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Type-I Heterostructure and Improved Phase Stability of Formamidinium Lead Iodide Perovskite Grown on WS2 

WS2 compared to c-plane sapphire assists the growth of 
2D perovskite layer17). As the selective growth takes place 
during the deposition of the PbI2 layer, we observe a 
similar growth behavior in FAPbI3. Here, the higher 
surface energy of WS2 compensates the energy barrier 
required for the nucleation of PbI2. In Fig. 1b, the red and 
yellow colored areas correspond to thick perovskite layers 
that grew around the nucleation centers of WS2 grains. 
The AFM images of the WS2 and FAPbI3/WS2 
heterostructure are shown in Fig. 1c and d, respectively. 
Pristine WS2 has a thickness around 0.9 nm, which agrees 
well with the reported value21). In the case of the 
heterostructure (Fig. 1d), total thickness increased to ~5 
nm, indicating that FAPbI3 thickness is around 4 nm. 
These results confirm the deposition of a 2D thin layer of 
FAPbI3 on WS2. To further verify the formation of the 
heterostructure, PL and absorption spectra were also 
measured (see Fig. 1e). PL spectrum of the heterostructure 
(red data in Fig. 1e) consists of two distinct PL peaks. The 
PL peak at 1.61 eV is originated in the 2D FAPbI3, while 
the peak at 2 eV is the emission from WS2 layer20). For 
bulk FAPbI3 perovskites optical bandgap is around 1.55 
eV22). However, in our case the bandgap increased to 1.61 
eV as can be seen in the blue shifted PL emission. This 
blue shift can be explained by the quantum confinement 
effect in 2D FAPbI3 due to the reduced thickness17,23). 
Absorption spectrum of the heterostructure (blue data in 
Fig 1e) agrees well with the PL spectrum. A sharp 
absorption edge at ~1.58 eV arises from FAPbI3, while 
additional absorption edge at ~2 eV is from the WS2 layer. 

To further elaborate the optical properties, PL spectra of 
isolated FAPbI3 and WS2 were compared with that of the 
heterostructure in Fig. 2a. As expected, the pristine 
FAPbI3 and the pristine WS2 showed PL emission at 1.58 
eV and 2 eV, respectively. Interestingly, in the case of the 
heterostructure, the PL intensity of FAPbI3 considerably 
increased. In contrast, the PL from WS2 was strongly 
quenched. According to the band structure calculations, 
the heterostructure of FAPbI3 and WS2 possesses type-I 
band alignment17,24–26). The type-I band alignment is 
displayed in Fig. 2b. In this type-I alignment, 
photogenerated charge carriers (both electrons and holes) 
transfer from the large bandgap material (WS2) to the 
small bandgap material (FAPbI3). Therefore, the 

increased PL intensity of FAPbI3 in the heterostructure 
can be explained by energy transfer from the WS2 layer to 
the FAPbI3 layer upon photoexcitation19). PL peak 
intensity mappings for WS2 peak measured before and 
after FAPbI3 deposition are shown in Fig. 2c and d, 
respectively. It is clear that after the FAPbI3 deposition, 
the PL intensity of the WS2 decreased on the whole grain. 
We note that deposition of another material can cause a 
decrease in the PL intensity by preventing the laser 
penetration. However, considering the optical absorption 
coefficient of FAPbI3 (up to 105 cm-1)27), penetration depth 
for a 532 nm laser is around 100 nm. Therefore, we 
excluded the screening effect by FAPbI3 on the PL 
quenching of WS2 peak. 

In order to understand the increased PL intensity of 
FAPbI3 in the heterostructure, we measured excitation 
power dependence of the PL spectrum. In Fig. 3, 

Fig. 2: (a) PL spectra of the heterostructure (red line), FAPbI3 only (black line), and WS2 only samples (green line). (b) Band 
diagrams of FAPbI3 and WS2, showing the type-I band alignment. PL intensity mappings for WS2 peak (2 eV) for WS2 only (c), and 

FAPbI3/WS2 (d). 

Fig. 3: Log-log plot of laser power dependence of 
integrated PL intensity for FAPbI3 peak in the 
heterostructure (red dots) and in the FAPbI3 only sample. 
PL peak intensities are integrated over the range of 1.45-
1.75 eV for the FAPbI3 peak. Yellow lines correspond to 
the power-law fittings. Black dotted line is the linear power 
dependence, which is added as a guide for comparing 
super-linear and sublinear power dependence. 
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