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Figure S1. Schematic illustration of the solution process for obtaining centimeter-size N=1 2D 

perovskite. This procedure has been successfully used to synthesis relatively pure 

(BA)2MAN-1PbNI3N+1 (N=1-5)
1, 2

. To obtain centimeter-size plates, the reaction temperature is 

140 °C which is higher than the boiling point, and the saturation solution were kept static 

overnight.   
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Figure S2. Backside view of vertical heterostructure shown in Fig. 1f in the maintext. The yellow 

color represents the color of N=1 2D perovskite, confirming the formation of the vertical 

heterostructure. 
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Figure S3. SEM image of N=1 plate obtained by solution process. The scale bar is 100 µm. The 

surface of N=1 plate before gas-solid phase intercalation process is relatively smooth. 
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Figure S4. SEM-EDX images of lateral heterostructure for (a) N=1 portion (b) N=2 portion and (c) 

junction region. The scale bar is 2 mm. No Cl element was detected on the surface of the 

heterostructure even when MACl was used as precursor. 
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Figure S5. PL spectrum of N=1 and N=2 2D perovskite obtained by (a) gas-solid phase 

intercalation process and (b) solution method. The emission peaks of N=1 and N=2 portion of the 

lateral heterostructure coincide with those of N=1 and N=2 plates obtained by solution method, 

indicating that the low-temperature gas-solid intercalation preserves the crystal structures of N=1 

and N=2 2D perovskites 
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Figure S6. PL spectra show the intensity quenching for (BA)2PbI4/ (BA)2MAPb2I7 lateral and 

vertical heterostructures. The emission intensity of the junction region for both lateral and vertical 

N=1/N=2 2D perovskite heterostructures significantly decreases compared with that of N=1 and 

N=2 regions. The charge transfer at the junction region might be a reason which has been found in 

other heterostructures
3, 4, 5

. 
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Figure S7. PL spectra excited at 410 nm and 460 nm for (a) vertical and (b) lateral 

heterostructures. For both lateral and vertical heterostructures, the excitation with higher energy 

leads to a blue-shift of the emission peak and relative stronger emission for N=1 compared with 

that of N=2. 

. 
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Figure S8. Picture of (a) (BA)2PbBr4 and (b) (PEA)2PbBr4 before intercalation. The synthesis of 

these two type 2D perovskites is similar to (BA)2PbI4 as shown in Supplementary Fig. 1. The 

centimeter size of the plates provides relatively easier procedure to obtain vertical and especially 

lateral heterostructures for which a piece of Si substrate was used as mask in our experiments 
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Figure S9. PL spectra show the intensity quenching for (a) (BA)2PbBr4/(BA)2MAPb2Br7 and (b) 

(PEA)2PbI4/(PEA)2MAPb2I7 lateral heterostructures compared with PL intensity acquired at N=1 

and N=2 regions. 
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Figure S10. Optical image of a lateral heterojunction device. The scale bar is 50 µm. For lateral 

heterostructure device, two 5 nm Cr/50 nm Au electrodes were defined by shadow mask and 

e-beam evaporation, on a 300 nm SiO2/Si substrate with a channel length of around 100 µm. 
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Figure S11. I-V curves for a) (BA)2PbI4 and b) (BA)2MAPb2I7 2D perovskite plates with Cr/Au 

electrical contact. 
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Figure S12. PL spectra from (a) lateral and (b) vertical devices. 
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Figure S13. (a) XRD patterns of (BA)2(MA)N-1PbNI3N+1 for MAI and MACl used as precursor. (b) 

Close-up views of the characteristic regions between 2θ = 26.5−29.5° show the different reaction 

ratios for MACl and MAI. The as-synthesized multi-heterostructure contains peaks from N=2 to 

N=4 and weak peak of N=∞ by using MAI as the precursor source while from N=2 to N=∞ by 

using MACl as the precursor in (b)
6, 7

. 
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Figure S14. PL spectra from (BA)2(MA)N-1PbNI3N+1 multi-heterostructures obtained by using(a) 

MACl and (b) MAI as precursors reacting for 30 min. 
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Figure S15. SEM image of lateral heterostructure after being stored in ambient conditions for a) 

pristine, b) 20 days, c) 40 days, d) 60 days. The scale bar is 20 µm. The surface of the 

heterostructure looks relatively smooth after 60 days. 
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Figure S16. SEM image of vertical heterostructure after being stored in ambient conditions for a) 

pristine, b) 20 days, c) 40 days, d) 60 days. The scale bar is 20 µm. The surface of the 

heterostructure looks relatively smooth after 60 days. 
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Table S1. Elements contained obtained by EDX for lateral heterostructure. The atomic ratio of the 

solution processed N=2 2D perovskite is consistent with that of N=2 portion in both lateral and 

vertical N=1/N=2 heterostructures produced by our gas-solid intercalation method, which further 

conforms the successful formation of N=1/N=2 heterostructures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N=2 solution N=2 lateral N=2 vertical

Element Weight% Atomic% Weight% Atomic% Weight% Atomic%

C 17.67 64.41 17.83 64.37 17.89 64.25

N 4.11 11.60 3.81 11.78 3.88 11.94

I 54.66 17.03 56.23 19.22 55.12 18.41

Pb 20.76 3.96 22.14 4.63 21.11 4.39
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