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Effect of substrate on the GISAXS experiments

The substrate used in the GISAXS experiments was Si because of its flat surface (with very low 

roughness) and minor (negligible) contribution to the GISAXS background intensities.1-3 However, the 

concern of substrate differences between solar cell device (FTO/TiO2 or ITO/PEDOT:PSS) and 

GISAXS samples (Si) should be addressed for the morphological investigation. Hence, the GISAXS 

profiles of one-step and two-step processed perovskite obtained from different substrates (i.e. Si and Si / 

TiO2) are shown in Figure S1. The preparation method of compact TiO2 layer on the Si was identical to 

the solar cell device fabrication. Note that for the reduction of GISAXS profile, the background 

subtraction was performed according to the sample film transmission which can be obtained from the 

ratio of the specular beam intensities between sample on substrate and pure substrate in the identical 

GISAXS geometry. 

Taking the compact TiO2 as sample and Si as substrate, its GISAXS profile (black diamond) indicates 

that large number of uniform domain with size of 10 nm ~ 20 nm disperse on the surface. For the one-

step method, the GISAXS profiles of the perovskite films on Si/TiO2 or Si are almost the same. It 

implies that the TiO2 ETM has no effect on the formation of pore structure. For the two-step method the 

perovskite on Si/TiO2 substrates reveals subtly different GISAXS profile in low-Q region as compared 

to that of Si substrate. The GISAXS modeling shows that the domain size of fractal pore networks 

increases to 2Rg ~  800 nm when using the Si/TiO2 substrate, while the volume fraction, fractal 

dimension and pore sizes remains similar to those of the Si substrate. Nevertheless, the domain sizes of 

pore networks using both substrates are still larger than layer thickness (~300 nm), indicating the pores 

aggregate into networks throughout the perovskite layer. 



S3

0.01 0.1
1E-3
0.01
0.1

1
10

100
1000

 TiO2 compact film
 One-step on Si
 One-step on Si/TiO2

 Two-step on Si
 Two-step on Si/TiO2

 

In
te

ns
ity

 (a
.u

.)

Q (Å-1)

Figure S1. GISAXS profiles of TiO2 compact layer, one-step and two-step processed perovskite on Si 

substrate and Si/TiO2 substrate respectively. The profiles were reduced with background subtraction 

according to the sample film transmission, i.e. the ratio of the specular beam intensities between sample 

on substrate and pure substrate.4
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Interface (Surface) area determined by Porod’s law

A model-independent determination to the interface area Sv of pore structure between one-step and two-

step processed perovskite can be approximated by Porod law
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The constant K is the asymptotic value obtained from the product of Q4I(Q) at the high-Q region. Due 

to the difficulty in determine the absolute contrast of scattering length density (Δρ) in GISAXS 

configuration, herein we use the constant K to compare the relative interface area between one-step and 

two-step processed perovskite based on the identical scattering length density contrast (Δρ). For 

determining the K value, the GISAXS intensity in the high-Q region can be approximated by1, 5

 ……………………………………………………………………... (S2)bKQQI  4)(

Where b is the background value and K can be extracted from the intercept at Q =0. The plot of Q4I(Q) 

vs. Q4 is shown in Figure 2b in the manuscript. The extracted K values of one-step and two-step 

processed perovskite are 4.1 × 10-8 Å-4 and 1.3 × 10-7  Å-4 respectively.
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GISAXS profiles of two-step processing of PbI2 layer (step I) and perovskite layer 

(step II)
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Figure S2 GISAXS profiles of two-step processing of PbI2 layer (step I) and perovskite layer (step II).
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 1D XRD pattern of PbI2 and two-step processed perovskite
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Figure S3 1D XRD pattern of PbI2 and two-step processed perovskite layer. It shows that almost 
all the PbI2 layer transforms into perovskite structure during the dip process (step II) with little 
residual PbI2.
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