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Section 1. Materials Synthesis 

 

• Starting Materials 

All starting materials for synthesis were commercially purchased and used as 

received. Tetrachloroauric (III) Acid (HAuCl4, >99.9%), Sodium Citrate (>99.0%), 

Polyvinylpyrrolidone (PVP, average mol wt 10,000), Tetraetoxisilane (TEOS, 

98.0%) and Ammonia (28-30%) were purchased from Sigma-Aldrich.  

Methylammonium iodide (MAI, 98%) and Phenethylammonium iodide (PEAI, 

98%) were supplied from Greatcell Solar. Lead iodide (PbI2, 99%) was purchased 

from Tokyo Chemical Industry (TCI). N,N-Dimethylformamide (DMF) 99.8% extra 

dry over molecular sieve, AcroSeal; Dimethyl sulfoxide (DMSO) 99.7% extra dry 

over molecular sieve, AcroSeal; and Chlorobenzene extra dry over molecular 

sieve, AcroSeal were purchased from Acros Organics.  

The amorphous glass were purchased from Pilkington. Isopropyl alcohol 

(technical grade, 99.5%) and the soap (decon90) were purchased from PanReac 

AppliChem and Decon, respectively.  

 

 

• Synthesis of Au@SiO2 NPs 

 

Scheme S1. Reaction outline of the synthesis Au@SiO2 NPs through the 

different steps. 
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- Synthesis of citrate-stabilized gold nanoparticles (AuNPs@Citrate) 

20 nm citrate capped AuNPs with a uniform quasi-spherical shape and a narrow 

size distribution were synthesized according to a kinetically controlled seeded 

growth strategy via reduction of HAuCl4 mediated by sodium citrate.1 Briefly, 250 

mL of 2.2 mM sodium citrate solution was heated in a 500 mL three-necked round 

flask for 20 minutes under vigorous stirring. Upon reaching 96 ºC, 1 mL of 42 mM 

HAuCl4 was injected. After 20 minutes the temperature was decreased until 90oC, 

once the temperature was stable, another 1 mL of 42 mM HAuCl4 was injected 

to obtain citrate-stabilized AuNPs with a diameter of ca. 20 nm. 

 

 

 

 

 

 

 

 

 

Figure S1. Absorption spectrum of gold nanoparticles stabilized in citrate 

(AuNP@Citrate) after two growth steps. 
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- Ligand-exchange process (AuNPs@PVP) 

Prior to silica coating of AuNPs, a ligand exchange process was carried out to 

obtain Polyvinylpyrrolidone (PVP) capped AuNPs based on a simple 

concentration gradient.2 PVP capping ligand provides higher affinity to silica 

particles, facilitating the silica shell formation and, growth3,4 also allows dispersion 

in certain organic solvents. For this, 250 mL of the previously synthesized citrate-

stabilized AuNPs were centrifuged at 7500 rpm for 30 minutes. Next, the 

supernatant was discarded, and the pellet was suspended into 125 mL of 

ultrapure water. Subsequently, 0.96 mL of an aqueous solution containing 24.87 

mg of PVP was added to the latter colloidal dispersion, and the whole mixture 

was stirred for 24 hours before the silica coating process. 

 

  

 

 

 

 

 

 

 

Figure S2. Absorption spectra of gold nanoparticles stabilized in citrate (red) and 

PVP (purple) after ligand exchange.  
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- Silica coating process (core-shell Au@SiO2 NPs) 

Core-shell Au@SiO2 NPs were prepared with different thickness of silica shell 

using tetraethyl orthosilicate (TEOS) mediated synthesis based on Stöber like 

method.4,5 15 mL of PVP capped Au NPs obtained above were centrifuged at 

7500 rpm for 30 minutes. The pellet containing AuNPs@PVP was suspended 

into 1.5 mL of ultrapure water, and subsequently 13.5 mL of isopropanol was 

added under vigorous stirring. To the latter mixture, 0.282 mL of concentrated 

ammonia (~28%) and 7.45 L of TEOS (98%) were added. After 10 minutes of 

mixing at room temperature, the reaction mixture was kept into a fridge (4 ºC) to 

slow down the silica shell growth. Incubation time of the latter mixture was used 

as parameter to regulate the silica shell growth (Figure S3). Our experimental 

conditions allow the use of longer incubation times to minimize the formation of 

silica islands.4 To stop the reaction at the different time courses, the core-shell 

Au@SiO2 NPs were purified by centrifugation (7500 rpm for 30 min) and washed 

twice with water. Finally, the purified core-shell Au@SiO2 NPs were suspended 

into 5 mL of pure DMF (final volume) and stored until use.  

 

 

 

 

 

 

 

 

 

 

Figure S3. Mean thickness of silica shell as a function of the reaction time.  
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• Perovskite Precursor Solutions 

For the MAPbI3 perovskite, a stoichiometric precursor solution was prepared by 

mixing MAI and PbI2 in DMF/DMSO. The solution was adjusted to the relative 

humidity of the environment (40% R.H.) by the Pb/DMSO ratio.6 

In all prepared solutions the PbI2 molarity was equal to 0.3. 

 

Section 2. Film Fabrication 

• Substrate Preparation  

All substrates (amorphous glass 2x2 cm2) were cleaned by a sequential 

sonication treatment in Decon 90 solution, Milli-Q water and isopropyl alcohol. 

Thereupon, they were dried by using compressed air. The substrates were 

treated with ultraviolet ozone for 15 min before the deposition. 

 

• Au@SiO2 NPs Deposition  

The Au@SiO2 NPs were deposited onto the amorphous glass substrate by spray 

pyrolysis using 0.5 mL of Au@SiO2 NPs (with Au concentration of 0.7 mM) 

suspended in DMF. The resulting films were annealed at 100 °C on a hot plate to 

remove solvent traces. The experimental conditions were optimized for 

depositing a similar amount of Au NP in all cases. Note that small variations might 

be found due to the larger size of the Au NP coated with thick silica layer. 

 

• Perovskite Deposition 

The MAPbI3 perovskite films have been deposited by spin coating using a 

process previously reported.6 The perovskite precursor solution (50 μL) was 

deposited on the substrates at 4000 rpm for 50 s. During this step, just before the 

white solid begins to crystallize in the substrate, 200 μL of chlorobenzene was 

poured onto the films. Then, the films were annealed at 100 ºC on a hot plate for 

3 min.  

 

 

 

 



8 
 

 

 

 

 

 

 

 

 

 

Figure S4. Photographs of the layers of the Au@SiO2 NP/MAPbI3 composite. 

From left to right and up to down, an increasing thickness of the SiO2 shell is 

employed. 

 

Section 3. Materials and film characterization 

• UV-Vis Absorption Spectroscopy 

The measurements were performed at room temperature (∼25 °C) using a 

UV−Vis spectrometer CARY 100. The range of the measurement was from 400 

to 800 nm with 1 nm step in all cases. 

 

• X-Ray Diffraction (XRD) Measurements 

X-ray diffraction experiments for all of the samples were performed using a Bruker 

D8 DISCOVER diffractometer operating at 40 kV and 40 mA and using Cu Kα 

radiation (1.54060 Å). The measurements were done from 2 to 40° Bragg angles. 

 

• Transmission Electron Microscope (TEM) 

TEM images were recorded in a JOEL JEM 1400 instrument (Tokyo, Japan), 

assembled with a charge-coupled camera device, at an accelerating voltage of 

80 kV. Samples for TEM were prepared by drying a diluted dispersion of the 

particles in ambient conditions on 200 mesh copper grids coated with 
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Formvar/carbon films. The size of the AuNPs was quantified by ImageJ software 

(National Institute of Health (NIH), USA). 

• Scanning Electron Microscopy (SEM) 

SEM images were recorded in a JOEL JSM 7800F microscope working at 2 kV. 

The work distances were ≈ 10 mm for all cases and 22000x magnification. 

Energy-dispersive X-ray (EDX) was performed using a silicon drift detector 

(Oxford Instruments). 

• Steady-State and Time-Resolved PL Measurements 

Steady state photoluminescence spectra were recorded with an FLS980 

(Edinburgh Instruments) fluorescence spectrometer using a 450 W Xe1 xenon 

arc lamp and an R298P photomultiplier as the detector. Time-resolved 

fluorescence measurements were accomplished through the time-correlated 

single photon counting (TCSPC) technique, using the same FLS980 (Edinburgh 

Instruments) photoluminescence spectrometer. The samples were excited at 

406.4 nm with an 86.8 ps pulse width diode laser using an R2658P 

photomultiplier as the detector. 

 

• PL Quantum Yield Measurement (PLQY) 

The PLQYs were measured using an integrating sphere coupled to an FLS980 

photoluminescence spectrometer. The FLS980 was equipped with double 

monochromators, a 450 W Xenon lamp and a PMT-R2658P detector. A neutral 

density filter (OD = 3) was placed in the emission path in order to measure 

excitation region of the spectrum without detector saturation effects. 
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Section 4. Calculated and experimental XRD 

 

 

 

 

 

 

 

 

 

 

Figure S5. Experimental thin film (red line) and simulated (blue line) X-ray 

diffraction (XRD) patterns of the of MAPbI3 perovskite. Asterisk indicates an FTO 

signal. 
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Section 5. Additional UV-Vis and PL data 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. UV-Visible absorption spectra of the Au@SiO2 NPs in DMF with 

different SiO2 thickness.  

 

 

 

 

 

 

 

 

 

 

 

Figure S7. UV-Visible absorption spectra of the Au@SiO2 NPs layers deposited 

by spray pyrolysis with different SiO2 thickness.  
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Section 6. Additional SEM data 

 

 

Figure S8. SEM images (upper panel) and gold elemental mapping (lower panel) 

of the thin layers of Au NPs deposited with spray pyrolysis from three different Au 

concentrations: 0.14 mM (A, D), 0.42 mM (B, E) and 0.70 mM (C, F).  

 

Table S1. PL average time constants (PL) and PL quantum yield (PL) of MAPbI3 

perovskite films deposited on top of a layer of Au@SiO2 NPs with different SiO2 

thickness obtained from a triexponential fit of the data. exc = 400 nm. 

 

 SiO2 thickness / nm 

 No 

Au 

NPs 

Bare 

Au 

NPs 

6.7 17.7 28 37 39 41 45 

PL / ns 251 1.0 4.2 15.1 29.2 56.7 88.0 173.2 230.1 

PL 0.03 0.0003 0.0027 0.0036 0.012 0.019 0.025 0.028 0.029 
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