cells without NSs for all concentra-

tion range of Ag@SiO2 NSs (Table 2). On the contrary, the PSC effi-

ciency with addition of Ag@SiO2 NSs in the PEDOT:PSS layer showed

relatively better performance except the PSC cell with 10�10 mol/L of

F IGURE 2 Absorption (A) and transmission (B) spectra of films: 1—glass substrate with ITO coating; 2—PEDOT:PSS without NSs; 3—PEDOT:
PSS with NSs, С(Ag@SiO2) = 10�10 mol/L; 4—PEDOT:PSS, С(Ag@SiO2) = 10�9 mol/L; 5—PEDOT:PSS, С(Ag@SiO2) = 10�8 mol/L; 6—PEDOT:
PSS, С(Ag@SiO2) = 10�7 mol/L

TABLE 2 Photovoltaic parameters of PSCs with different location and concentration of Ag/SiO2 NSs

Sample JSC (mА/сm2) UOC (V) FF η (%)

RSH

(kΩ/сm2)

RSER

(mΩ/сm2) S (сm2)

Cell without NSs additives (1) 8.18 0.571 0.41 1.91 1.52 0.12 0.12

NSs in the active layer Р3НТ:PCBM,

С(Ag@SiO2) = 10�10 mol/L

5.38 0.495 0.50 1.34 0.55 0.03 0.1

NSs in the active layer Р3НТ:PCBM,

С(Ag@SiO2) = 10�9 mol/L (2)
6.38 0.509 0.54 1.75 2.40 — 0.04

NSs in the active layer Р3НТ:PCBM,

С(Ag@SiO2) = 10�8 mol/L

7.08 0.431 0.38 1.17 11.25 0.02 0.05

NSs in PEDOT:PSS, С(Ag@SiO2) = 10�10 mol/L 14.48 0.159 0.26 0.60 4.70 0.22 0.05

NSs in PEDOT:PSS, С(Ag@SiO2) = 10�9 mol/L (3) 10.38 0.609 0.31 1.98 1.38 0.10 0.06

NSs in PEDOT:PSS, С(Ag@SiO2) = 10�8 mol/L (4) 11.4 0.586 0.46 3.05 4.3 0.03 0.08

NSs in PEDOT:PSS, С(Ag@SiO2) = 10�7 mol/L (5) 10.2 0.559 0.46 2.54 2.3 0.01 0.06
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Ag@SiO2. Furthermore, the PSCs were tested via changing concentra-

tion of Ag@SiO2 NSs from 10�10 mol/L to 10�7 mol/L in the PEDOT:

PSS layers (Table 2). The PSC with 10�8 mol/L of Ag@SiO2 showed

the best result among all concentrations of Ag@SiO2 NS in the

PEDOT:PSS layer.

The efficiency of the PSC cell as the concentration of Ag@SiO2

NSs was 10�10 mol/L in PEDOT:PSS showed 3 times as low as the

efficiency of cells without Ag@SiO2 NSs (Table 2). As the concentra-

tion of NSs is equal to 10�9 mol/L, the efficiency reached that of the

cells without NPs. Further increase of the concentration (C

(Ag@SiO2) = 10�8 mol/L) results in the increase of the PCSs effi-

ciency by 60% compared to the cells without Ag@SiO2 NSs. Decrease

of the surface resistance in the PEDOT:PSS films was observed for

the cell with C(Ag@SiO2) = 10�8 mol/L (Table 1).

Absorption and transmission spectra of the ITO coated glass sub-

strate and PEDOT:PSS films with inclusion of different concentration

of Ag@SiO2 NSs are shown in Figure 2. The glass substrate with ITO

coating contributes more to light absorption than that of PEDOT:PSS

films with Ag@SiO2 NSs (Figure 2B). An increase of the Ag@SiO2 NS

concentration in the PEDOT:PSS films does not lead to significant

absorption of light in this films.

Absorption spectra of the P3HT:PCBM layers on the surface of

PEDOT:PSS films without and with Ag@SiO2 NSs are shown in Figure 3.

Addition of Ag@SiO2 NSs does not significantly reduce absorbance of

P3HT:PCBM films. Optical density (D) of the P3HT:PCBM active layer

varies from 0.54 for PSC with C (Ag@SiO2) = 10�10 mol/L to D = 0.69

for PSC without Ag@SiO2 NSs, which corresponds to 8% of change in

the light absorption efficiency of the P3HT:PCBM layer. The shape of the

absorption spectra and the ratio of intensities for the ordered and disor-

dered phases of P3HT polymer indicate a small effect of Ag@SiO2 NSs in

PEDOT:PSS films on the degree of ordering of the P3HT polymer.

Temporal properties for the exciton migration to the charge carrier

separation center were estimated from a luminescence curve of the

P3HT film in the PSC.26 The luminescence kinetics of the polymer film

demonstrated a non-exponential decay. The time related parameters

were obtained from the kinetic curve of the luminescence using a two

exponent equation (Table 3). The first component of the kinetics is a life-

time of τ1 = 0.12 ns, which is about 97% of integral intensity of the

emission. The estimated lifetime is equal to the duration of the laser

pulse, indicating that the duration of the photoprocesses is shorter than

the duration of the laser photoexcitation pulse. The second component

τ2 is about 2.5% of the integral emission. The addition of Ag@SiO2 NSs

to the PEDOT:PSS films leads to only a decrease in the luminescence

lifetime τ2 (Table 3). A comparison of the data obtained for the lumines-

cence of P3HT in PSCs with the data for the P3HT polymer film on the

glass surface shows that the τ2 for the luminescence of the polymer in

PSCs can be associated with luminescence from isolated P3HT chains or

a recombination luminescence when an electron is returned to polymer

chain from the PCBM. The low value of τ1 and its high portion in the

integral luminescence shows a high probability of the exciton reaching

the P3HT:PCBM interface and effective interface separation of charge

carriers. Thus, the kinetics of polymer fluorescence in PSCs shows a high

efficiency of the charge carrier separation process and does not show

significant differences in exciton transport in the polymer of cells without

and with Ag@SiO2 NSs.

F IGURE 3 Absorption spectra of P3HT:PCBM films on the
surface of PEDOT:PSS films: 1—PEDOT:PSS without NSs; 2—PEDOT:

PSS with NSs, С(Ag@SiO2) = 10�10 mol/L; 3—PEDOT:PSS,
С(Ag@SiO2) = 10�9 mol/L; 4—PEDOT:PSS,
С(Ag@SiO2) = 10�8 mol/L

TABLE 3 Effect of Ag@SiO2 NSs on the time characteristics of the luminescence of P3HT films on the glass surface and in PSCs

Sample τP (ns) τ1 (ns) τ2 (ns) A1 (%) A2 (%)

P3HT films on the glass surface

P3HT without impurities 0.30 0.22 0.30 1.8 98.2

P3HT with the addition Ag@SiO2 NSs,

С(Ag@SiO2) = 8�10�10 mol/L

0.23 0.18 0.45 87.3 12.7

P3HT with Ag@SiO2 NSs, С(Ag@SiO2) = 12�10�8 mol/L 0.24 0.13 0.34 57.5 42.5

P3HT in PSC

ITO – PEDOT:PSS–Р3НТ:PCBM 0.13 0.12 0.714 97.7 2.3

ITO – PEDOT:PSS + NSs Ag@SiO2–Р3НТ:PCBM,

С(Ag@SiO2) = 10�10 mol/L

0.13 0.12 0.594 97.3 2.7

С(Ag@SiO2) = 10�9 mol/L 0.13 0.12 0.592 97.4 2.6

С(Ag@SiO2) = 10�8 mol/L 0.13 0.12 0.599 97.4 2.6
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Dark current–voltage characteristics for the PSCs are shown in

Figure S4. A minimum value of the reverse current in the cell is

observed for 10�9 mol/L of Ag@SiO2 NSs in the PEDOT:PSS layer.

This indicates the minimum value of the charge carrier recombination

at this concentration of Ag@SiO2 NSs in the PEDOT:PSS. A further

increase of Ag@SiO2 NSs concentration in PEDOT:PSS to 10�8 mol/L

leads to a slight increase in the forward and reverse current in the cell,

which indicates an increase in the recombination rate of charge car-

riers compared to the cell with C(Ag@SiO2) = 10�9 mol/L.

Effect of the LSPR on the charge carrier generation in P3HT:

PC60BM was determined after measurements of external quantum effi-

ciency of PSCs. The high external quantum efficiency indicates better

charge carrier separation in P3HT:PCBM layers (Figure 4). A change in

the external quantum efficiency curve (IPCE—incident photon-to-

electron conversion efficiency) was observed for the Ag@SiO2 NSs addi-

tives (Figure 4, curve 2 and 3). The increase of the IPCE value was found

for the concentration of C (Ag@SiO2) = 10�8 mol/L. Furthermore, the

curve 3 in Figure 5 shows the difference in the spectrum, which indicates

the increase of IPCE from 400 nm to 520 nm. Both absorption spectra

and IPCE curve of the cells consisting of all functional layers (glass sub-

strate with ITO, PEDOT:PSS film with NSs and layer P3HT:PC60BM)

were measured to determine influence of PEDOT:PSS composite films

with/without Ag@SiO2 NSs to the PSC cells. Absorption spectra of the

PEDOT:PSS films with C(Ag@SiO2) = 10�8 mol/L show the presence of

absorption bands at 407, 520 and 730 nm (Figure 2, curve 5). For the

PEDOT:PSS films without NSs the absorption bands at 407 and 730 nm

are not observed (Figure 2, curve 2).

To explain the results, the extinction, absorption and scattering spec-

tra of Ag NPs in media with different values of the real part of the dielec-

tric permittivity of the medium were simulated by the program Mieplot

(V. 4.6.11). The algorithm of numerical calculations is described in Refer-

ence 44. For the calculations, the size of the silver NPs used was ~5 nm.

The actual permittivity of PEDOT:PSS (εm = 2.25) was taken from the

Reference 45. The results of spectrum modeling are shown in Fig-

ures 5 and 6.

The comparison of the spectra shows that the increase in the

quantum efficiency of the cells (IPCE) is associated with the LSPR

effect of Ag@SiO2 NSs, which can be initiated either by an increase of

the light absorption or by an increase of light scattering in the cells.

The enhanced light scattering can lead to an increase in the optical

path of light, in the absorption of these light bands, and in the gener-

ated charge carriers. At the same time, the value of the scattering

cross-section of the Ag NPs is 3.5 times as high as the value of the

absorption cross-section of the Ag NPs (Figure 6). As far as silver

nanoparticles with a size of 5 nm are concerned, light scattering pre-

vails over absorption. The spectral-difference spectrum of the IPCE

which are consistent with the calculated extinction and scattering

spectra of the Ag NPs, indicates that the scattering leads to an

increase in the IPCE value of the cells.

The effect of LSPR of Ag@SiO2 NSs on the process of charge car-

rier generation in PSCs showed the high quantum efficiency for the

charge carrier generation. Comparison of IPCE spectra with the

absorption spectra of PEDOT:PSS films with Ag@SiO2 NSs and the

F IGURE 4 IPCE spectra of solar cells without and with NSs: 1—
cell without NSs; 2—PEDOT:PSS + Ag@SiO2 NSs, С(Ag@SiO2)
= 10�9 mol/L; 3—PEDOT:PSS, С(Ag@SiO2) = 10�8 mol/L

F IGURE 5 Extinction spectra of silver NPs with d = 5 nm and
εm = 2.25 (1), absorption of PEDOT:PSS film with C(Ag@SiO2)
= 10�8 mol/L (2), and the difference spectrum of IPCE (curve

1, Figure 4)—IPCE (curve 3, Figure 4) (3)

F IGURE 6 Calculated extinction (1), scattering (2), and absorption
(3) spectra of Ag NPs in medium with permittivity εm = 2.25
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results of the simulation of the extinction spectra showed the pre-

dominant effect of light scattering by Ag NPs on the IPCE of the cells.

Influence of LSPR on the recombination and transport of charge

carriers for the PSCs was likewise studied by the impedance spectra

(Figure 7) according to the procedure given in the work of Bisquit and

co-authors.38 The electrical circuits used for the analysis of the cells

are shown in Figure S5 (Supporting Information). The electrical model

(Figure S5c) used an equivalent circuit that contains a series resistor

R1 to account for the resistance between the ITO and the wires in the

PSCs. The bimolecular recombination of electrons and holes is

modeled by resistive elements (R3 and R4). The distributed chemical

capacity CPET = Cμ is described using a constant phase element

(CPE1). The resistance to electron transport in the cell is described

using the resistor R2. The capacitance С1 ≈ ε0εmA/L is the dielectric

contribution of the diode, A is the area, L is the thickness of the diode.

The described impedance model contains two characteristic times

associated with electron diffusion τd = R2�CPET (time of flight) and

the effective lifetime τn = R3�CPET, in accordance with the models

shown in Figure S5.35

The results of the circuit elements obtained are shown in Table 4.

Addition of 10�9 mol/L of Ag@SiO2 NSs to PEDOT:PSS increases the

resistance of all resistive elements from R1 to R4. A further increase

of the concentration of Ag@SiO2 NSs dwindled cell resistances of R1,

R3, and R4 to the original value. While R2 value for the cell consisting

of PEDOT:PSS and 10�8 mol/L of Ag@SiO2 is 30% lower than the R2

resistance for the cells without NSs, this is not fully consistent with

the dark surface resistance data for PEDOT:PSS films with Ag@SiO2

NSs. The surface resistance of the films with 10�9 mol/L of Ag@SiO2

obtained at 1000 rpm is 8.7 times smaller than the resistance of the

PEDOT:PSS films with 10�8 mol/L of Ag@SiO2.

The diffusion times, effective lifetimes, and mobility of charge

carriers are shown in Table 5. Initially, addition of Ag@SiO2 NS in

PEDOT:PSS leads to an increase in the diffusion time and effective

lifetime of charge carriers in PSCs. At 10�8 mol/L of Ag@SiO2 the

values are closer to the values of τd and τn of the cell without NSs.

The results obtained for the samples with C(Ag@SiO2) = 10�9 mol/L

and 10�8 mol/L in PEDOT:PSS was not applicable for the chosen

electrical circuits shown in Figure S5a or b schemes. The scheme (c) in

Figure S5 was used for the samples with 10�9 mol/L and 10�8 mol/L

of Ag@SiO2. The reason for using scheme (c) is the presence of two

recombination times in the cell with Ag@SiO2 NS (Table 5). This, in

turn, may be due to the different effects of Ag@SiO2 NSs on the solar

cells.

Thus, the performed studies allowed us to determine the concen-

trations of Ag@SiO2 NS s in PEDOT:PSS, at which there is a minimal

resistance to the charge carriers transport in PEDOT:PSS films is

observed. Results obtained through impedance spectroscopy of our

PSCs are consistent with or supported the results from the optical

investigation and current–voltage measurements of the cells.

F IGURE 7 Impedance spectra in Nyquist coordinates of PSCs
without NSs (1) and with NSs (2–4): (2) PEDOT:PSS with NSs,
С(Ag@SiO2) = 10�10 mol/L; (3) С(Ag@SiO2) = 10�9 mol/L;
(4) С(Ag@SiO2) = 10�8 mol/L

TABLE 4 Values of circuit elements of solar cells with Ag@SiO2 NSs

Sample

L1
(μH)

R1

(Ω)

R2
(Ω)

R3

(Ω)

R4
(Ω)

C1.

(nF)

CPET
(nF) CPEP

L1
(10�16 H)

Equivalent
circuits

(Figure S5)

ITO – PEDOT:PSS – Р3НТ:PCBM 2.3 12 88 130 — 1.7 85 0.94 — (a)

ITO – PEDOT:PSS + Ag@SiO2

NSs – Р3НТ:PCBM,

С(Ag@SiO2) = 10�10 mol/L

— 18 160 54 — 5.5 249 0.88 7 (b)

С(Ag@SiO2) = 10�9 mol/L — 37 194 1038 508 9.2 73 0.95 7 (c)

С(Ag@SiO2) = 10�8 mol/L — 12 59 150 140 22 110 0.98 7 (c)

TABLE 5 Effect of Ag/SiO2 NSs on electric transport (τd, μ) and
recombination characteristics (τn1, τn2) in polymer cells

Sample
τd
(μs)

μ

(сm�3 V�1 s�1)
τn1
(μs)

τn2
(μs)

ITO – PEDOT:PSS–Р3НТ:
PCBM

7.5 1.3 11 —

ITO – PEDOT:PSS+

Ag@SiO2 NSs – Р3НТ:
PCBM С(Ag@SiO2)

= 10�10 mol/L

39.8 0.24 13 —

С(Ag@SiO2) = 10�9 mol/L 14.2 0.68 76 37

С(Ag@SiO2) = 10�8 mol/L 6.5 1.5 16.5 15
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4 | CONCLUSION

LSPR effect of Ag@SiO2 NS on the conversion of light into electrical

energy for the polymer solar cells (based on P3HT:PCBM) was stud-

ied. Inclusion of Ag@SiO2 NS in PSC eliminates influence of metal

NPs for electron transfer between the polymer and the metal NPs.

Through study of the PEDOT:PSS film surface resistance by adding

Ag@SiO2 NSs, it was found that the lowest resistance was observed

for PEDOT:PSS films with 10�8 mol/L of Ag@SiO2 NSs deposited at

1000 rpm.

In contrast to the absorption spectra for the glass with the ITO

film, the addition of Ag@SiO2 NSs into the PSC does not significantly

weaken the light flux passing through the PEDOT:PSS polymer films

or the P3HT:PCBM active layer.

Kinetic study of polymer fluorescence in the PSCs showed a high

efficiency of the charge carrier separation and does not show signifi-

cant differences in exciton transport in the polymer of cells with

Ag/SiO2NSs.

Sixty percent of increase in the efficiency of polymer solar cells

was registered for the optimal concentration of Ag@SiO2 NSs,

10�8 mol/L, in PEDOT:PSS film. The enhanced efficiency of the poly-

mer solar cell is ascribed to a decrease of the electrical resistance of

the PEDOT:PSS layer with addition of Ag@SiO2 NSs. The increased

absorptivity in the polymer is the result of light scattering on

Ag@SiO2 NSs.

Addition of Ag@SiO2 in PEDOT:PSS with concentrations of

10�10 and 10�9 mol/L leads to a decrease in the mobility of charge

carriers in polymer cells. As the concentration of Ag@SiO2 in the

PEDOT:PSS film is 10�8 mol/L, the mobility of charge carriers in the

film surpass the values for the cell without NSs.
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