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ABSTRACT: Incorporating plasmonic nanostructures is a promising strategy
to enhance both the optical and electrical characteristics of photovoltaic
devices via more efficient harvesting of incident light. Herein, we report a facile
fabrication scheme at low temperature for producing gold nanoparticles
embedded in anatase TiO2 films, which can simultaneously improve the
efficiency and stability of n−i−p planar heterojunction perovskite solar cells
(PSCs). The PSCs based on rigid and flexible substrates with 0.2 wt % Au−
TiO2/TiO2 dual electron transport layers (ETLs) achieved power conversion
efficiencies up to 20.31 and 15.36%, superior to that of devices with TiO2 as a
single ETL. Moreover, 0.2 wt % Au−TiO2/TiO2 devices demonstrated
significant stability in light soaking, which is attributed to improved light
absorption, low charge recombination loss, and enhanced carrier transport, and
extraction with the plasmonic Au−TiO2/TiO2 dual ETL. The present work
improves the practicability of high-performance and flexible PSCs by
engineering the photogenerated carrier dynamics at the interface.
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1. INTRODUCTION

Perovskite solar cell (PSC) is one of the key technologies in
developing modern electronic devices because of its high
power conversion efficiency (PCE > 25%), good flexibility,
affordable costs, simple solution-based fabrication process, and
potential application for scalable products.1,2 However, so far,
the poor long-term stability of PSC still hinders its
commercialization.3,4 The instability issues of PSC are mainly
due to the low chemical stability of organic−inorganic hybrid
perovskite materials upon exposure to external environments,
such as moisture, oxygen, temperature, light soaking, and
electrical biasing.5,6 In this context, various methods have been
developed to address these problems.7−9 Interface modifica-
tion has been proven to enable PSC working more stable and
more efficiently. Perovskite crystal growth can be controlled to
tune the film morphology for regulating ion migration and the
density of trap states, resulting in a reduction in carrier
recombination and the charge transfer/extraction barrier.10−12

In particular, a significant amount of effort has been focused on
reducing ions transportation in the perovskite layers,13−15

modifying the electron and hole selective layers,16−18 as well as
blocking the reactions between metal electrodes and halides.19

Compared to the conventional methods, incorporating
plasmonic nanostructures, as a novel interfacial tailoring

technique, has been proven to enhance the PCE of PSCs
more efficiently because it possesses broadly tunable optical
properties coupled with photovoltaic active surfaces that
simultaneously benefit photon energy and electron manage-
ment.20−22 Moreover, it is noteworthy that gold nanoparticles
(Au NPs) exhibit both high thermal stability and high chemical
stability, as well as localized surface plasmon resonance
(LSPR) in the visible-to-near-infrared (vis-NIR) range. The
resulted near- and far-optical field effects can produce intense
absorption, scattering, and significantly enhanced electro-
magnetic (EM) fields in the nanoscale vicinity of their surface,
which have a sensitive dependence on the size, shape, and
dielectric environments of NPs.23 It can be seen that the
dielectric environment of Au NPs plays an essential role in
optimizing the EM field distribution of LSPR, which will
further influence the charge carrier dynamics and free carrier
absorption in photovoltaic materials.24 For instance, in 2013,
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Snaith reported for the first time the introduction of Au@SiO2
core−shell NPs into an Al2O3 matrix. Such a modified electron
transport layer (ETL) succeeded in improving the perform-
ance of PSCs by plasmonic effects. The improvement was
caused by a decrease in the exciton binding energy of
perovskite materials; however, the light absorption was not
increased.25 Subsequently, these features have been extensively
studied by the introduction of various dielectric coatings into
PSC configurations, such as SiO2,

26,27 TiO2,
28−30 and MgO,31

in which Au NPs have been interfaced with TiO2 to maximize
the charge separation of hot electrons.24,32 Although these
plasmonic nanostructures have demonstrated some promise in
the efficiency enhancement of PSCs by plasmonic effects, there
is rare research in investigating the low-temperature solution-
processed plasmonic nanostructures of the Au NPs embedded
in anatase TiO2 films, especially for their application in flexible
PSCs.
Herein, we apply facile interface engineering to create

plasmonic nanostructures of Au NPs embedded in anatase
TiO2 layers, where the Au NPs and the anatase TiO2 NPs are
prepared in aqueous media and the Au−TiO2/TiO2 dual ETLs
are directly deposited from aqueous solutions containing
various weight ratios of Au NPs and TiO2 NPs. Based on the
n−i−p structure of ITO/0.2 wt %Au−TiO2/TiO2/(HC-
(NH2)2PbI3)x(CH3NH3PbCl3)1−x/spiro-OMeTAD/Ag, the
photovoltaic performance of PSCs can be rationalized by
optimizing the physical properties of the ETL and the interface
between the ETL and perovskite layer. With the help of Au
NPs, the highest PCE of the PSCs on rigid and flexible
substrates can reach 20.31 and 15.36%, respectively, superior
to that of devices with TiO2 as a single ETL (champion PCE =
17.19% on a rigid substrate and champion PCE = 12.80% on a
flexible substrate). Moreover, the devices based on plasmonic
nanostructures demonstrate improved stability in light soaking
compared to those using a pure TiO2 film as an ETL, which is

attributed to the higher light absorption efficiency, improved
interface charge transfer rate, and reduced recombination loss,
as supported by our stable external quantum efficiency (EQE),
the significant fluorescence quenching in photoluminescence
(PL) measurements and electrochemical impedance spectros-
copy (EIS) data.

2. EXPERIMENTAL SECTION
2.1. Materials and Synthesis. TiO2 NPs were synthesized from

the sol−gel way according to the previous research.33 Titanium(IV)
isopropoxide was dropped into deionized water mixed with nitric acid
accompanied with intense stirring. Then after hydrolysis, it formed a
white TiO2 NPs colloid; the colloid was heated to 80 °C meanwhile
stirred intensely, to produce the TiO2 NPs (20 mg mL−1). Last, the
TiO2 NPs needed to be filtered using a 0.45 μm polyvinylidene
fluoride syringe filter.

Au NPs were synthesized according to the procedures described in
the literature.34 HAuCl4·3H2O (99.9%) and sodium citrate dihydrate
(99%) were both purchased from Sigma-Aldrich. Typically, 1 mL of
60 mM sodium citrate and 1 mL of a 25 mM HAuCl4 solution were
sequentially injected into 50 mL of a vigorously boiling 2.2 mM
sodium citrate aqueous solution. Boiled this mixture for 15 min and
then continued stirring for another 15 min. The yielded Au seed
solution needed to be cooled down to 90 °C. After that, 1 mL of
sodium citrate (60 mM) and 1 mL of a HAuCl4 solution (25 mM)
were injected sequentially. The reaction lasted for about 30 min. By
repeating this operation (sequential injection of 1 mL of 60 mM
sodium citrate and 1 mL of 25 mM HAuCl4), the sizes of Au NPs
grew progressively, cooled the resulting Au NPs solution to room
temperature, filtered then stored it under 4 °C.

2.2. Fabrication. Before being used, ITO required ultrasonic
cleaning. The Au−TiO2 NPs solution was prepared by adding
different amounts of Au NPs into the as-synthesized TiO2 NPs
solution at the loading ratio from 0.1 to 0.3 wt %. The Au−TiO2 NPs
and TiO2 NPs solutions (20 mg mL−1 for both solutions) were
sequentially coated by spinning at 4000 rpm for 40 s, afterward,
annealed at 150 °C for 1 h. To form a perovskite film, the preparation
method for PbI2 [dimethylsulfoxide (DMSO)] complex based on a

Figure 1. (a) Schematic diagram showing the device configuration. (b) TEM image of 0.2 wt % Au−TiO2 NPs. (c) Absorption of TiO2 NPs, Au
NPs, and 0.2 wt % Au−TiO2 NPs composite solutions with inset showing the photographs of the three solutions. (d) Cross-sectional SEM image of
the internal structure in the PSC.
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previous report was applied.35 Formamidinium iodide (FAI) and
methylamine chloride (MACl) were prepared in a typical way
according to former research.36 The 1.5 M PbI2 (DMSO) complex
dissolved in DMF was coated by spinning at 2500 rpm for 40 s.
Subsequently, spin-coated the FAI/MACl mixture (70 mg mL−1) with
2500 rpm for 40 s. Then, annealed at 120 °C. Cooling down to room
temperature, then deposited spiro-OMeTAD at 2000 rpm for 40 s to
form a hole transport layer. The spiro-OMeTAD solution was made
by dissolving spiro-OMeTAD into chlorobenzene (60 mM) with 30
mM Li-TFSI (520 mg mL−1 in acetonitrile), 200 mM 4-tBP, and 1.8
mM FK209 (300 mg mL−1 in acetonitrile). Eventually, a 100 nm of
silver electrode with an active area of 0.1 cm2 was made through
thermal evaporation with the help of a mask to pattern the electrode.
To fabricate flexible PSCs, the only different thing was to use
patterned ITO-PEN substrates with a 0.06 cm2 active area.
2.3. Characterization. The structure and morphology were

explored by transmission electron microscopy (TEM, JEOL
JEM2100) and field-emission scanning electron microscopy (SEM,
ZEISS SUPRA 55). The absorbance spectra were tested using an
ultraviolet−visible spectrophotometer (UV−vis, UV-2600). Electrical
properties of the Au−TiO2 and TiO2 layers were evaluated by the PL
(F-7000) and time-resolved PL (TRPL, FLS-980) spectra. The
current density−voltage (J−V) curves were tested by the Keithley
2400 source meter under 1 sun illumination (AM 1.5 G, 100 mW
cm−2). Unless otherwise noted, the devices were tested in the forward
and reverse scan with a 20 ms dwell time. The hysteresis index was
calculated according to a previously reported formula to quantify the
hysteresis effect of PSCs.37 The external quantum efficiency (EQE)
spectra was tested via the EQE system (Newport). The EIS was tested
via the VersaSTAT 3. The stabilized-efficiency measurement was
tested via the CHI660E.

3. RESULTS AND DISCUSSION

3.1. Composition and Structure. We prepared Au NPs
via a low-temperature fabrication scheme and embedded them
into TiO2 films to make Au−TiO2 films function as ETLs. The
TiO2 film is composed of nanocrystalline anatase TiO2 NPs
prepared using a low-temperature solution-based approach
developed by us previously.34 Their small and uniform particle
morphology facilitates the incorporation of Au NPs within the
ETL matrix and allow fine control over the ETL thickness.
To maximize the LSPR effect of Au NPs and thus to

maximize the light-harvesting ability of the active layer, the Au
NPs should be close to or dispersed well into the perovskite
layer. However, the perovskite film in immediate contact with
the metallic nanoparticles will lead to rapid charge recombi-
nation and excitons quenching.38 Thus, in order to avoid the
adverse effects, the n−i−p PSCs were composed of ITO/Au−
TiO2/TiO2/(FAPbI3)x(MAPbCl3)1−x/spiro-OMeTAD/Ag in
this work (Figure 1a). In particular, a dual ETL of Au−
TiO2/TiO2 was employed and optimized to minimize energy

losses, while maximizing the plasmonic effects on both the
ETL and the perovskite layer.
A schematic of plasmon-induced charge transport was

provided to understand the impact of Au NPs on the PSCs
in detail, as shown in Figure S1. On one hand, the far-field
effect of Au NPs acts as the scattering substance can increase
the light travel distance in perovskite, which can effectively
improve the absorption of photons of the active layer; on the
other hand, the near-field effect can facilitate more hot
electrons into the conduction band of ETL, thereby enhancing
the charge transport and collection of pure TiO2.
Also, the electrical conductivity of different ETLs (Figure

S2) is studied according to the methods reported in the
previous literature.39,40 The active area and thickness of all
samples will be the same, so we can determine the electrical
conductance of each ETL from the I−V curve slope. The
conductivity of ETLs rises progressively with the content of the
metallic Au NPs, which implies that Au−TiO2 ETLs have
stronger charge transport capability.
The morphologies of the as-prepared Au NPs and 0.2 wt %

Au−TiO2 NPs are shown in Figures S3 and 1b, respectively.
The Au NPs (16 ± 2 nm) are uniformly dispersed and
embedded into the TiO2 matrix. The selected area electron
diffraction pattern (Figure S3, inset) shows typical electron
diffraction rings corresponding to the (111), (200), (220), and
(311) lattice planes of the crystal structure of Au, consistent to
the reported results.41 Figure 1c and the inset show typical
sample solutions of TiO2 NPs, Au NPs, and the 0.2 wt % Au−
TiO2 NPs in water, as well as their corresponding UV−vis
extinction spectra. Both the Au NPs and the 0.2 wt % Au−
TiO2 NPs exhibit a deep red color with a maximum absorption
peak at 527 nm owing to the LSPR property of the Au NPs.23

The UV−vis transmittance spectra of different ETLs is shown
in Figure S4; however, the 0.2 wt % Au−TiO2 NPs thin film
hardly changed in transmittance between 400 and 800 nm.
The result shows that the introduction of Au NPs causes only a
slight decrease of transmittance in the ultraviolet region.
Indeed, the photovoltaic device characteristics is strongly

dependent on perovskite film properties. A desirable
(FAPbI3)x(MAPbCl3)1−x perovskite layer displayed in the
SEM image exhibited compact and highly crystalline
morphology, which can facilitate charge transfer and inhibit
grain−boundary charge recombination.

3.2. Rigid Devices. To investigate the effects of
incorporating Au NPs within the ETL, we prepared the
ETLs containing various weight ratios of Au−TiO2 (0, 0.1, 0.2,
and 0.3 wt %), see Figure S5 for the measured J−V curves and
Table S1 for photovoltaic parameters. According to the

Figure 2. (a) Champion J−V curves and (b) EQE plots of the PSCs.
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statistical results (Figure S7) from 20 identical Au−TiO2/
TiO2-based devices, when the concentration of Au NPs
increased from 0 to 0.2 wt % Au−TiO2, the PSC devices
showed an increase in the PCE, which may have resulted from
the multifunctional Au NPs in anatase TiO2 via enhancing the
photocurrent and improve the electrical properties of pure
TiO2. However, as the concentration continued to increase,
the PCE began to decrease. Such a decline may be attributed
to excess recombination centers provided by the excess Au
NPs. Here, the optimal concentration of Au NPs in anatase
TiO2 was found to be approximately 0.2 wt %. Interestingly,
the device based on a single Au−TiO2 ETL without the TiO2

top layer exhibits much lower VOC and FF than that of the pure
TiO2 ETL as well as that of Au−TiO2/TiO2 dual ETL,
resulting in the lowest PCE (Figure S6 and Table S2). This
may be caused by Au NPs embedded in the TiO2 layer that act
as charge traps once in direct contact with the perovskite film,
leading to an increased rate of interfacial carrier recombina-
tion,28,31 compared to the Au−TiO2/TiO2 dual ETL.
Figure 2a and Table 1 show the J−V curves and detailed

parameters of the rigid PSCs based on the TiO2 ETL and 0.2
wt % Au−TiO2/TiO2 ETL. In particular, the rigid 0.2 wt %
Au−TiO2/TiO2 PSCs exhibit considerably low hysteresis
indices (0.03) and show a JSC of 24.36 mA cm−1, a VOC of
1.11 V, and an FF of 75.33%, corresponding to a high PCE of
20.31%, which shows a significant improvement over that of
the control device (hysteresis index = 0.11, PCE = 17.19%)

using a single TiO2 film as the ETL. The increased PCE and
suppressed hysteresis could be due to the plasmonic effects of
Au NPs on the TiO2 ETL, which can promote electrons to
transfer into TiO2, leading to an enhancement in the
improvement of VOC, JSC, and FF.42

To further confirm the improvement of the light-harvesting
ability of the devices with Au NPs, EQE spectra was measured
and is shown in Figure 2b. It can be clearly observed that the
EQE of the sample with 0.2 wt % Au−TiO2/TiO2 ETL has an
enhancement in (492−850 nm range) but a small reduction in
(350−492 nm range) regions compared to that of the TiO2

ETL, as shown in Figure 2b. These results may be due to the
far field effect that improves the perovskite absorbance in the
visible region, and to the near field effect that decreases the
TiO2 transmittance, leading to a light reduction reaching the
perovskite in the UV region.43 The integrated JSC of the PSCs
generated from the EQE were 21.92 and 22.95 mA cm−2 for
TiO2 and 0.2 wt % Au−TiO2/TiO2, respectively. These results
indicate that PSCs with 0.2 wt % Au−TiO2/TiO2 ETLs indeed
exhibit a plasmonic effect, resulting in increasing the
photocurrent. However, LSPR may not be sufficient to explain
all improvements in the photovoltaic parameters of the devices.
The increase in the EQE in the wavelength range 492−850 nm
can also be partially resulted from enhanced electrical
properties in the presence of Au NPs.

3.3. Morphological, Optical, and Electrical Behaviors.
The morphology of the substrate may affect the quality of the

Table 1. Photovoltaic Parameters

ETL substrate scanning directiona VOC [V] JSC [mA cm−2] FF [%] PCE [%] hysteresis index

TiO2 ITO-glass F (champion) 1.02 22.81 65.68 15.23 0.11
ITO-glass R (champion) 1.04 22.79 72.52 17.19

0.2 wt % Au−TiO2/TiO2 ITO-glass F (champion) 1.10 24.49 72.67 19.62 0.03
ITO-glass R (champion) 1.11 24.36 75.33 20.31

aR indicates reverse scanning directions.

Figure 3. (a) Steady-state and (b) TRPL spectra. (c) Nyquist plots with inset showing the equivalent circuit model for the PSCs in EIS. (d)
Magnification of the high-frequency region of Nyquist plots of PSCs.
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perovskite, so we explored the SEM morphology of different
substrates and perovskites based on different substrates, as
shown in Figure S8. It can be seen from the figure that the
surface morphology of different substrates is very smooth and
dense, and there is almost no obvious difference. In addition,
the overall perovskite grain size is very uniform, and the
perovskite crystals have similar quality.
To obtain insights into the interfacial dynamics of the charge

extraction at the ETL/perovskite, we obtained steady-state PL
spectra and UV−vis spectra as shown in Figures 3a and S9,
respectively. Although the device based on Au−TiO2 does not
show an obvious advantage in the absorption coefficient over
the device based on pure TiO2 because the absorption
coefficient of the perovskite is much higher than that of Au
NPs,44 the increase in the photocurrent generation and the
reduction in recombination loss could be further confirmed by
PL measurements. The intensity of an emission peak centered
at ∼800 nm (Figure 3a), is reduced to nearly one-third via the
insertion of the TiO2 ETL. Further fluorescence quenching for
the ITO/0.2 wt % Au−TiO2/TiO2/perovskite sample
indicates that the metallic Au NPs modification is beneficial
to interfacial charge extraction.

To further study the recombination rate of different devices,
TRPL decay spectra is shown in Figure 3b. It is worth noting
that the significant fluorescence quenching for the ITO/0.2 wt
% Au−TiO2/TiO2/perovskite sample is likely caused by the
increase in electrical conductance of the ETL and more
efficient charge extraction provided by the metallic Au NPs.
Compared to those of the ITO/perovskite (196.27 ns) and the
ITO/TiO2/perovskite (182.03 ns), PL quenching of the ITO/
0.2 wt % Au−TiO2/TiO2/perovskite sample exhibits the
fastest decay time of 86.34 ns (Table 2), which implies that
radiative electron−hole recombination is suppressed and hence
improves the performance of the devices via the enhanced light
harvesting capability.
In addition to optical characterization, EIS measurements

were performed in a dark environment to investigate the
interfacial electrical dynamics. Figure 3c shows the Nyquist
plots for the PSCs based on TiO2 and Au−TiO2/TiO2 tested
at a voltage bias of 0.4 V. Typically, in the Nyquist plot, the
high frequency arc is controlled by charge transport kinetics,
while the low frequency arc is controlled by charge
recombination processes.45 For a clearer view, Figure 3d
shows the zoom-in of the high-frequency region. The fitted
equivalent circuit model (inset of Figure 3c) mainly contains

Table 2. Biexponential Decay Dynamics

sample τ1 (ns) f1 (%) τ2 (ns) f 2 (%) τave (ns)

ITO/perovskite 34.89 6.83 208.10 93.17 196.27
ITO/TiO2/perovskite 28.69 7.07 193.70 92.93 182.03
ITO/0.2 wt % Au−TiO2/TiO2/perovskite 37.18 19.26 98.07 80.74 86.34

Table 3. Fitted Data from the EIS Measurements

ETL Rs (Ω) Rtr (Ω) Rrec (Ω) Ctr (F) Crec (F)

TiO2 1.688 3.009 × 104 4.367 × 105 9.597 × 10−9 4.746 × 10−7

0.2 wt % Au−TiO2/TiO2 1.542 1.645 × 104 9.266 × 105 9.374 × 10−9 5.111 × 10−7

Figure 4. (a) Statistical deviation of the photovoltaic parameters. (b) J−V curves of the PSCs based on 0.2 wt % Au−TiO2/TiO2 ETLs conducted
at different dwell times. (c) Stabilized-efficiency measured at 0.84 and 0.87 V bias, respectively. (d) J−V curves of the flexible PSCs and the inset
shows the prototype of a flexible PSC.
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three electrical components: series resistance (Rs), transport
(Rtr) in parallel with the constant phase angle element (CPEtr),
and recombination (Rrec) parallel in parallel with another
element (CPErec).

46 Rtr and Rrec are typically related to the
high-frequency arc and the low-frequency arc, respectively. As
shown in Table 3, the Rs value of the PSC based on 0.2 wt %
Au−TiO2/TiO2 is slightly lower than the pristine TiO2-based
PSC. Compared to the control device, the Rtr and Rrec values of
the PSC based on 0.2 wt % Au−TiO2/TiO2 are reduced by
45% and enhanced by 112%, indicating that the Au−TiO2
interlayer decreases charge recombination loss.
3.4. Stability of Devices. We prepared a series of cells

under the same conditions to test the stability and
reproducibility of the PSCs. Statistical data based on 20 cells
illustrates the reproducibility and uniformity of the PSC
performance, as shown in Figure 4a. The J−V curves of the
Au−TiO2/TiO2-based PSCs exhibit excellent stability of
current hysteresis over a wide range of dwell time (0−300
ms), as shown in Figure 4b. Also, the stabilized photocurrent
was measured at a constant bias of 0.84 and 0.87 V,
respectively, to test the light-soaking stability of devices. As
shown in Figure 4c, a maximal steady-state JSC of the TiO2-
based and 0.2 wt % Au−TiO2-based PSCs is 20.51 and 22.93
mA cm−2, with a corresponding PCE of 17.23 and 19.95%,
respectively. Additionally, devices based on 0.2 wt % Au−
TiO2/TiO2 ETL remains stable during the period of 1000 s.
These results indicate that the 0.2 wt % Au−TiO2/TiO2 ETL
contributes to the enhanced device light-soaking stability. The
enhancement of photovoltaic performance and device light-
soaking stability rely on multiple factors, including efficient
interfacial charge transport, low charge recombination loss, and
the additional photocurrent due to LSPR-induced direct
transfer of hot electrons,44 all of which can attribute to effects
of the Au−TiO2 interface layer.
3.5. Flexible Devices. Our low-temperature solution-

based approach allows the 0.2 wt % Au−TiO2/TiO2 ETL to be
fabricated on mechanically flexible ITO/PEN substrates.
Figure 4d shows the champion J−V curves of the flexible
devices. The flexible 0.2 wt % Au−TiO2/TiO2 PSCs exhibit
considerably low hysteresis indices (0.19) while showing a
PCE of 15.36%, which shows a significant improvement
compared to the control device (hysteresis index = 0.31, PCE
= 12.80%), as shown in Table S3. Detailed photovoltaic
parameters of 10 flexible devices are shown in Figure S10,
indicating reproducible enhancement in the performance of
flexible PSCs via the incorporation of Au NPs into the TiO2
layers, as discussed above. The inset of Figure 4d shows a
prototype of flexible PSCs bending freely.

4. CONCLUSIONS
In conclusion, we have developed a dual ETL with embedded
plasmonic nanostructures for rigid and flexible PSCs with high
efficiency achieved. Such a dual ETL is fabricated via a low-
temperature solution-processed approach. The bottom is a
hybrid layer consisting of plasmonic Au NPs embedded in
anatase TiO2 films, while the top layer is purely made of
nanocrystalline anatase TiO2 NPs, which is indispensable in
preventing a direct contact between Au NPs and the
perovskite. The optimized 0.2 wt % Au−TiO2 layer greatly
benefited the ETL/perovskite interface by stimulating
interfacial charge transfer, improving light absorption and
inhibiting interfacial charge recombination. Thus, the
champion PCEs of PSCs based on 0.2 wt %Au−TiO2/TiO2

ETLs were 20.31 and 15.36% on rigid and flexible substrates,
respectively. This research provides a facile route for the design
of flexible PSCs with high performance in a scalable fashion.
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