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ABSTRACT

In this study, in order to investigate an optimal photoanode, Gold nanoparticles (AuNPs) are modified on the photoanode and 
are used to prepare the Dye-Sensitized solar cells (DSSCs). The result indicates that the PCEs of DSSCs with AuNPs are increased 
because the AuNPs increase the films absorbance of DSSCs by localized surface plasmon resonance (LSPR) effect. The light ab-
sorbance of Au-TiO2 films with Physical method (Au-TiO2) is increased as the concentration of AuNPs increases. The DSSCs of 
Au-TiO2 films with AuNPs absorption peaks of 1.5 a.u. for 2 hours have optimal photovoltaic characteristics, where the short-circuit 
current density (JSC) is 8.56 (mA/cm2), the open-circuit voltage (VOC) is 0.73 (V), the fill factor (F.F.) is 0.59, and the photoelectric 
conversion efficiency (PCE) is 3.76 (%). Moreover, the PCEs of DSSCs with Au-TiO2 1.5 a.u. films are improved from 3.76 % to 
4.71% at a light intensity of 30 mW/cm2.
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1. INTRODUCTION
Since the industrial revolution, global warming has been

more serious caused by increased greenhouse gases from burning 
fossil fuels (Anik et al. 2023). This phenomenon leads to climate 
change which will transform ecosystems and environmental prob-
lems. Besides, every country increases the demand for energy. Be-
cause fossil fuels are limited, the human will face energy crisis in 
next 50 years (Angel et al. 2021). Therefore, the development of 
renewable energy such as wind energy, hydroelectric energy, geo-
thermal energy, and solar energy is the main strategy to continue 
the civilization of humans (Li et al. 2019).

The DSSCs are composed of five parts, including transparent 
conducting oxide (TCO) substrate, photoanode, photosensitizer, 
electrolytes, and counter electrode. Especially, the photoanode 
is more important in DSSC. The research to develop the photo-
anode is the changes of material composition and morphology to 
enhance dye absorption, promote electron transport, and inject 
electrons from the dye excited state. And titanium oxide (TiO2) 
is the most used material of photoanode (Pathakoti et al. 2020; 
Mahmoud et al. 2018).

In DSSCs, many researches have been reported to enhance 
the performance of photoanodes by increasing the photon harvest-
ing efficiency. The metal nanoparticles are helpful in DSSCs be-
cause of the localized surface plasmon resonance (LSPR). LSPR 
is a phenomenon proposed from noble metal nanoparticles such as 

Au or Ag nanoparticles (NPs). In general, the AuNPs are usually 
used because it shows strong light absorption and scattering effect, 
and is more stable than other metal nanoparticles. The AuNPs 
have been used as the ideal candidate for optoelectronic devices 
application (Abouelela et al. 2021). The results of the photovoltaic 
characteristics of DSSCs show that the LSPR effect can enhance 
PCE which is attributed to the increase of JSC. The higher JSC is 
due to the improved light absorption of the dye in the existence 
of AuNPs which would have improved the dye to produce more 
charge carriers. In addition, the Schottky barrier at the AuNPs and 
TiO2 interface makes the part of electrons from the dye straightly 
tunnel to the conduction band of the TiO2 via AuNPs (Madigase-
kara et al. 2021) 

In this study, gold nanoparticles are deposited onto photoan-
ode with physical adsorption (Physical method), where AuNPs are 
prepared by using Turkevich method. The different absorbances 
of AuNPs are investigated to improve the devices performance of 
solar cells.

2. EXPERIMENTS

2.1  Materials

Anhydrous ethanol (Echo Chemical), TTIP (Titanium (IV) 
isopropoxide, Acros Organics), ACAC (2, 4-Pentandione, Alfa 
Aesar), TiO2-P25 (Titanium Dioxide P25, Degussa), DI water, 
and Alpha-Terpineol (Acros Organics) are used in the prepara-
tion of photoanode. AuNPs solutions are mixed by Tetrachloro-
auric acid hydrate (HAuCl4‧3H2O, Alfa Aesar) and Sodium Citrate 
(C6H5Na3O7‧2H2O, J.T.Baker). The dye solution is mixed with 
N719 powders (Ruilong Optical) and anhydrous ethanol (Echo 
Chemical). The electrolyte ingredients include LiI (Merck), I2 

(Aldrich), IonLic DMPII (Solaronix), and M 4-tert-butylpyridine 
((Ruilong Optical). Fluorine-doped Tin Oxide (FTO) and Tin-
doped Indium Oxide (ITO) are used as the substrates of working 
electrodes and Pt counter electrodes, respectively.

Manuscript received August 28, 2022; revised May 8, 2023; accepted 
May 9, 2023.
1* Professor (corresponding author), Department of Electronic Engi-

neering, National Yunlin University of Science and Technology, 
Douliou, Yunlin, Taiwan 64002, R.O.C. (e-mail: chouht@yuntech.
edu.tw)

2 Student, Department of Electronic Engineering, National Yunlin 
University of Science and Technology, Douliou, Yunlin, Taiwan 
64002, R.O.C.



Journal of Innovative Technology, Vol. 5, No. 1, March 2023                                                                       2

2.2  Fabrication of AuNPs

Ps are mixed by using Turkevich method. Firstly, 15 ml of chlo-
roauric acid (HAuCl4) solution is added into 50 ml of deionized 
water and heated to 100 ℃. Secondly, 10 ml of sodium citrate 
solution is added into HAuCl4 solution, and then keep stirring 
and heating for 10 minutes. Next, the different concentrations of 
AuNPs solution are diluted with DI water with absorption peaks of 
0.5 a.u., 1 a.u., 1.5 a.u., 2.0 a.u., and 2.5 a.u., respectively.

2.3  Fabrication of TiO2 photoanode

The TiO2 compact layer solution is mixed with 1.5 ml of Ti-
tanium isopropoxide (TTIP), 0.5 ml of Acetic Acid (ACAC), and 
3 ml of anhydrous ethanol, then the mixture is stirred by using an 
electromagnetic stirrer for 3 hours.

The TiO2 colloid for doctor blade method is composed of 0.3 
g of TiO2 powder, 0.36 g of Alpha Terpineol, 0.25 ml of Acetic 
acid, and 1.8 g of GEL colloid, and then the mixture is stirred by 
using an electromagnetic stirrer for 24 hours.

Dye-sensitized solar cells are assembled with a sandwich 
structure, including photoanode, N719 dye, and counter electrode. 
Firstly, the Optically transparent conducting glasses (FTO) are 
cleaned by using acetone, ethanol, and deionized water into ultra-
sonic bath for 10 min, sequentially. Secondly, the compact layer 
with TTIP solution is spin-coated onto FTO glass at 5000 rpm for 
20 s and annealed at 550 ℃ for 30 minutes. Finally, the TiO2 col-
loid is deposited on compact layer by using doctor blade method 
and dried at 100 ℃ for 3 minutes, and then the dried films are 
annealed at 550 ℃ for 30 minutes.

2.4  Modification of TiO2 photoanodes with AuNPs by 
using physical method

The AuNPs are prepared by using Turkevich method, and 
then are modified on the TiO2 photoanode. The photoanodes are 
immersed into the different concentrations of AuNPs solution 
(with the absorption peaks of 0.5 a.u., 1 a.u., 1.5 a.u., 2.0 a.u., 
and 2.5 a.u.) for 2 hours. After cleaning with deionized water and 
drying at 100 ℃, the AuNPs-TiO2 composite film is completed.

2.5  Assembly of DSSC device

A sandwich structure of DSSC is obtained by assembling the 
dye-adsorbing working electrode and Pt counter electrode. The 
electrolyte is injected into the cell by capillarity. Then the fabri-
cation of DSSC devices is completed. Fig. 1 shows the schematic 
structure of DSSC.

Fig. 1　The schematic structure of dye-sensitized solar cell.

2.6  Measurements and Characterization

Transmission Electron Microscopy (TEM, JEM-1400, 
JEOL) is used to measure the morphology of AuNPs. A field emis-
sion scanning electron microscope (FE-SEM, JSM-6701F, JEOL) 
is used to measure the surface morphology and thicknesses of the 

photoanode. An Energy Dispersive X-ray Spectroscopy (EDS) is 
used to observe the deposition of AuNPs. An UV-Vis spectropho-
tometer (V-650, JASCO) is used to measure the light absorption 
and dye molecules adsorption of films. A solar cell measurement 
system is used to measure the short circuit current density (JSC), 
open circuit voltage (VOC), fill factor (F.F.), and photoelectric con-
version efficiency (η) of DSSCs and electrochemical impedance 
spectroscopy (EIS, SP-150, BioLogic) is used to provide informa-
tion about the interfaces of films. The incident photon-to-current 
efficiency (IPCE, QE-R666, Enlitech) is used to measure the quan-
tum efficiency of DSSCs.

3.　EXPERIMENTAL

3.1   Measurements of AuNPs 

In this study, AuNPs are prepared using Turkevich method, 
and different concentrations of AuNPs solutions are diluted with 
D.I. water for absorption peaks of 0.5 a.u., 1.0 a.u., 1.5 a.u., 2.0 
a.u., and 2.5 a.u., respectively. The AuNPs are analyzed by using 
TEM as shown in Fig. 2. The smallest particle size is about 6 nm, 
the largest particle size is about 16 nm, and the average particle 
sizes of AuNPs are 10.3 nm as shown in Fig. 3. The photovoltaic 
characteristics of DSSCs with AuNPs modified on TiO2 film are 
analyzed in the next section. 

Fig. 2  TEM image of AuNPs. 

Fig.  3 The average particle sizes of AuNPs.
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3.2  Thicknesses and Morphologies of Au-TiO2 films using 
FE-SEM

Fig. 4 shows the FE-SEM image of cross-sectional view for 
TiO2 film with 5,000 magnification. In this study, the thickness of 
the TiO2 film is controlled by using doctor blade method, which is 
about 10 ± 1 μm. Fig. 5 (a) and (b) show the FE-SEM images for 
the morphology of TiO2 film with 50000 and 100000 magnifica-
tion, respectively. TiO2 nanoparticles are uniformly deposited on 
the FTO surface, which is consisted of TiO2 nanoparticles from 30 
nm to 40 nm. Because the morphologies of AuNPs are similar to 
TiO2 nanoparticles, and the EDX mapping images show that Ti, O, 
and Au elements are observed in Table 1. The Atomic percentage 
(Atom. C %) of photoanode with Au elements is 0.21 %, which 
confirms that AuNPs are successfully modified on TiO2 film. 

Fig. 4  Cross-sectional view of FE-SEM images of TiO2 photoan-
ode with 5,000 magnification. 

Fig. 5   FE-SEM top views of TiO2 film with (a) 5,000 and (b) 
100,000 magnification

Table 1  EDS analytical results of the DSSC with Au-TiO2 film

Element Oxygen Titanium Gold
Series K-series K-series M-series

Norm. C (wt %) 43.91 54.49 1.6

Atom. C (at %) 70.54 29.35 0.21

Error (wt %) 11.9 3.0 0.2

3.3　Photovoltaic characteristics of dye-sensitized solar 
cells

Fig. 6 (a) shows the J-V curves of DSSCs with TiO2 film and 
Au-TiO2 films, and then the photovoltaic characteristics of DSSCs 
are summarized in Table 2. The results show that the Au-TiO2 films 
of DSSCs with AuNPs absorption peaks of 1.5 a.u. for 2 hours 
have highest PCE, in which JSC is 8.56 (mA/cm2), VOC is 0.73 
(V), and PCE is 3.76 (%). As shown in Fig. 6 (b), compared to 
the pure TiO2 photoanode, the PCEs of DSSCs with AuNPs are 
increased because the light absorbance of DSSCs is increased by 
localized surface plasmon resonance (LSPR) effect of AuNPs. The 
AuNPs modified on the TiO2 photoanode can increase the local 
electromagnetic field and improve the light harvesting efficiency 
of DSSCs (Liu et al. 2018). The PCEs of DSSCs with AuNPs are 
increased because the light absorbance of DSSCs is increased due 
to the LSPR effect of AuNPs.

Also, it can be seen that the improvement of PCE is mainly 
due to the increase of the JSC, which reduces electron transfer 
resistance at the photoanode interface of DSSCs because of LSPR 
effect of AuNPs (Wang et al. 2021). When the Au-TiO2 films with 
the AuNPs absorption peaks of 2.0 a.u. and 2.5 a.u. are decreased, 
this result indicates that excess amounts of AuNPs on TiO2 film 
will make the decrease of the dye loading. 

Fig. 6  (a) J-V curves and (b) Light absorbance curves of DSSCs 
with TiO2 films and with Au-TiO2 films of different concen-
trations of AuNPs solutions for 2 hours.
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Table 2  Photovoltaic characteristics of DSSCs with TiO2 films 
and Au-TiO2 with different AuNPs solution concentra-
tions for a deposition time of 2 hours.

Sample JSC (mA/cm2) VOC (V) F.F. η (％)

Pure TiO2 6.64 0.72 0.64 3.11

Au-TiO2 0.5 a.u. 7.13 0.74 0.60 3.22

Au-TiO2 1.0 a.u. 8.23 0.75 0.58 3.61

Au-TiO2 1.5 a.u 8.56 0.73 0.59 3.76

Au-TiO2 2.0 a.u 7.94 0.73 0.59 3.52

Au-TiO2 2.5 a.u 7.29 0.74 0.61 3.33

3.4　Light absorbance of Au-TiO2 film

Fig. 6 (b) shows the light absorbance of DSSCs which is 
modified with the different concentrations of AuNPs solutions 
of the TiO2 photoanode for 2 hours, where the wavelengths are 
from 400 nm to 700 nm. Compared to the pure TiO2 photoanode, 
the light absorbance of the Au-TiO2 films is enhanced as the con-
centration of AuNPs solutions increases. The Au-TiO2 films with 
AuNPs absorption peaks of 2.5 a.u. for 2 hours have the highest 
film light absorbance. The light absorbance of photoanode increas-
es with the increasing deposition time of Au nanoparticles in the 
visible range (400~700nm), which can be attributed to LSPR ef-
fect of AuNPs to improve the interaction between electromagnet-
ic field and TiO2 to absorb more photons (Li et al. 2019; Cheng et 
al. 2006). 

3.5  Dye loading of Au-TiO2 film of different AuNPs con-
centrations

Fig. 7 shows the dye loading of the DSSCs with pure TiO2 

films and Au-TiO2 films of different concentrations of AuNPs solu-
tions for 2 hours, in which there are two characteristic peaks locat-
ed at 368 nm and 495 nm. 

photoanode films for the wavelength at 386.5 nm in the 
UV-Visible absorption spectrum. The dye concentration can be 
calculated from Equation 4-1.

A=ε∗b∗c                 (Equation 4-1)

, where A is absorbance, ε is molar adsorption coefficient (M-1cm-1), 
b is length of the path traversed by the light (cm), and c is concen-
tration of the solution (M).

The DSSCs with pure TiO2 films have the highest light absor-
bance of dye, in which the dye concentration is 27 μM. However, 
the light absorbance of dye with the Au-TiO2 films has decreased 
as the concentration of AuNPs solution increases, and the Au-TiO2 
films with AuNPs absorption peaks of 2.5 a.u. for 2 hours have 
the lowest light absorbance of dye where the dye concentration 
is 16 μM. 

The results show that the dye loading of Au-TiO2 film with 
different AuNPs concentrations for 2 hours decreases due to the 
specific surface area of TiO2 nanoparticles is reduced and dye 
loading of Au-TiO2 film is affected (Gao et al. 2021). 

 As stated above, the performance of Au-TiO2 films has influ-
enced each other between the LSPR effect of AuNPs and the dye.

 

 

Pure TiO2 (1) 

Au-TiO2 0.5 a.u. (2) 

Au-TiO2 1.0 a.u. (3) 

Au-TiO2 1.5 a.u. (4) 

Au-TiO2 2.0 a.u. (5) 

Au-TiO2 2.5 a.u. (6) 

Fig. 7  Light absorbance curves of dye for the DSSCs with pure 
TiO2 films and Au-TiO2 films of different concentrations of 
AuNPs solutions for 2 hours.

Table 3  Dye concentration of pure TiO2 films and Au-TiO2 films 
in different concentrations of AuNPs for 2 hours

Sample Dye adsorption 
(a.u.)

Dye concentration 
(μM)

Pure TiO2 0.401 27

Au-TiO2 0.5 a.u. 0.346 24

Au-TiO2 1.0 a.u. 0.333 23

Au-TiO2 1.5 a.u 0.324 22

Au-TiO2 2.0 a.u 0.322 21

Au-TiO2 2.5 a.u. 0.247 16

3.6  Electrochemical properties analysis of DSSCs with 
Au-TiO2 film of different AuNPs concentrations

Fig. 8 shows the Nyquist plot of DSSCs with pure TiO2 films 
and with Au-TiO2 films of different concentrations of AuNPs solu-
tions for 2 hours. In the EIS Nyquist spectra, there are two semi-
circles of DSSCs. According to the EIS model for DSSC devices, 
the first smaller circle is the Rct1 which is the resistance between 
the electrolyte and Pt counter electrode, and the second larger cir-
cle, Rct2, is the charge transfer resistance at the interface of TiO2/
dye/electrolyte (Li et al. 2019). The Au-TiO2 films of DSSCs with 
AuNPs absorption peaks of 0.5 a.u., 1.0 a.u., 1.5 a.u., 2.0 a.u., and 
2.5 a.u. are denoted as Au-TiO2 0.5 a.u, 1.0 a.u., 1.5 a.u., 2.0 a.u., 
and 2.5 a.u., respectively.

As shown in Fig. 8 and Table 4, the Rct2’s of DSSCs with 
Au-TiO2 0.5 a.u., 1.0 a.u., and 1.5 a.u. films are respectively 9.4 
Ω, 8.7 Ω, and 7.1 Ω, which are lower than the DSSCs of TiO2 film. 
According to the literature, the change of Rct2 can be attributed 
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to the content of AuNPs in the TiO2 photoanode, and the values 
of Rct2 are decreased with the increasing concentration of AuNPs, 
where the DSSC with Au-TiO2 1.5 a.u. films has the lowest Rct2 
with a value of 7.1 Ω. Moreover, the Schottky barrier is formed at 
the Au-TiO2 interface. The Schottky barrier makes it easy for the 
electrons in the dye to be injected into conduction band of TiO2 
through the AuNPs, which can efficiently reduce the electron-hole 
pair recombination, thus accelerates electron injection (Ali et al. 
2019). Therefore, the Rct2’s of DSSCs with Au-TiO2 films are low-
er than pure TiO2 films. 

Table 4  EIS parameters of DSSCs with pure TiO2 films and with 
Au-TiO2 films

Sample RS(Ω) Rct1(Ω) Rct2(Ω) Lifetime
(ms)

Pure TiO2 12.73 1.17 9.57 11.75

Au-TiO2 0.5 a.u. 11.26 1.03 9.4 11.75

Au-TiO2 1.0 a.u. 12.30 1.02 8.7 14.21

Au-TiO2 1.5 a.u 12.74 0.87 7.1 16.58

Au-TiO2 2.0 a.u 12.93 1.64 8.02 14.44

The electron lifetime (τe) formula can be calculated as:

τ� � 1
2πf��� �

1
ω���

  (Equation 4-2)

, in which τe is the electron lifetime, and fmax is the maximum 
frequency of the central impendence at the interface of TiO2 /dye/
electrolyte. 

The highest electron lifetime of 16.58 ms indicates that the 
DSSCs with Au-TiO2 1.5 a.u. films have the lowest recombination 
rate and fastest electron transfer due to the LSPR effect of AuNPs. 
This result can help to improve the photogenerated electrons 
and lead to higher PCE and JSC. However, the electron lifetime 
of DSSCs with Au-TiO2 2.0 a.u. and Au-TiO2 2.5 a.u. films are 
decreased to 14.44 ms and 12.06 ms as the AuNPs concentrations 
are increased. This may be attributed to that the contact of excess 
AuNPs with the electrolyte could increase charge recombination 
and cause the decrease of the JSC (Hwang et al. 2019). 

 

Pure TiO2 (1) 

Au-TiO2 0.5 a.u. (2) 

Au-TiO2 1.0 a.u. (3) 

Au-TiO2 1.5 a.u. (4) 

Au-TiO2 2.0 a.u. (5) 

Au-TiO2 2.5 a.u. (6) 

Fig. 8   Nyquist plots of DSSCs with pure TiO2 films and with Au-
TiO2 films of different concentrations of AuNPs solutions 
for 2 hours. 

In summary, it can be seen that the charge transfer resistance 
of DSSCs with Au-TiO2 films is reduced (lower value of Rct2) as 
the concentration of AuNPs increases, while the light absorbance 
also increases due to the LSPR effect, which improves the PCE 
and JSC. The DSSCs of Au-TiO2 1.5 a.u. films have an optimal 
PCE of 3.76 %.

However, the excess of AuNPs not only affects the TiO2 
nanoparticles to absorb dye molecules (the lower dye loading of 
photoanode) but also increases charge recombination (the big-
ger value of Rct2) and thus decreases the PCE. This result shows 
that appropriate amounts of AuNPs can effectively enhance the 
light absorption in DSSCs photoanodes and then increase PCE of 
DSSCs.

3.7  IPCE analysis of DSSCs with Au-TiO2 film of different 
AuNPs concentrations 
Fig. 9 shows the IPCE curve of DSSCs with pure TiO2 and 

with Au-TiO2 films of different concentrations of AuNPs solutions 
for 2 hours. And the absorption bands of the N719 dye occur at 
330 nm and 533 nm. It is observed that the DSSCs with Au-TiO2 
1.5 a.u. films have the highest quantum efficiency. IPCE curves 
which match with light absorbance of DSSCs with Au-TiO2 films 
further verify the trend of Jsc. In the photovoltaic characteristics, 
the JSC of DSSCs with Au-TiO2 films is increased when the AuNPs 
concentration increases. This enhancement will be reflected in the 
IPCE, which confirmed that the photo-current generation efficien-
cy is improved by AuNPs. The AuNPs attachment on the TiO2 
films can enhance light absorbance (local field enhancement) and 
charge separation (Yang et al. 2021). Meanwhile, the Rct2’s of Au-
TiO2 films is decreased as the increase of AuNPs content in EIS 
measurement, which proves that the increase of AuNPs content 
can effectively reduce the charge transfer resistance, and both of 
these factors can enhance the JSC of the DSSCs.

However, the quantum efficiency of DSSCs with Au-TiO2 2.0 
a.u. films and Au-TiO2 2.5 a.u. films are decreased due to the ex-
cess of AuNPs concentration and also reflected in the IPCE quan-
tum efficiency. These results show that only optimized concentra-
tions can improve the performance of DSSCs. 
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Pure TiO2 (1) 

Au-TiO2 0.5 a.u. (2) 

Au-TiO2 1.0 a.u. (3) 

Au-TiO2 1.5 a.u. (4) 

Au-TiO2 2.0 a.u. (5) 

Au-TiO2 2.5 a.u. (6) 

Fig. 9  IPCE curves of DSSCs with pure TiO2 films and Au-TiO2 

films of different concentrations of AuNPs solutions for 2 
hours.

3.8  Photovoltaic characteristics of DSSCs under different 
light intensities. 

The optimal DSSCs with pure TiO2 films and Au-TiO2 1.5 
a.u. films are chosen for the photovoltaic measurements, where 
the different intensities of incident light are controlled by the filter 
with different transmittances as shown in Fig. 10 and Table 5. The 
JSC of DSSCs with Au-TiO2 1.5 a.u. films is decreased from 9.97 
to 0.98 mA/cm2 when the light intensity is decreased from 100 to 
10 mW/cm2. And the VOC of DSSCs with Au-TiO2 1.5 a.u. films 
are decreased from 0.79 to 0.64 as the light intensity is decreased 
from 100 to 10 mW/cm2. This is because of the decrease in the 
light intensity, resulting in the decrease of photoelectrons gener-
ated at the TiO2 /electrolyte interface (Aftabuzzaman et al. 2021). 
The F.F. of DSSCs with Au-TiO2 1.5 a.u. films is enhanced from 
0.57 to 0.71 as the light intensity is decreased from 100 to 10 mW/
cm2. The overall PCE of DSSCs with TiO2 film is improved at low 
illuminance due to the electron recombination of DSSCs being de-
creased. But under the light intensity at 50 and 10 mW/cm2, the 
PCEs of DSSCs with Au-TiO2 1.5 a.u. films are reduced to 4.13 % 
and 3.77 %. According to J. L Lan’s research, the PCEs of DSSCs 
are changed at different low light intensities which depend on the 
iodine content in the electrolyte, resulting in the lower ion diffu-
sion in the electrolyte under the light intensities at 50 and 10 mW/
cm2. The reduced number of photoelectrons generated within the 
DSSC leads to a lower PEC (Lan et al. 2012; Saeed et al. 2021). 

Fig. 10  J-V curves of DSSCs under different light intensities with 
(a) pure TiO2 films and (b) Au-TiO2 1.5 a.u. films.

Compared to DSSCs with pure TiO2 films, the DSSCs of Au-
TiO2 1.5 a.u. films have higher JSC. These results indicate that the 
LSPR effect of AuNPs also works at low light intensity, enabling 
the performance enhancement of DSSCs to have higher PCE. The 
optimal PCEs of DSSCs with Au-TiO2 1.5 a.u. films are improved 
from 3.76 % to 4.71% at a light intensity of 30 mW/cm2

.

Table 5  Photovoltaic characteristics of DSSCs under different 
light intensities.

Pure TiO2

Light intensities 
(mW/cm2) JSC (mA/cm2) VOC (V) F.F. η (%)

100 7.73 0.78 0.64 3.29
80 7.05 0.77 0.64 3.62
50 4.36 0.73 0.66 3.56
30 2.81 0.71 0.67 3.78
10 0.8 0.64 0.68 2.95
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Au-TiO2

Light intensities 
(mW/cm2) JSC (mA/cm2) VOC (V) F.F. η (%)

100 9.97 0.79 0.57 3.78
80 8.69 0.76 0.61 4.24
50 5.16 0.73 0.65 4.13
30 3.47 0.71 0.68 4.71

10 0.98 0.64 0.71 3.77

4.　CONCLUSION
The AuNPs are successfully modified on TiO2 film by using 

the physical method. The PCEs of DSSCs with Au-TiO2 films are 
increased due to the LSPR effect of AuNPs. Moreover, the EIS 
measurement shows that the DSSCs with Au-TiO2 films can re-
duce the recombination effect and enhance the electron transfer 
rate due to the LSPR effect of AuNPs. However, the excess of 
AuNPs not only affects the TiO2 nanoparticles to adsorb dye mol-
ecules but also increases charge recombination and thus decreases 
the PCE of DSSCs. The DSSCs with Au-TiO2 films for AuNPs 
absorption peaks of 1.5 a.u. for 2 hours have optimal photovoltaic 
characteristics, where JSC is 8.56 (mA/cm2), VOC is 0.73 (V), and 
PCE is 3.76 (%), moreover, the LSPR effect of AuNPs works also 
at the low light intensity, and the PCEs of DSSCs with Au-TiO2 
films are improved from 3.76 % to 4.71% at a light intensity of 
30 mW/cm2.
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