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Abstract 
 

The effect of core@shell nanostructure of Ag@TiO2 on the spectral-luminescence properties of polymethine dye (PD) 
functionalized with sulfonate group and its photovoltaic properties in the PD dye-sensitized solar cell were investigated. 
Quenching in the fluorescence intensity of PDs molecule by almost 3 times was observed for the dye-absorbed titanium 
dioxide porous film. Furthermore, the decreasing effect in fluorescence lifetime was found to be significant for the PD 
molecules modified with functional groups. In the presence of Ag@TiO2 nanoparticles (NPs), an increase in the 
luminescence intensity of PD by 60 – 90 % was observed. A mechanism of plasmon nanoparticles’ effect on the decay of the 
excited states of dye molecules was proposed. The efficiency of PD-sensitized solar cells was increased by 1.2 times for PD 1 
and 2.0 times for PD 2. The enhancement in the efficiency is result from the growth in the spectral sensitivity of solar cell in 
the region of 400 – 450 and 600 – 700 nm and a change in the charge-transport parameters of TiO2 films. This increase was 
supported by a decrease in the resistance at the semiconductor–dye interface by 8.2 times for PD 1 and 22.4 times for PD 2 
that leads to the growth in the part of photoelectrons reaching the counter electrode in solar cell with plasmon NPs. 
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1. Introduction 

Dye-sensitized solar cell (DSSC) has been developed more 

than 20 years ago and still interest of specialists.[1] Its 

popularity is ascribed to low production cost, stability, 

transparency and flexibility compared to other photovoltaic 

units. 

In the DSSC, the function of metal complex dyes, 

adsorbed on the semiconductor layer, is to harness solar 

energy. For example, Ru-polypyridine dyes are the major 

dyes used in the Grätzel cell since they possess high 

absorption characteristics and chemical stability. The 

efficiency of DSSCs varies in the range of 7 – 12 % in terms 

of the dyes applied.[1b, 1c] Porphyrin complexes are also 

actively used and their maximum efficiency of cells can 

reach 13%, while DSSCs consisted of them demonstrate an 

efficiency of about 3 – 5%.[2]  

Despite all the advantages of metal complexes, their 

synthesis is a very time-consuming and expensive. 

Metal-free organic donor-acceptor dyes can be prepared with 

relatively low costs and well-established synthesis methods. 

The main advantage of dyes without metal ions is their 

tunable absorption and electrochemical properties, which can 

be achieved with an appropriate dye synthesis strategy. 

Today, progress in the utilization of non-metallic dyes for 

the DSSC has been observed. For instance, Ref.[3] reported 

14.3% of solar cell efficiency for the DSSC co-sensitized 

with two functionalized carbazole oligothiophenes. As a 

result of using of two dyes, the spectral sensitivity of the 

DSSC in the visible region of the spectrum was increased. 

The authors of Ref.[4] have achieved a cell efficiency of 17.3% 

as chlorine-substituted graphdiyne applied in organic solar 

cells. A similar approach was also implemented in Refs.,[5] 

where the Förster resonance energy transfer was used to 

improve light harvesting, as well as to increase the efficiency 

of photogeneration of charge carriers. 

Metal-free dyes are a good alternative to metal complexes, 

because they are cheap and easy to be synthesized or to be 
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modified. For example, since they have high extinction 

coefficients and tunable absorption spectra in the entire 

visible and near-infrared regions,[6] polymethine dyes (PDs) 

demonstrated potential applications for photovoltaics.[7] The 

solar cell efficiency reported for these dyes varies from 0.5 to 

3%.[8] As it was reported in Refs.,[8,9] about ~ 7% increase in 

efficiency can be achieved for PDs molecules modified with 

anchor groups, such as, sulfonate, hydroxy- and carboxyl 

groups. 

To increase the efficiency of solar cells, the strategies of 

surface plasmonic enhancement by metal nanoparticles 

(NPs)[10] and enhancement of electrophysical properties of a 

semiconductor layer[11] have been applied. Furthermore, metal 

NPs can be placed inside and outside the working electrode 

to increase the light collection of solar cells, via surface 

plasmonic and the light scattering effect of metal NPs.[12] In 

addition, the localized plasmon resonance (LPR) of metal 

nanoparticles improves the spectral sensitivity of solar cells, 

and also affects the efficiency of injection and transport of 

charge carriers inside the semiconductor. In particular, the 

introduction of plasmonic NPs into TiO2 films results in the 

growth in the mobility of charge carriers in the 

semiconductor.[12] The negative effects of plasmonic NPs on 

the working components of solar cells can be neglected. 

At the same time, the LPR of metal NPs also can weaken 

the luminescence of dye molecules, depending on the 

conditions.[10,13] For example, fluorescence quenching is 

usually observed as the LPR band significantly overlaps with 

the luminescence spectra of the dye.[10,14] To obtain 

metal-enhanced luminescence a series of requirements in the 

“metal NPs-dye” system including spectral overlap among 

the spatial arrangement of the dipoles of dye and NP in the 

excitation region, and the absence of charge transfer between 

dye and plasmon NPs.  

The aim of this work is to investigate the effect of silver 

NPs on the spectral-luminescent and photovoltaic properties 

of polymethine dyes in the DSSC. For this purpose, we 

selected PD 1 and PD 2 dyes[15] of the same structural type 

without and with functional sulfonate groups. 

 

2. Experimental part 

The structural formulas of the studied dyes are shown below. 

PD 1 is a cationic PD and does not have functional groups. 

PD 2 contains negatively charged (anchor) sulfonate groups. 

PD 1

 PD 2 

To measure the spectral-luminescent properties of studied 

polymethines TiO2 films with and without core@shell 

nanostructures, a doctor-blading method was applied to 

construct the above films onto quartz substrates. Then, PDs 

were sorbed from an ethanol solution with a concentration of 

10–4 mol/L onto the surface of porous TiO2. The 

concentration of Ag@TiO2 NPs was equal to 0, 0.5, 1, and 2 

wt%. A detailed synthesis technique for these nanostructures 

and their physicochemical properties is described in Ref.[11] 

Dynamic light scattering method (Zetasizer 90S, Malvern) 

was used to estimate the sizes of Ag NPs. The analysis has 

showed (Fig. 1) that the average radii of synthesized Ag NPs 

was equal to 20 ± 5 nm, and the maximum absorption in 

ethanol was at 405 nm. After the addition of titanium 

tetraisopropoxide (TTIP, Sigma Aldrich) to the silver NPs 

solution, a 2 – 7.5 nm thick shell was formed which is also 

seen from the TEM images and EDA analysis (JEM-2100F, 

Jeol, 200 kV). Peaks at 1, 8, and 9 keV are attributed to the 

Cu (0.93 keV Lα, 8.04 keV Kα and 8.91 keV Kβ). Cu 

appears in the spectra because dispersions of core@shell NPs 

in ethanol were sonicated for 20 minutes and then they were 

deposited onto copper grid, pretreated with polymer, and left 

to dry completely. 

The UV-vis spectrum of the studied solutions and films 

were obtained by the Cary–300 spectrophotometer (Agilent). 

Fluorescence spectra were measured on the Cary Eclipse 

(Agilent) spectrofluorimeter. The fluorescence decay kinetics 

of dyes were measured by the time-correlated single photon 

counting system (TCSPC) using the TCSPC system 

(Becker&Hickl, Germany) with laser excitation at λex= 488 

and 532 for PD 1 and 2, respectively. Fluorescence lifetimes 

were estimated with the help of SPC Image software 

(Becker&Hickl). All measurements were performed at room 

temperature. 

The luminescence decay rate can be described by the 

formula: 

𝐼(𝑡) = ∑ 𝛼𝑖
𝑛
𝑖=1 𝑒𝑥𝑝( − 𝑡/𝜏𝑖)       (1) 

where τi is the decay time, αi is the amplitude 

(contribution fraction) of the i-th component (∑ 𝛼𝑖𝑖 = 1.0). 

FTO glasses were used to assemble solar cell. A TiO2 

blocking layer was deposited on the FTO surface according 

to the procedure described in Ref.[1c, 5a] The TiO2 porous film 

was deposited upon blocking layer by the doctor-blade 

method. The SEM has shown that the thickness of the 

obtained films was equal to 10 – 12 μm. Solar cells were 

sensitized by the studied PDs from ethanol solutions with a 

concentration of 5∙10-4 mol/L. Next, Pt electrodes were 

separately prepared on the FTO surface from an ethanol 

solution of H2PtCl6 (Sigma Aldrich). Fabrication of all cells 

were followed the standard technique introduced in Ref.[1b]  
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Fig. 1 Size distribution (a, b), absorption spectra (c), TEM image (d) and EDA analysis (e) of Ag NPs before (a, c) and after (b-e) 

synthesis of TiO2 shell. 

 

The Cell Tester Model # CT50AAA (Photo Emission 

Tech., Inc., United States) was used to measure the 

photovoltaic parameters of prepared solar cells with plasmon 

nanostructures. The samples were illuminated with the 1.5 

AM Xe lamp. From the obtained data of the open circuit 

voltage, short circuit current, the fill factor, the value of the 

efficiency of the cells was determined. 

The efficiency of TiO2 film sensitized by PDs in the 

presence of core@shell NPs was studied from the curves of 

dependence of efficiency of solar cells via wavelength of 

irradiation. The necessary wavelengths region was divided 

with the using of optical cut-off filters placed after Xe lamp. 

The intensity of light for each wavelength region was 

normalized for maximum transmittance.  

Z – 500PRO impedance meter (Elins) was used to study 

the kinetics of transport and recombination of charge carriers 

for the samples under illumination of a Xe lamp. Data 

analysis was performed using the EIS–analyzer software, 

while the electric transport properties of the films were 

calculated according to the methodology of works[16]: τeff. – 

effective electron lifetime, Rw – electron transport resistance 

in a titanium dioxide film, Rk – charge transfer resistance 

( 𝑅𝑘 = 𝑅𝑤 max − 𝑅𝑤 min ), associated with electron 

recombination.  

 

3. Results and its discussions 

In order to elucidate the effect of functional groups on the 

spectral and luminescent characteristics of PDs, their 

absorption and fluorescence spectra were measured in 

ethanol solutions (Fig. 2a).  

As the measurements showed, the absorption bands of PD 

1 and 2 are located in almost the same spectral range and 

have a similar shape with a vibrational maximum at the 

short-wavelength edge.[6a] This is a consequence of the fact 

that they have almost the same chromophore. 

The short-wavelength maximum (aλ2 max) is at 600 – 605 

nm exhibits as a shoulder on the dye absorption curve. The 

half-width of the spectra Δλ1/2 and the extinction coefficients 

ε of the studied PDs are close in value. 
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                                 (a)                                          (b) 

Fig. 2 (a) Normalized absorption (1, 3) and fluorescence spectra (2, 4) of dyes: 1 – 1, 2; 2 – 3, 4. (b) Normalized absorption (1, 3) 

and fluorescence (2, 4) spectra of dye 2 in ethanol (1, 2) and TiO2 (3, 4). 

 

Table 1 Spectral parameters* of PDs in solutions at С=10-4 mol/L. 

Dye aλ1 max, nm aλ2 max, nm Δλа
1/2, nm 

ε∙105, 

L/mol cm 
fλ1max, nm fλ2 max, nm Δλf

1/2, nm 

PD 1 640 600 45 2.13 655 715 31 

PD 2 646 605 46 2.30 663 730 32 

* aλ1 max – maximum of absorption spectra, aλ2 max – maximum of shoulder in absorption spectra, fλ1max – maximum of fluorescence 

spectra, fλ2 max – maximum of shoulder in fluorescence spectra, Δλ1/2 – half-width of absorption or fluorescence spectra, ε – 

extinction coefficients. 

 

On the porous surface of TiO2 films, a bathochromic shift 

of the absorption and fluorescence spectra of the studied PDs 

was observed (Table 2). The shift of the absorption spectrum 

is greater for functionalized dyes and the intensity of the 

short-wavelength maximum of the absorption spectra of dyes 

onto the TiO2 surface is increased significantly (Fig. 2b). 

The fluorescence spectra of dyes in the adsorbed film are 

also bathochromically shifted relative to the emission bands 

of PDs in solution. In this case, the fluorescence lifetime (τfl) 

of the dyes is decreased, which indicates that photoinduced 

electron transfer is carried out upon irradiation of PDs on the 

TiO2 surface.[17] 

It should be noted that for the PD 2 dye with sulfonate 

groups, τfl on the surface of the TiO2 film was decreased 3 

times in comparison with τfl in the solution. Whereas the life 

time for PD 1 was decreased by 2.75 times under the same 

conditions. This can be explained as result of the increased 

charge transfer process from the dye to the semiconductor 

due to better contact of functionalized molecules with 

titanium dioxide nanoparticles.[9b] 

Table 2 Spectral-luminescent properties* of PDs on the surface of porous TiO2 films. 

Sample, wt% aλmax, nm D fλmax, nm I, a.u. I/I0 τfl, ns 

PD 1 

Solution 640 – 655 – – 1.10 

TiO2 648 0.67 663 53 – 0.40 

Ag@TiO2 0.5% 648 0.69 660 84 1.59 0.40 

Ag@TiO2 1.0% 648 0.71 657 75 1.41 0.50 

Ag@TiO2 2.0% 648 0.9 663 54 1.02 0.63 

PD 2 

Solution 646 – 663 – – 1.90 

TiO2 655 1.03 668 23 – 0.62 

Ag@TiO2 0.5% 655 1.09 670 58 2.5 0.74 

Ag@TiO2 1.0% 655 1.04 671 42 1.82 0.70 

Ag@TiO2 2.0% 655 1.00 674 30 1.30 0.70 

*aλmax – maximum in absorption spectra, fλmax – maximum in fluorescnce spectra, D – optical density in aλmax, I – fluorescence 

intensity, τfl – fluorescence lifetime. 
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As plasmon Ag NPs were added to the TiO2 film, an 

enhanced fluorescence of PDs was registered. Moreover, the 

maximum increase in intensity was recorded at a 

concentration of Ag@TiO2 NPs, equal to 0.5 wt%. The 

plasmon-enhancement of the polymethine’s fluorescence, I/I0, 

is greater for functionalized PD 2. In particular, the 

maximum values of I/I0 were equal to 1.6 and 1.9, for PD 1 

and 2, respectively. Meanwhile there were no noticeable 

changes in optical density (3–5%) of dyes. 

This increase in the dyes fluorescence intensity could be 

the result of the growth of the radiative transition between 

excited and ground state of dye molecules. As the optical 

density of the molecules was almost unchanged, the 

excitation rate of molecules remains almost the same. 

However, at the growth in the radiative decay rate of S1-state 

of dye, usually the decreasing in the fluorescence lifetime is 

observed. As seen from the Table 2, τfl of PDs show the 

increasing upon the growth of Ag@TiO2 NPs concentration 

in the films.   

The observed trend may be the result of an increase in the 

efficiency of fluorescence with a simultaneous weakening of 

the nonradiative deactivation of the S1 state of the PDs 

molecules.[13a, 18] The second case for the increase in the dye 

fluorescence lifetime is the reverse energy transfer from 

Ag@TiO2 NPs to the dye molecule, as was shown in the 

work of Ref.[14] The authors showed that in the case of the 

close arrangement of the dye and plasmon NPs, along with 

the quenching of the dye fluorescence by energy transfer to 

Ag NPs, a reverse process is also possible, which is delayed 

in time and leads to an increase in the dye fluorescence 

lifetime. 

For PDs, the weakening in nonradiative deactivation of 

the S1 state can occur due to a decrease in the main channel 

of deactivation of the excited state – photoisomerization 

around the bonds of the polymethine chain.[19] Its decrease on 

the surface of TiO2 films is logical due to an increase in the 

structural rigidity of the PDs molecule on its surface. Since 

the rigidity of functionalized PD 2 increases more than that 

of PD 1, it can be expected that the nonradiative constant 

decreases more strongly for the first dye than for the second. 

Hence, τfl for PD 2 should be increased more than for PD 1. 

However, we have the opposite picture (Table 2). In 

particular, in the presence of Ag NPs, τfl increased by 1.6 

times and 1.15 times for PD 1 and 2 respectively. It proves 

the second mechanism. 

It is possible that the process of reverse energy transfer 

from Ag@TiO2 NPs to PD 1 is more efficient due to the 

absence of bulk sulfonate groups in it, due to which PD 1 can 

approach the plasmon NPs at a closer distance. The effect of 

an increase in the fluorescence lifetime of merocyanine dye 

molecules near the surface of Ag NPs was also observed in 

Ref.[20] 

The photovoltaic parameters of polymethine sensitized 

solar cells are presented in Table 3, where: Jsc – short circuit 

current density values, Voc – open circuit voltage, FF – fill 

factor, η – cell efficiency. 

Solar cell, sensitized with PD 1, has a low efficiency, 

which is due to the low value of the short circuit current of 

the cell. However, as Ag@TiO2 NPs were added to the film, 

there was 2 times increase in the efficiency of the cell. As can 

be seen from the table, this is primarily due to an increase in 

the values of Jsc. For solar cells sensitized with PD 2 has 

higher cell efficiency.  

The addition of 0.5 – 1 wt% of Ag@TiO2 NPs to the TiO2 

film leads to an increase in solar cell efficiency by 15 – 20% 

for functionalized dyes, which is related to the increase of Jsc 

value. An increase in the concentration of Ag@TiO2 NPs has 

a smaller effect on the efficiency of photoconversion of 

incident light by a solar cell. 

The change in Jsc directly indicates an increase in the 

number of charge carriers in the solar cell. The growth in 

charge carriers may be due to the expansion of the spectral 

sensitivity of solar cells in the presence of Ag@TiO2 

nanostructures (Fig. 3). 

 
Fig. 3 The dependence of spectral sensitivity of solar cells sensitized by PD 1 (a) and PD 2 (b) via concentrations of Ag@TiO2 NPs, 

wt%: 2 – 0; 3 – 0.5; 4 – 1; 5 – 2. Curve 1 – normalized absorption spectra of PD on the TiO2. 
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Table 3 Photovoltaic parameters of DSSC based on PDs at various concentrations of Ag@TiO2 NPs. 

The concentration of NPs TiO2@Ag, wt% 
Jsc, mA/cm2 Voc, mV FF η, % 

PD 1 

0 0.11 375 0.15 0.06 

0.5 0.18 416 0.20 0.15 

1.0 0.11 375 0.16 0.07 

2.0 0.11 304 0.15 0.05 

PD 2 

0 3.56 350 0.14 1.74 

0.5 3.94 354 0.15 2.09 

1.0 3.30 349 0.15 1.72 

2.0 3.00 349 0.14 1.47 

A solar cell with PD 1 is more sensitive to 

photoirradiation in the wavelength range from 600 to 700 nm 

(Fig. 3a). In this case, the maximum spectral sensitivity 

exhibits at 660 – 670 nm. Comparing the obtained curve with 

the absorption spectrum of PD 1 on the TiO2 surface, it was 

found that they coincide in shape. 

An increase in the spectral sensitivity of the solar cell was 

noticed with addition of Ag@TiO2 NPs to the bulk of a TiO2 

film. At the same time, a band in the region of 400 – 450 nm 

was detected, which was absent in the spectra of PD 1 

without silver NPs. The maximum of this short-wavelength 

band was registered at 420 nm, which corresponds to the 

absorption band of plasmon Ag NPs. Similar data were 

obtained for semiconductor films sensitized with 

functionalized PD 2 (Fig. 3b, Table 4). 

Table 4 Spectral sensitivity of DSSC based on PDs in the 

absence and presence of Ag@TiO2 NPs. 
Sample Spectral sensitivity, a.u. ×10-4 

420 nm 670 nm 

PD 1/TiO2 9.5 20.0 

PD 1/TiO2+Ag@TiO2, 0.5 

wt% 
20.0 26.0 

PD 2/TiO2 7.9 19.9 

PD 2/TiO2+Ag@TiO2, 0.5 

wt% 
21.0 30.1 

 

It should be noted that the spectral sensitivity, as well as 

the efficiency values at various wavelengths, is about 15% 

higher for PD 2 than for PD 1. This could be the result of a 

larger number of PD 2 molecules on the TiO2 surface due to 

the anchor groups in the dye molecule. Since the dyes absorb 

light in close spectral ranges, the spectral sensitivity curves 

for PD 1 and 2 are similar. 

Moreover, the growth in the efficiency of DSSC with the 

dyes 1 and 2 is the result of an increase in the 

charge-transport characteristics of TiO2 films with the 

addition of “core@shell” plasmon nanostructures (Fig. 4, 

Table 5). 

Under the plasmon effect of Ag@TiO2 NPs, the charge 

transfer resistance Rk associated with the recombination of an 

electron and a hole was decreased significantly. Parameter Rk 

was decreased by 8.2 times for PD 1, for PD 2 – by 22.4 

times in the presence of plasmon NPs. It leads to an increase 

in the charge-transport characteristics of semiconductor films, 

which can be expressed in the growth of charge carriers 

reaching the counter electrode. This is also evidenced by the 

growth of τeff. Due to this the concentration of charge carriers 

grows and results in the deactivation of traps. This increases 

the part of photoelectrons reaching the counter electrode as it 

was shown in Refs.[11] It is possible that there are other 

factors that will be the subject of subsequent studies. 

 
Fig. 4 Impedance spectra of solar cells, sensitized by PDs 1 (1,2) 

and 2 (3,4) in the presence (2,4) and without (1,3) of Ag@TiO2 

NPs 

 

Table 5 Electrotransport parameters of solar cells sensitized by 

PDs. 

Sample Rk, Ohm Rw, Ohm τeff, ms 

PD 1/TiO2 13346 294.2 0.37 

PD 1/TiO2+Ag@TiO2, 

0.5 wt% 

1635 419.0 2.68 

PD 2/TiO2 18392 11.4 0.10 

PD 2/TiO2+Ag@TiO2, 

0.5 wt% 

821 66.0 1.93 

 

4. Conclusions 

The absorption and fluorescence bands of the studied PDs are 

located practically in the same spectral range of 500 – 800 

nm with the maxima at 640 – 650 nm for absorption and 655 

– 660 nm for fluorescence. A similar shape of the dyes 
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spectra due to the fact that they have almost the same 

chromophore. 

During the adsorption of PDs molecules on the surface of 

TiO2, not only was a red shift (~10 nm) and noticeable 

broadening of the absorption bands were observed. Along 

with this, there is also a quenching of fluorescence and a 

decreasing in the lifetime of the excited state of PDs 1 and 2. 

Moreover, the efficiency of electron transfer to a 

semiconductor is much greater for a dye with functional 

groups. Thus, for PD 2, τfl on the TiO2 surface decreased by 3 

times in comparison with τfl in solution. Whereas for PD 1 τfl 

was decreased by 2.75 times under the same conditions. This 

can be explained by the presence of anchor sulfonate groups 

in the structure of dye 2. Those molecules are in closer 

contact with titanium dioxide nanoparticles that results in the 

growth in the number of electrons injected from PD to TiO2. 

In the presence of Ag@TiO2 NPs at a concentration of 0.5 

wt%, a plasmon-enhanced fluorescence of dyes was observed 

in the TiO2 film. The growth on 60 – 90% in the fluorescence 

intensity was observed. Moreover, for functionalized 

molecules, this effect is greater. It is likely that the observed 

increase in the intensity of the dye’s fluorescence is 

associated with an increase in the radiative rate of dye 

molecules from S1 to S0 state. In this case, the excitation rate 

of molecules remains almost unchanged, because the optical 

density of the molecules increased slightly (on 3 – 5%). 

Consequently, the increase in fluorescence intensity can be 

associated with an increase in the rate constant of the 

radiation decay of dye molecules due to the process of 

reverse energy transfer from Ag@TiO2 NPs to the dye 

molecule, which is confirmed by the data on the value of τfl 

of PDs. In particular, in the presence of Ag NPs, the τfl of PD 

1 increased 1.6 times, for PD 2 – by ~1.2 times. At the same 

time, weakening in the nonradiative deactivation of the S1 

state also possible, however, this process makes the least 

contribution.  

Comparing the influence of functional groups in the 

structure of the dye on the efficiency of generation of charge 

carriers in the solar cell, it can be noted that the efficiency of 

DSSC with PD 2 (1.74%) is higher than for PD 1 (0.06%). 

Taking into account that the amount of loaded dye for all 

cells was the same, we can state that the presence of 

sulfonate groups in the dye molecule contributes to an 

increase in the efficiency of the solar cells due to closer 

contact with semiconductor particles. 

An increase in the efficiency of solar cells sensitized by 

PDs by 2 and 1.2 times for PD 1 and 2, correspondingly, in 

the presence of plasmon nanostructures can be the result of 

an increased light harvesting of cells in wavelength range of 

600 – 700 nm and its expansion in the region of short 

wavelengths (400 – 450 nm). In this case, plasmon 

enhancement of fluorescence and sensitization of the 

semiconductor proceed more efficiently for functionalized 

dyes. Moreover, the growth in the efficiency of DSSC with 

the dyes 1 and 2 is the result of an increase in the 

charge-transport characteristics of TiO2 films with the 

addition of “core@shell” plasmon nanostructures. The charge 

transport resistance  decreased by 8.2 times for dye 1 and by 

22.4 times for dye 2. This leads to the growth the part of 

photoelectrons reaching the counter electrode. This is also 

evidenced by an increase in the lifetime of nonequilibrium 

charge carriers in TiO2 films with Ag/TiO2 NPs by 7 and 19 

times for PDs 1 and 2, respectively. 
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