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A B S T R A C T   

The incorporation of metal nanoparticles within various types of photovoltaic technologies has been shown to 
increase the performance of organic solar cells, dye sensitized solar cells, and more recently perovskite solar cells. 
Using this type of nanostructured composite transport layer could help improve the efficiency and stability of 
perovskite solar cells whilst avoiding the use of dopants that can damage the perovskite layer. In this work, Ag 
nanoparticles are synthesized and used to form a SnO2:Ag nanoparticle composite transport layer for the first 
time. On its own, SnO2 is in one of the most efficient transport layers for perovskite solar cells. Upon inclusion of 
the Ag nanoparticles the recombination rate is increased (detrimental for device performance) as shown by 
impedance spectroscopy, and the charge carrier transfer and extraction is enhanced (beneficial for device per-
formance) as shown by photoluminescence measurements. In order to balance these opposing factors, the 
nanoparticle concentration was optimized at an intermediate concentration with a corresponding power con-
version efficiency increase from 13.4 ± 0.7 % for reference solar cells without nanoparticles to 14.3 ± 0.3 % for 
those with nanoparticles. These devices are one of the first examples of, and exhibit the highest reported effi-
ciency for, perovskite solar cells fabricated completely in air with nanocomposite oxide layers. The protocol 
developed and reported here to improve the nanocomposite transport layer has general applicability in other 
fields, including LEDs, FETs, and electronic devices where transparency and conductivity are also required.   

1. Introduction 

In recent years, the world of photovoltaics has been revolutionized 
by the rapid development of a new technology: perovskite solar cells 
based on halide perovskites. Since their first application in dye sensi-
tized solar cells with an efficiency of 3.8 % by Miyasaka et al. in 2009, 
[1] perovskite solar cells have experienced unprecedented performance 
gains, reaching efficiencies of 26.1 % in 2023.[2] The interest in and the 
successful rise of perovskites can be ascribed to their low cost associated 
with both cheap, abundant materials and processing via economical 
methods in solution (T ≤ 100 ◦C), as well as to their excellent photo-
voltaic properties: extremely high absorbance,[3] high electron and hole 
mobilities,[4] and good tolerance towards defects.[5] However, for 
widespread adoption of perovskite solar cells into the solar cell market 
several outstanding issues must first be resolved. Firstly, their sensitivity 
towards O2, H2O, UV light and high temperatures both during deposi-
tion necessitating expensive control of the processing environment 

(efficiency in ambient air is limited to ≈20 %[6]) and during operation. 
Secondly, the upscaling to large area devices, and thirdly the lack of 
suitable transport layers.[7,8] In particular, the highest efficiencies in 
perovskite solar cells have been obtained by employing expensive 
transport layers, that contain dopants that are known to degrade the 
perovskite layer.[8–12] Progress in developing inexpensive undoped 
transport layers is of great relevance for perovskite solar cell 
development. 

Following methods used by the organic photovoltaics and dye 
sensitized solar cells communities, it is possible to identify a strategy to 
enhance the performance of the transport layers: thanks to the creation 
of composite transport layers with metal nanoparticles, the efficiencies 
of organic solar cells have been increased by 15–70 % [13] with respect 
to the efficiency of devices without nanoparticles. Only a few works 
have been reported for nanoparticles within perovskite solar cells. 
[14–18] However, these do not cover all the varieties of possible 
transport layers; in particular, addition of nanoparticles has never been 
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reported for one of the most successful electron transport layers, SnO2. 
Additionally, the most commonly employed technique to produce the 
nanoparticles to be incorporated into the charge transport layers is 
chemical synthesis, with only a few studies involving other techniques, 
e.g., thermal evaporation, electron beam evaporation, sputtering, and 
laser ablation.[19]. 

Several phenomena have been identified as possible mechanisms for 
the improvement of the performance of solar cells incorporating nano-
particles, and sometimes several of these mechanisms may be occurring 
simultaneously. The most commonly reported are: (1) the embedded 
nanoparticles increase the roughness and the surface area of the trans-
port layers, thus providing better adhesion with the overlying active 
layer, and consequently an enhanced extraction of charge carriers;[20] 
(2) the metal nanoparticles increase the conductivity of charge carriers 
through the transport layer, whereas the blocking of opposite charge 
carriers should be guaranteed by a full covering of the transport layer 
around the surface of the nanoparticles;[21] (3) beneficial optical effects 
due to the metal nanoparticles. In particular, large nanoparticles (>40 
nm) scatter the light into the absorber layer, therefore increasing the 
optical path of the light within the absorber increasing the probability of 
absorbance, whereas small nanoparticles (<40 nm) exhibit localized 
surface plasmonic resonance (LSPR).[22] In this case, the nanoparticles 
act as antennae, that trap the light in their proximity, and if the 
absorbing layer is located within a few tens of nm from the nano-
particles, this highly localized electromagnetic field can directly excite 
electrons into the conduction band, initiating the photovoltaic effect. 
[19]. 

In this work, Ag nanoparticles will be integrated into the SnO2 
electron transport layer of CH3NH3PbI3 perovskite solar cells, for the 
first time. SnO2 has been selected because it has been used in some of the 
perovskite solar cells with the highest efficiencies (25.5 % when pro-
cessed in a glovebox [23]), it can be processed in air at low temperatures 
(100 ◦C), and exhibits a good stability. Ag is a very suitable material for 
nanoparticles due to its facile growth in nanostructured forms, its high 
conductivity at room temperature, its stability, and its plasmonic effect 
in the visible region of the spectrum.[24] Unlike other works in the 
literature, this investigation is not limited to only one nanoparticle 
preparation technique, but considers both chemical synthesis and 
physical deposition (via thermal evaporation) in order to compare these 
techniques and to discover the most suitable for application in photo-
voltaics. After the characterization of the SnO2:Ag nanoparticle com-
posite layers, these will be incorporated into solar cells that are fully 
fabricated in air. Fabrication in air minimizes their fabrication cost and 
moves closer to a fabrication method appropriate for industrial pro-
duction. In this work, Methylammonium Lead Iodide (CH3NH3PbI3) is 
chosen as the light absorbing material for our devices because it is well 
understood, and consistently results in efficient solar cells. Whilst other 
multi-cation perovskites can result in higher efficiency devices, it was 
considered necessary to use this well studied single cation system to 
ensure that the improvements observed can be reliably attributed to the 
addition of the nanoparticles. An additional goal of this work is to solve 
the discussion in the literature about the origin of the improvement in 
PCE of solar cells after integration of nanoparticles, by understanding 
the mechanisms by which nanoparticles influence device performance. 

2. Experimental methods 

2.1. Formation of Ag nanoparticles 

Ag nanoparticles are produced either via a physical method (thermal 
evaporation) or via a chemical reaction. Thermal evaporation is per-
formed with an Edwards Auto 306 metal evaporator, at pressures of 6–8 
× 10-6 mbar, with a deposition rate of ≈0.1 nm/s, to achieve final 
thicknesses in the range 0.25–13.9 nm. Ag pellets (99.99 % purity) are 
evaporated from a Tungsten boat, both from the Kurt J. Lesker Com-
pany. For continuous layers above the percolation threshold (>5 nm), 

[25,26] a thermal treatment is performed in a tube furnace in air for 20 
min at temperatures 100–400 ◦C, in order to promote the rearrangement 
into a discontinuous nanoparticle layer. Chemical synthesis of Ag 
nanoparticles is achieved by reaction of 0.002 M AgNO3 (Alfa Aesar) and 
0.001 M NaBH4 (Sigma Aldrich) in DI H2O.[27] After the reaction, 
polyvinyl pyrrolidone (PVP, Sigma Aldrich, MW = 10 000) is added as a 
capping layer for Ag nanoparticles.[27]. 

2.2. Ag nanoparticles + SnO2 composite layers 

Nanoparticles are incorporated into transport layers with 2 possible 
topologies: either below or embedded inside the transport layer. The 
first case is applied for nanoparticles produced by physical methods; the 
transport layer is spin coated directly on the top of the substrates where 
the nanoparticles were grown. The second case is suitable for nano-
particles from chemical synthesis; Ag nanoparticle solution and trans-
port layer solution are mixed in different ratios, and co-deposited via 
spin coating on suitable substrates. 

SnO2 is deposited from a colloidal SnO2 nanoparticle dispersion in 
H2O (15 % concentration), from Alfa Aesar. This colloidal solution is 
diluted in DI H2O in a ratio DI H2O: SnO2 solution of 4:1 vol, then spin 
coated at 2000 rpm for 30 s, and lastly annealed at 100 ◦C for 30 min. 
[28,29] For composite layers from chemical synthesis, the aqueous Ag 
nanoparticle dispersion partially or completely replaces the H2O in the 
dilution step, with ratios 1:1 vol, 2:1 vol, or 4:1 vol with respect to the 
volume of SnO2 solution. 

2.3. Fabrication of perovskite solar cells 

Solar cells are fabricated with a normal architecture comprising of 
ITO/SnO2/CH3NH3PbI3/PTAA/Ag as reported in Fig. 1, with all the 
layers deposited in air. The ITO Glass Photovoltaic Substrates (8 Pixel) 
are from Ossila Ltd, where the ITO has a thickness of 100 nm, and a 
nominal sheet resistance of 20 Ω/□. The substrate cleaning protocol 
applied immediately prior to use is: 10 min ultrasonication in Hellmanex 
solution (Hellmanex III from Hellma Analytics, ≈ 0.5 %vol in boiling DI 
H2O); rinsing twice in hot H2O and once in room temperature H2O; 10 
min ultrasonication in acetone (≥99.5 %, Honeywell); 10 min ultra-
sonication in isopropanol (Propan-2-ol ≥ 99.5 %, Fisher Scientific); 
drying with N2 gun; and 5–10 min oxygen plasma cleaning. The first 
layer to be deposited is SnO2 (Electron Transport Layer, ETL), either 
pristine or as a composite with Ag nanoparticles via physical methods or 
chemical synthesis. CH3NH3PbI3 perovskite is deposited via a modifi-
cation of the antisolvent technique reported in the literature.[30,31] 
CH3NH3I and PbI2 were synthesized in our lab as reported in the liter-
ature,[32,33] and mixed with molar ratio 1:1 in DMF:DMSO 4:1 vol (N, 
N-dimethylformamide anhydrous, 99.8 % from Sigma Aldrich; dimethyl 
sulfoxide, analytical reagent grade, from Fisher Scientific UK), in order 
to have concentration of 1.3 M each. The solution is spin coated under 

Fig. 1. Architecture of solar cells. Schematic representation of a solar cell, with 
layers: ITO (100 nm), SnO2 (24.7 ± 0.1 nm), CH3NH3PbI3 (373 ± 3 nm), PTAA 
(72.6 ± 0.2 nm), Ag (110 nm). 
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fumehood at 3000 rpm for 20 s, and after 10 s ethyl acetate (anhydrous 
99.8 %, Sigma Aldrich) is added as an antisolvent rinse.[31] After the 
spin coating, the Perovskite samples are first transferred into a small 
vacuum chamber, and exposed to low vacuum (1.2 mbar) for 2 min. 
After this vacuum treatment, the samples are annealed at 100 ◦C for 1 
min. This modification aims at depositing perovskite in air with good 
quality: high crystallinity, full coverage, uniform grains with low 
roughness, and absence of pinholes. On top of the perovskite layer, a 
PTAA (Poly-triarylamine, M513 from Ossila Ltd, MW = 28 422) hole 
transport layer is deposited. PTAA has the advantage of being easily 
processed in air, therefore suitable for our goal of solar cells fully 
fabricated in ambient environment. 15 mg/mL of PTAA in toluene 
(anhydrous 99.8 %, Sigma Aldrich) is doped with Li-TFSI (Lithium bis 
(trifluoromethylsulfonyl) imide from Ossila Ltd, dissolved with con-
centration of 170 mg/mL in acetonitrile, VWR Chemicals) and tBP (4- 
tert-Butylpyridine from Ossila Ltd, diluted 1:1 vol in acetonitrile). The 
volumetric ratio of PTAA solution:Li-TFSI solution:tBP solution is 
1000:7.5:7.5. The global solution is deposited statically and spin coated 
at 3000 rpm for 30 s (modifications from the literature [34–36]), and 
annealed at 100 ◦C for 10 min. Lastly, Ag is deposited with the same 
apparatus for thermal evaporation of Ag nanoparticles, but with thick-
nesses of 110 nm. For Electrochemical Impedance Spectroscopy mea-
surements, Au (99.99 % purity, Agar Scientific) is thermally evaporated 
as back electrode, with thickness of 110 nm. 

2.4. Characterization 

Layer morphology is analyzed by Atomic Force Microscopy (AFM), 
with a Bruker Dimension Icon ScanAsyst, operating in tapping mode 
with a nominal frequency of 70 ± 25 kHz, and using silicon nitride 
ScanAsyst-Air tips. UV–Vis absorbance spectra are acquired with a 
deuterium - tungsten halogen lamp (250–830 nm) and an Ocean Optics 
USB 2000 + photodetector. Electrical conductivity is measured via a 4 
point probe in line device, with a Keithley 2602A SourceMeter and a 
voltage sweep from −1 V to 1 V with steps of 0.1 V. Electrochemical 
Impedance Spectroscopy (EIS) is performed with an IviumStat.h stan-
dard instrument with a FRA/EIS analyzer, for frequencies from 100 kHz 
to 100 mHz, and a bias offset of 0.9 V. Time Resolved Photo-
luminescence data are acquired using the Time Correlated Single Photon 
Counting (TCSPC) technique, with a laser of wavelength 510 nm, fre-
quency 40 MHz, and fluency 107 ± 1 µW. For each sample, the wave-
length selected for TCSPC was the maximum in the PL spectrum, ≈768 
nm. The efficiency of solar cells is measured using a solar simulator 
Newport 92251A-1000 with a Xenon lamp, applying a mask to the solar 
cells with active areas of 2.365 ± 0.012 mm2. Intensity of the light is 1 
sun AM1.5G, and the lamp is calibrated before every measurement. 

3. Results and discussion 

3.1. Production of Ag nanoparticles 

3.1.1. Thermal evaporation 
As reported in a previous paper by the authors,[37] metal nano-

particles can be grown on inert substrates either directly for deposits 
thinner than the percolation threshold (≤5 nm), or via thicker deposits 
(>5 nm) followed by thermal annealing to promote the rearrangement 
of the continuous layers into discrete nanoparticles. Samples that are 
thinner than the percolation threshold can also be annealed in order to 
make the nanoparticles more spherical and to improve the uniformity of 
the deposit. The annealing is performed in air for 20 min, with tem-
peratures increasing with the thickness of the deposit: 100 ◦C for 1 nm, 
200 ◦C between 2 nm and 5 nm, and 300 ◦C between 10 nm and 13.9 nm. 

During the growth of a thermally evaporated film it will transition 
through two regimes which can be monitored by measuring the optical 
absorption and its electrical properties. Initially, the low amount of 
incoming metal arranges in a discontinuous nanoparticle film, that is 

characterized by an optical absorption peak (centered between 350 nm 
and 600 nm of Ag nanoparticles) generated by localized surface plas-
monic resonance, and at this stage the film is electrically insulating. 
Later, with the arrival of further material, the nanoparticles coalesce 
into a continuous metal film where electrons are no longer confined,[38] 
this continuous film is characterized by a flat absorption spectrum and a 
long range electrical conductivity. 

However, thin continuous films are unstable and with sufficient 
thermal energy (100–400 ◦C) they can be rearranged into films with a 
morphology consisting of large hemispherical nanoparticles, charac-
terized by sharp plasmonic peaks at 430–500 nm. With this strategy, it is 
possible to achieve nanoparticle layers even above the percolation 
threshold. 

The dimension of the nanoparticles depends on the thickness of the 
film before the annealing. The plasmonic absorption shifts with the di-
mensions of the nanoparticles formed after the annealing. Therefore, 
tuning the deposition conditions (thickness and temperature of 
annealing) is a convenient method to control the optical properties of 
the nanoparticle films. 

3.1.2. Chemical synthesis of Ag nanoparticles 
Ag nanoparticles are synthesized in DI H2O from a Ag salt (AgNO3). A 

strong reductant (NaBH4) is employed in order to have fast nucleation 
resulting in small nanoparticles with a narrow distribution in di-
mensions.[27] AFM measurements detect nanoparticles with an average 
radius of 8.6 nm, in agreement with Nanoparticle Tracking Analysis 
(NTA) that reports that almost 50 % of nanoparticles have radii between 
5 nm and 10 nm. Their concentration is estimated by NTA to be 9 × 1011 

NPs/mL. The plasmonic peak of the Ag nanoparticles in solution is 
centered at 399.8 ± 0.8 nm. The concentration of nanoparticles is 
increased via 2 sequential centrifugations at 14 000 rpm for 60 min, for a 
total increase in concentration by 20 times. 

3.2. Integration of Ag nanoparticles into transport layers 

Having established suitable parameters to synthesize Ag nano-
particles via physical and chemical methods, the following step is to 
fabricate composite transport layers by integrating the Ag nanoparticles 
into the SnO2 layers, and to characterize their optical, electrical and 
morphological properties. As shown in Fig. 2a, UV–Vis measurements 
indicate plasmonic absorbance only for composite layers with thermally 
evaporated nanoparticles, whereas all the composite layers with chem-
ically synthesized nanoparticles are transparent, similar to the SnO2 
layer without nanoparticles. The reason for this can be found by 
analyzing the morphology via AFM. Thermal evaporation forms layers 
where nanoparticles are close to each other (distances of few nanome-
ters), whereas nanoparticles from chemical synthesis are deposited via 
spin coating which provides a significantly less dense layer of nano-
particles (distances of tens of nanometers), that is the concentration of 
Ag nanoparticles present is much smaller in the chemically derived 
films. Additionally, the roughness of composite layers is enhanced with 
respect to bare SnO2. Regarding the electrical characterization, the 
conductivities of SnO2 layers decrease after incorporating Ag nano-
particles, both from thermal evaporation and from chemical synthesis. 
This can be explained by the difference in work functions, that drives the 
electrons from SnO2 to Ag. The electron depleted regions in SnO2 
decrease the conductivity of the composite layer, in a process similar to 
the formation of a nano-Schottky barrier.[39,40]. 

3.3. Integration of Ag nanoparticles into transport layers of perovskite 
solar cells 

Ag nanoparticles are incorporated into perovskite solar cells in 2 
ways: Ag nanoparticles thermally evaporated between ITO and SnO2 
and Ag nanoparticles from chemical synthesis co-deposited with SnO2. 
Due to the dimensions of the Ag nanoparticles via chemical synthesis 
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(radius 8.6 nm) and via thermal evaporation (radius 10–13 nm), and the 
thickness of SnO2 (≈25 nm), the two systems are comparable because 
the nanoparticles are completely covered by the transport layer 
material. 

Ag nanoparticles thermally evaporated (1 nm, as deposited or 
annealed at 100 or 200 ◦C) between ITO and SnO2 decrease the effi-
ciency of perovskite solar cells by values between −54 % and −80 % 
with respect to reference solar cells without nanoparticles. This is 
mainly due to a drop in JSC. J-V curves for the reference solar cell and for 
the solar cell with 1 nm of Ag as deposited are reported in Fig. 2b. 
Possible reasons for this decrease include a misalignment of energy 
levels between the active layer and the transport layer after incorpora-
tion of nanoparticles; the competition to absorb light between the 
plasmonic nanoparticles and the active layer, although UV–Vis analysis 
(Fig. 2a) determined this effect to be significantly smaller (≈11 %) than 
the decrease in efficiency (-54 %); and possible recombination of 

electrons and holes mediated by nanoparticles. 
Ag nanoparticles from chemical synthesis are mixed and co- 

deposited with SnO2, so that they are embedded inside the transport 
layer. The Ag nanoparticle solution partially replaces the DI H2O used 
for dilution of SnO2 solution: the ratios of Ag nanoparticle solution:SnO2 
solution studied are 0:1 (no Ag nanoparticles), 1:1, 2:1, and 4:1 (com-
plete replacement of DI H2O with Ag nanoparticle solution). J-V curves 
for the reference solar cell and for the solar cells with the 3 different 
concentrations of Ag NPs are compared in Fig. 2b. Performance results 
for the perovskite solar cells with composite transport layers are listed in 
Table 1, and the main parameters are plotted as a function of nano-
particle concentration: PCE (Fig. 3a), VOC (Fig. 3b), JSC (Fig. 3c), and FF 
(Fig. 3d). Ag nanoparticles made by chemical reaction increase the PCE 
of perovskite solar cells from 13.4 ± 0.7 % to 14.3 ± 0.3 % (relative 
increase of + 7 %), for nanoparticles with ratio Ag nanoparticle solution: 
SnO2 solution 2:1. This increase is due to the simultaneous enhance-
ments of both FF (+8%) and VOC (+1%), whereas JSC decreases slightly. 
Because the VOC increases with the concentration of Ag nanoparticles, 
solar cells with even higher concentration were fabricated by further 
centrifugation of the nanoparticle solution, to achieve equivalent con-
centration of 64:1 (light blue J-V curve in Fig. 2b). The VOC was effec-
tively increased, but the PCE continued the drop as noted already for 4:1 
concentration and reached values below the reference SnO2, due to 
decreases in both JSC and FF. Therefore, because the VOC constantly 
increases whereas the JSC decreases, the highest PCE is achieved at in-
termediate concentration of 2:1. The different results observed for Ag 
nanoparticles from thermal evaporation and from chemical synthesis 
can be explained by the different nanoparticle concentrations: thermal 
evaporation deposits Ag nanoparticles at a concentration which is too 
high and sits above the maximum in PCE, whereas the concentration of 
the chemically derived nanoparticles can be easily tuned. Our results 
demonstrate that the beneficial effects of adding metal nanoparticles 
into oxide transport layers in the literature (TiO2,[14–16,41–45] Al2O3, 
[42,46] MgO,[17] VOx,[47]) are applicable also for SnO2. Among these 
devices, the best solar cells fully fabricated in air reached an efficiency of 
13.8 % for Au/SiO2 core/shell nanoparticles in mesoporous TiO2.[41] 
To the best of our knowledge, the PCE of 14.3 ± 0.3 % for Ag nano-
particles in SnO2 represents the highest efficiency for solar cells with 
nanostructures in the oxide transport layer fully fabricated in air. 

3.4. Investigation of the mechanism for improvement in efficiency 

Characterization by UV–Vis absorbance, conductivity under illumi-
nation, morphology via AFM, Electrochemical Impedance Spectroscopy, 
and Photoluminescence via Time Correlated Single Photon Counting 
were used in order to understand the origin of the improvement in PCE 
after incorporating Ag nanoparticles from chemical synthesis. 

As already mentioned, UV–Vis showed no detectable plasmonic ef-
fects from chemically synthesized Ag nanoparticles into the composite 
layer, probably due to their relatively low concentration in the thin SnO2 
layer (≈25 nm). Conductivity measurements on the composite layers Ag 
NPs + SnO2 are repeated under illumination to simulate the operation of 
solar cells, but also in this case the conductivity decreases with respect to 

Fig. 2. J-V graph and UV–Vis spectra. (a) 100 - Transmittance via UV–Vis 
spectroscopy of bare SnO2, SnO2 with Ag nanoparticles via thermal evaporation 
or chemical synthesis, and perovskite layer. (b) Density of current J - Voltage V 
graph for reference solar cell ITO / SnO2 / CH3NH3PbI3 / PTAA / Ag (black 
curve), for solar cell with Ag nanoparticles via thermal evaporation at the 
interface ITO / SnO2 layer (violet curve), and for solar cell with Ag nano-
particles via chemical synthesis into the SnO2 layer with different concentra-
tions (blue, green and red curves). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
PCE, VOC, JSC, FF, RSH, and RS of ITO/SnO2(+Ag nanoparticles)/CH3NH3PbI3/PTAA/Ag solar cells, as a function of the concentration of Ag nanoparticle solution with 
respect to SnO2 solution. Both average and values of the best device are indicated. Best results in the literature for plasmonic perovskite solar cells fabricated in air are 
reported for comparison [41].  

Ag NPs solution: SnO2 solution PCE (%) VOC (V) JSC (mA /cm2) FF (%) RSH (Ω ⋅ cm2) RS (Ω ⋅ cm2)  
Average Best Average Best Average Best Average Best Average Average 

0: 1 (no Ag NPs) 13.4 ± 0.7  14.41 1.01 ± 0.01  1.006 22.0 ± 0.4  22.63 60.2 ± 3.2  63.27 880 ± 650 9.4 ± 4.5 
1: 1 13.8 ± 0.6  14.64 1.01 ± 0.01  1.024 21.8 ± 0.5  22.38 62.7 ± 2.3  63.85 1100 ± 1400 6.6 ± 0.8 
2: 1 14.3 ± 0.3  14.87 1.02 ± 0.01  1.019 21.6 ± 0.3  21.87 65.1 ± 1.4  66.71 6600 ± 11000 6.2 ± 0.4 
4: 1 14.1 ± 0.8  15.02 1.02 ± 0.01  1.028 21.1 ± 1.0  21.59 65.1 ± 2.1  67.67 1500 ± 1900 7.1 ± 0.8 
Literature [41] 13.85 ± 0.45  0.995 ± 0.017  21.43 ± 1.01  64.3 ± 1.6     
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bare SnO2. AFM reported an increase of RRMS roughness from 1.181 nm 
to 1.673 nm. Although this can improve the adhesion with perovskite 
layer and the extraction of electrons, other analyses are performed to 
better understand the effects of nanoparticles on the transport layer: EIS 
and photoluminescence. 

Electrochemical Impedance Spectroscopy (EIS) is performed on full 
solar cells with transport layers formed of SnO2 and Ag nanoparticles 
with different concentrations, in the dark with a bias of 0.9 V. Results are 
reported in the Nyquist plot (imaginary versus real part of impedance) in 
Fig. 4a. The results are modelled by applying the equivalent circuit 
indicated in the inset of Fig. 4a, and composed of a resistor R1 in series 
with a parallel of a resistor R2 and a capacitor C2. The values of the fits 
are listed in Table 2; in one case two parallels of resistors and capacitors 
are required to have a good fit. In EIS, features at low frequency 
(100–––1000 Hz) indicate slow electrical processes such as migration of 
ions; features at intermediate frequency (10 000–––100 000 Hz) repre-
sent radiative and non radiative recombinations; and features at high 
frequency (≥100 000 Hz) arise from fast mechanisms like charge 
transport and extraction.[48–52] In our experiments we detected arcs at 
intermediate frequencies, that can be interpreted as generated from the 
recombination mechanisms in solar cells, that have a typical time scale 
of ≈ µs. The characteristic times τ = R⋅C for the processes at interme-
diate frequencies are represented in Fig. 4b. With the increase of Ag 
nanoparticle concentration, τ decreases, that indicates that they accel-
erate the recombinations of charge carriers in the solar cell. This sug-
gests that the Ag nanoparticles act as recombination centers for the 
electrons and holes present in the perovskite layer, detrimentally 
decreasing the number of charge carriers available to flow through the 
layer, that is the JSC as reported in Fig. 3c, and consequently the global 
performance of the solar cell. A second effect of Ag nanoparticles is to 

decrease the series resistance R1 of SnO2. The apparent contradiction 
with the decrease in conductivity after incorporation of Ag nanoparticles 
may be generated by the different geometries of analysis for the two 
techniques: parallel to the layer for 4 point probe measurements, and 
perpendicular to the layer for EIS. The presence of nanoparticles makes 
the conductivity anisotropic, because the electrons in the perovskite 
layer can move more easily across the ETL through the nanoparticles, 
although there are less electrons available along the ETL itself. 

Time Correlated Single Photon Counting (TCSPC) is applied to study 
the photoluminescence of electron only devices, i.e., with the architec-
ture glass/SnO2(+Ag nanoparticles)/CH3NH3PbI3/encapsulation glass, 
for different concentrations of Ag nanoparticles. The normalized in-
tensity spectra in Fig. 5a are fitted with 2 exponential decays (I = I0 +
A1e^{-t/τ1} + A2e^{-t/τ2}), as indicated by black lines with parameters 
listed in Table 3. In the literature, these multiple decays are ascribed to 
bimolecular mechanisms and free carrier mechanisms,[53] or to surface 
and bulk processes,[54,55] or to decays from different energy states. 
[56] By comparing the values of An in Table 3 the mechanism at shorter 
times, A1, is the strongest for all the devices incorporating Ag nano-
particles, whereas the situation is more balanced for the reference device 
without Ag nanoparticles.[57] An effective lifetime τEFF that aggregates 
the different decay mechanisms,[54] according to the equation 1/τEFF =
1/τ1 + 1/τ2 is considered. Values are included in Table 3, and plotted in 
Fig. 5b. 

This effective lifetime changes with the presence and the concen-
tration of Ag nanoparticles. In perovskite solar cells with metal nano-
particles, this value is an indication of the characteristic time for the 
extraction of charge carriers through the transport layer. 
[14,41,45,47,58] As evident in Fig. 5b, the lifetime decreases with the 
concentration of Ag nanoparticles, from 1.223 ± 0.013 ns for reference 

Fig. 3. Main parameters of solar cells. PCE (a), VOC (b), JSC (c), and FF (d) of ITO/SnO2(+Ag nanoparticles)/CH3NH3PbI3/PTAA/Ag solar cells, as a function of the 
concentration of Ag nanoparticle solution with respect to SnO2 solution (DI H2O balanced the dilution in order to reach always a total of 4 times the volume of 
SnO2 solution). 
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SnO2 to 0.744 ± 0.007 ns for Ag nanoparticles:SnO2 ratio of 2:1. 
Therefore, the effect of Ag nanoparticles is to accelerate the extraction of 
charge carriers (electrons) from the perovskite to the transport layer. 
This improvement of electrical properties is supported also by the 
decrease of the series resistance R1 detected in the EIS analyses, and by 
the minimum of the series resistance in perovskite solar cells happening 
at the same concentration of Ag nanoparticles:SnO2 of 2:1. This positive 
effect on carrier extraction due to the Ag nanoparticles is in competition 
with the negative effect observed via EIS of increasing the recombina-
tion rate and decreasing the JSC. Optimal conditions are met at 

intermediate concentrations, that in our system is Ag nanoparticles: 
SnO2 2:1, where the PCE of solar cells is maximum (Fig. 3a). This results 
in devices with a PCE of 14.3 ± 0.3 % for Ag nanoparticles in SnO2 

Fig. 4. Results from EIS. (a) Real Z1 and imaginary -Z2 components of the 
impedance in the Nyquist plot, for 8 solar cells ITO/SnO2(+Ag nanoparticles)/ 
CH3NH3PbI3/PTAA/Au with different Ag nanoparticle concentrations, 
measured at 0.9 V in the darkness. Fits with the equivalent circuit in the inset 
are indicated by continuous lines. (b) Characteristic times τ = R⋅C of RC 
semicircles for solar cells as a function of the concentrations of Ag nanoparticles 
in the transport layer. 

Table 2 
Results of the EIS fits for solar cells measured at 0.9 V in the darkness: equivalent 
circuit for fitting, series resistance R1, resistances R2,3 and capacitances C2,3 of 
the RC circuits.  

Ag NPs 
solution: SnO2 
solution 

Equivalent 
circuit 

R1 (Ω) R2 (Ω) C2 
(nF) 

R3 
(Ω) 

C3 
(nF) 

0: 1 (no Ag 
NPs) 

R + RC 42.2 
± 0.6 

799 ±
3 

39.7 
± 0.3 

– – 

0: 1 (no Ag 
NPs) 

R + RC 82.2 
± 1.9 

1050 
± 20 

22.3 
± 0.2 

– – 

1: 1 R + RC + RC 40.5 
± 1.4 

193 ±
7 

61.0 
± 1.6 

210 
± 11 

705 
± 71 

2: 1 R + RC 33.4 
± 0.7 

280 ±
2 

43.9 
± 0.5 

– – 

2: 1 R + RC 34.2 
± 0.8 

266 ±
3 

44.7 
± 0.5 

– – 

4: 1 R + RC 37.8 
± 0.9 

197 ±
2 

44.4 
± 0.7 

– – 

4: 1 R + RC 35.7 
± 0.5 

185 ±
1 

45.8 
± 0.4 

– –  

Fig. 5. Results from TCSPC. (a) Normalized intensity of PL emissions in loga-
rithmic scale as a function of the time of emission, for samples composed of 
glass/SnO2(+Ag nanoparticles)/CH3NH3PbI3. Fits for each curve are plotted as 
black lines. The feature at 25 ns for 2:1 sample represents an artifact. (b) 
Lifetimes τ for the PL exponential decays as a function of the concentrations of 
Ag nanoparticles in the transport layer: first and second exponential decays, and 
effective lifetime. 

Table 3 
Fitting parameters of the PL emission curves (I = I0 + A1e^{-t/τ1} + A2e^{-t/τ2}), 
for different concentrations of Ag nanoparticles in the transport layer.  

Ag NPs 
solution: 
SnO2 
solution 

I0 
(counts) 

A1 
(counts) 

τ1 (ns) A2 
(counts) 

τ2 (ns) τEFF 
(ns) 

0: 1 (no Ag 
NPs) 

642 ± 3 9520 ±
50 

1.536 
±

0.010 

9770 ±
60 

6.004 
±

0.024 

1.223 
±

0.013 
1: 1 1012 ±

8 
67 200 
± 100 

0.889 
±

0.003 

41 900 
± 100 

4.553 
±

0.013 

0.744 
±

0.005 
2: 1 10 260 

± 70 
454 800 
± 900 

0.864 
±

0.003 

139 200 
± 900 

5.352 
±

0.031 

0.744 
±

0.007 
4: 1 1053 ±

7 
17 450 
± 50 

1.152 
±

0.006 

11 170 
± 40 

8.197 
±

0.038 

1.010 
±

0.010  
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which is an improvement over the next best efficiency of 13.8 % re-
ported for similar air processed devices incorporating nanoparticles. 
[41] Looking back to the thermally evaporated nanoparticles, it is 
possible to attribute the decrease in their efficiency to extensive carrier 
recombination mediated by nanoparticles, which is predominant at such 
excessive concentrations. 

4. Conclusions 

This work demonstrates how metal nanoparticles can be synthesized 
and optimized via chemical or physical methods, and subsequently how 
they can be integrated into the electron transport layer of perovskite 
solar cells. Different nanoparticle synthesis methods have different ef-
fects on perovskite solar cells: while thermally evaporated nanoparticles 
decreased the PCE, nanoparticles from chemical synthesis co-deposited 
with SnO2 successfully increased the PCE by +7 %. A solution to the 
debate in the literature about the mechanism underlying the improve-
ment in PCE has been proposed here: although the EIS reported an in-
crease in recombination rates with increasing concentration of 
nanoparticles, photoluminescence highlighted that the characteristic 
time for charge transport decreased from 1.223 ± 0.013 ns to 0.744 ±
0.007 ns after incorporation of Ag nanoparticles into SnO2. This can be 
interpreted as enhanced charge transfer and extraction from the 
perovskite layer into the electrode, that ultimately increased the PCE of 
the solar cells. The presence of these two opposing effects of extraction 
and recombination generates an optimal concentration of nanoparticles. 
The thermally evaporated nanoparticles could only be made at con-
centrations above optimum, whereas the concentration of the chemi-
cally derived nanoparticles could be tuned and therefore optimized. In 
comparison to other works in the literature, this work is the first to apply 
metal nanoparticles in SnO2, one of the most efficient ETLs for perov-
skite solar cells. Additionally, our solar cells are some of the first to be 
fabricated completely in air incorporating a composite metal nano-
particle/oxide electron transport layer, and with the highest reported 
PCE for this material system. In conclusion, perovskite solar cells have 
been enhanced in terms of improved efficiency and simple processing, i. 
e., without the need for expensive control of the processing environ-
ment. Understanding of the mechanisms by which nanoparticles 
enhance device performance has been improved. Lastly, the protocols 
established here for the synthesis, comparison and integration of com-
posite transport layers have a general validity, and can be applied to 
perovskite solar cells with different compositions, or to other fields, e.g., 
LED, FET, and fuel cells. 
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[51] P. Lopez-Varo, J.A. Jiḿenez-Tejada, M. Garc ́ıa-Rosell, S. Ravishankar, G. Garcia- 
Belmonte, J. Bisquert, O. Almora, Adv. Energy Mater. 8 (2018) 1–36. 

[52] A. Todinova, L. Contreras-Bernal, M. Salado, S. Ahmad, N. Morillo, J. Id́ıgoras and 
J. J. a. Anta, ChemElectroChem 4 (2017) 2891–2901. 

[53] Q. Chen, H. Zhou, T.B. Song, S. Luo, Z. Hong, H.S. Duan, L. Dou, Y. Liu, Y. Yang, 
Nano Lett. 14 (2014) 4158–4163. 

[54] F. Staub, H. Hempel, J.C. Hebig, J. Mock, U.W. Paetzold, U. Rau, T. Unold, 
T. Kirchartz, Phys. Rev. Appl 6 (2016) 1–13. 

[55] P. Chen, Y. Bai, S. Wang, M. Lyu, J.H. Yun, L. Wang, Adv. Funct. Mater. 28 (2018) 
1–10. 

[56] Y. Chen, T. Wang, Z. Li, H. Li, T. Ye, C. Wetzel, H. Li, S.F. Shi, Sci. Rep. 8 (2018) 
1–7. 

[57] X. Hu, X. Wang, P. Fan, Y. Li, X. Zhang, Q. Liu, W. Zheng, G. Xu, X. Wang, X. Zhu, 
A. Pan, Nano Lett. 18 (2018) 3024–3031. 

[58] H.A. Atwater, A. Polman, Nat. Mater. 9 (2010) 205–213. 

F. Bastianini et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0038-092X(24)00012-4/h0235
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0235
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0240
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0240
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0245
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0245
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0250
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0250
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0255
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0255
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0260
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0260
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0265
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0265
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0270
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0270
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0275
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0275
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0280
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0280
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0285
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0285
http://refhub.elsevier.com/S0038-092X(24)00012-4/h0290

	Using Ag nanoparticles in the electron transport layer of perovskite solar cells to improve efficiency
	1 Introduction
	2 Experimental methods
	2.1 Formation of Ag nanoparticles
	2.2 Ag nanoparticles + SnO2 composite layers
	2.3 Fabrication of perovskite solar cells
	2.4 Characterization

	3 Results and discussion
	3.1 Production of Ag nanoparticles
	3.1.1 Thermal evaporation
	3.1.2 Chemical synthesis of Ag nanoparticles

	3.2 Integration of Ag nanoparticles into transport layers
	3.3 Integration of Ag nanoparticles into transport layers of perovskite solar cells
	3.4 Investigation of the mechanism for improvement in efficiency

	4 Conclusions
	Declaration of competing interest
	Acknowledgements
	References


