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1. Synthesis of PbS nanoparticles and ligand exchange process. 

1-1 Synthesis of PbS nanoparticles

The PbS nanocrystals were prepared by the wet solution phase chemical synthesis 

with some modifications. In brief, 223 mg of PbO and 10 ml of oleic acid were 

mixed and then were allowed to react under N2 gas at 150 oC for 60 min to form 
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the Pb–oleic acid complex. Afterwards, 2.5 ml 1-octadecene solution of 

bis(trimethylsilylmethyl) sulfide (96 mg) was quickly injected into the solution. 

The resulting solution was heated to 220 oC for 60 min. Two washing steps were 

included to remove un-reacted materials and solvents. After the solution was 

cooled to room temperature, a large amount of methanol was added to precipitate 

OA-capped PbS nanoparticles followed by centrifugation. The solid product was 

dispersed well in octane.

1-2 Ligand exchange process

The as-synthesized PbS nanoparticles capped with OA were first dispersed in 

octane with various concentrations of 6.5, 13, and 20 mg/ml, whereas halide 

ligand MAI was dissolved in DMF solvent. To exchange OA ligands in lower 

concentrations of PbS nanoparticles, such as 6.5 or 13 mg/ml, 8 mg/ml of MAI 

was sufficient for complete the removal of OA-ligands; however, for a higher 

concentration of 20 mg/ml PbS nanoparticles, 20 mg/ml of MAI was required. 

After mixing these two solutions vigorously, it was kept static until octane and 

DMF well phase-separated and MAI-capped PbS nanoparticles could transfer into 

the DMF solution. 



2. Preparation of perovskite precursor solution with the addition of PbS 

nanoparticles. 

 A small amount of MAI-capped PbS nanoparticles after ligand exchange 

treatment were mixed with the pristine perovskite precursor (MAI and PbCl2) for 

device fabrications in DMF. A volume of 80 l of each DMF solution of MAI-

capped PbS concentrations of 6.5, 13, or 20 mg/ml, was mixed with 320 l of the 

DFM solution of pristine perovskite precursor (molar ratio of MAI and PbCl2 is 

3:1, at 40 wt% in DMF), for 0.5, 1.0, or 1.5 wt% of MAI-PbS with respective to 

the total solute weight of the perovskite precursor and PbS nanoparticles.

3. Perovskite solar cell fabrication procedures 

FTO glasses were cleaned and then spin-coated with the 0.15 M titanium 

diisopropoxide bis(acetylacetonate) (75%) in 1-butanol solution at 4000 rpm for 

30 s, which was heated at 70oC for 5 min. After the samples were cooled down to 

room temperature, the same process was repeated twice with 0.3 M titanium 

diisopropoxide bis(acetylacetonate) solution in 1-butanol. The coated FTO glass 

was annealed at 600 °C for 30min to obtain the compact TiO2 electron selective 

layer and moved into N2-purged glove box for device fabrication. These TiO2 

substrates were pre-heated to 90°C followed by the deposition of the perovskite 

photo-active thin films by spin-coating at 2000 rpm for 40s. The films were 

thermally annealed by a two-step annealing process at 110 °C for 60 mins, 

followed by 115 °C for another 30 mins. After cooled down to room temperature, 



the hole transporting material Spiro-OMeTAD was spin-coated at 4000 rpm for 20 

s, followed by the deposition of  the top electrode of 90 nm patterned Au using 

thermal evaporation.

4. Perovskite solar cell measurement condition 

After fabrication of perovskite solar cells, the device performance were measured 

in air at room temperature using an A.M. 1.5 solar simulator. Voltage was swept 

from 2V to -0.5V with a scan rate of 100 mV/s without any pre-condition before 

characterization. 

5. Optical absorption spectrum of perovskite thin films and PbS nanoparticles 

The optical absorption spectra of the thin films deposited with and without the 

addition of MAI-capped PbS nanoparticles were very similar to each other as 

shown in Figure S1(a), indicating the light harvesting of the small amount of PbS 

nanoparticles are trivial to the enhanced performance.



Figure S1. Optical absorption spectra of (a) perovskite thin films without and 

with 1 wt% PbS nanoparticles, and (b) the absorption spectrum for the equivalent 

PbS nanoparticles. 

6. Gaussian fitting and Rietveld refinement of XRD spectra of perovskite thin 

films obtained from the θ-2θ scan data.

Figure S2 shows the Gaussian fitting of the (110) peaks obtained from the XRD θ-

2θ scan data of perovskite thin films with and without incorporation of MAI-

capped PbS nanoparticles. The resulting FMHW of each spectrum was 

summarized in Table S1, which shows increasingly sharpened peak widths with 

the increasing amount of PbS nanoparticles in the films; indicating the 

increasingly larger crystal sizes in the corresponding perovskite thin films.  

For quantitatively analysis, we have conducted Rietveld refinement of the XRD 

spectra for the pristine perovskite films without and with 1.0 wt% MAI-PbS 

nanoparticles (obtained with θ-2θ scan). The results are presented in Figure S3 

and Table S2. From the refinement fittings, the tetragonal lattice parameters 

together with a more biased (110) orientation factor Ro = 0.551 for the oriented 

perovskite crystals directed by MAI-PbS nanoparticles, compared to Ro = 0.665 

for pristine film; for random orientation Ro = 1.1,2 Moreover, scrutinizing the (110) 



and (220) reflections of the XRD data, we found that the greatly enhanced 

(110)/(220) reflections of the perovskite crystals are accompanied by suppression 

of the neighboring (002)/(004) reflections, where these two crystal facets are 

perpendicular to each other. Based on these evidences, we suggest that the MAI-

capped PbS nanoparticles may direct the perovskite crystal to preferentially grow 

along the film surface normal, with the (110) crystal plane.

Figure S2. Gaussian fitting of (110) peaks from XRD θ-2θ scan data. Fitting 

results were shown in Table S1. 

Table S1. FMHW of (110) peaks

Sample Pristine 0.5 wt% 1.0 wt% 1.5 wt%

(110) peak width 
(FMHW)

0.0895 0.0752 0.0686 0.0702



Figure S3. Reitveld refinement results for the XRD data measured for the 

MAPbI3-xClx perovskite crystal thin films, without or with MAI-capped PbS 

nanoparticles. 

Table S2. Tetragonal lattices (a=b,c) of the MAPbI3-xClx perovskite crystal thin 

films, without or with the inclusion of PbS NPs, obtained using Reitveld 

refinement procedure of the XRD data.

Film without PbS NPs Film with 1 wt% PbS 



NPs
FTO preferred orientation 

factor in (101)
2.62(2) 2.69(3)

MAPbI3-xClx preferred 
orientation factor Ro in (110)*

0.689(4) 0.551(4)

Fosq (002) 3.237E+05 1.089E+05
Fosq (110) 8.062E+05 7.121E+05

I(002)/I(110) 0.201 0.076
Lattice parameter

MAPbI3-xClx  a (Å) 8.9138(2) 8.9058(1)
c (Å) 12.716(1) 12.680(2)

Vol.(Å3) 1010.4(1) 1005.7(1)
wt% 60.6(2) 53.6(4)

FTO substrate      a (Å) 4.7784(4) 4.7781(5)
c (Å) 3.2134(7) 3.213(1)

Vol.(Å3) 73.37(1) 73.36(2)
wt% 39.3(3) 46.4(7)

Fitting accuracy
wRp 2.45% 3.30%
Rp 1.39% 1.72%
χ2 1.368 1.383

Fosq: square of the observed structure factor, Rp: residual of least-square 

refinement, wRp: weight residual, χ2: goodness of fitting; *Ro = 1 for random 

orientation.

7. Device performance and film morphology with excess MAI content. 

A controlled device prepared using the same amount of excess pristine MAI 

molecules (no PbS nanoparticles) identical to that of the 1.0 wt% device was also 



fabricated for comparison. The resulted morphology and device performance are 

very similar to those of the pristine perovskite solar cell as shown in Figure S4, 

excluding the contribution of excess MAI molecules on the improved morphology 

and power conversion efficiencies.

Figure S4. (a) device performance and (b) surface morphology of perovskite thin 

film fabricated with the same amount of excess pristine MAI molecules (no PbS 

nanoparticles) identical to the optimal 1.0 wt% device. 

Table S3. Corresponding  photovoltaic  performance of Fig. S4(a).

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)
0.97 19.4 67.8 12.9

8. GIWAXS measurements

GIWAXS measurements were performed using the BL23A beamline station of the 

National Synchrotron Radiation Research Center (NSRRC) in Taiwan,3 using a 
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flat-panel C10158DK-3957 area detector of a pixel size of 50 m. With the 

sample surface defined in the x-y plane and the incident x-rays in the x-z plane, 

the wavevector transfer q = (qx, qy, qz) of X-rays can be decomposed into three 

orthogonal components as follows: , )coscos(cos2 1   
xq

, and whereas  and  stand for )sincos(2 1 yq )sin(sin2 1   
zq

incident and exit angles and measures the scattering angle away from the y-z 

plane.4 Data were collected with a X-ray beam ( =1.033 Å) of 0.2 mm diameter 

and a sample film incident angle of 2; the sample-to-detector distances was 192 

mm.

9. Transformed pole figure form 2D GIWAXS

There is missing wedge angle 3.4 in the vicinity of the vertical direction of the 

pole figures transformed from the corresponding 2D GIWAXS patterns.

Figure S5. Pole figures transformed from the GIWAXS 2D patterns measured for 
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the MAPbI3-xClx perovskite crystal thin films, without (pristine) or with MAI-

capped PbS nanoparticles. The missing wedge angle in the azimuthal direction at 

q ~ 10 nm-1 , i.e. at the (110) reflection, is 3.4 as indicated.

10. Diffusion model 

The charge carrier diffusion lengths (LD) of photo-generated carriers (electron 

and hole) can be estimated using a simple diffusion limited quenching model in a 

bilayer system. The photo-generated charge carrier density in the active layer can 

be described by a one-dimensional diffusion equation (eq. S1)6-12

𝐿𝐷
2

𝜏
�∂2(𝛿𝑛(𝑥,𝑡))

∂𝑥2
‒

𝛿𝑛(𝑥,𝑡)
𝜏
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, where LD is carrier diffusion length,  is photo-generated carrier lifetime 𝜏

without quenching layer and  is the photo-generated carrier concentration. 𝛿𝑛(𝑥,𝑡)

x is the distance of a point in the active layer from the active layer/substrate 

interface. 

By solving eq. S1 with two boundary conditions at t = 0, 

𝛿𝑛(𝑥,0) = 𝛿𝑛(0,0)𝑒𝑥𝑝(
‒ 𝑥
𝛼

)

, and when t is not zero, 

𝛿𝑛(𝐿,𝑡) = 0

, time dependent carrier concentration N(t) which models the photo-generated 
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carrier decay behavior within active layer contacted with quenching layer can be 

obtained as the following eq. S2, 
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, where L is the thickness of active layer and  is absorption coefficient of active 𝛼

layer at the excitation wavelength. 

In this work, perovskite films with L = 450 nm was excited by a pulse laser with 

wavelength at 466 nm. Absorption coefficient at 466 nm with  𝛼 = 4.4 × 104𝑐𝑚 ‒ 1

was accordingly applied for model fitting to obtain the carrier diffusion length 

LD as presented in the manuscript. 
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