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The reference of Figure 1c. Conventional semiconductors: Si,1-4 GaAs,5-8 CZTS(Se)9-

11; thermoelectric materials: SnTe,12-16 GeTe,17-19 PbTe,20-22 BiCuSeO,23-25 Mg3Sb2,26-30 

Bi2Te3,31-33 SnSe34-36; perovskite37-39.

Figure S1. a) Schematic illustration of space-limited SCs preparation. b) Side and top 

view photographs of the space-limited MAPbI3 SC. c) Dark current-voltage curve of 

MAPbI3 SC for SCLC.

For SCLC measurement, a quadratic relation between dark current and voltage is 

expected and the current density and voltage followed the Equation (1):
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Meanwhile, at the turning point, ntrap can be estimated by Equation (2):
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where ε represents the relative dielectric constant, ε0 represents the vacuum permittivity 

and L represents for the thickness of SCs. The relative dielectric constant of MAPbI3 is 

about 18.40, 41 And the electrodes area of SC is about 3 mm×3 mm. Thus, the mobility 

and trap density of MAPbI3 SC are µ=96.81 cm2 V-1 s-1 and ntrap=2.686×109
 cm-3.
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Figure S2. Resistivity-temperature curves of different SCs.



Figure S3. Top view of SEM images of MAPbI3 SCs with spin-coating 2D HP layer, 

the scale bar is 50 µm.



Calculation of complex dielectric function.

Inspired by the literature reported before,42 fitting the infrared spectrum based on the 

Gervais model, the high/low frequency dielectric constant (ɛꚙ/ɛstatic), the lattice 

vibration transverse/longitudinal optical branch frequency (ωTO/ωLO) and the vibration 

attenuation factor () are extracted. The complex dielectric function of MAPbI3 is 

calculated by the following formula, where the subscript n represents the internal 

anisotropy of the material:

                                       (3)
2 2

, ,
2 2

, ,

( ) LO n LO n

n TO n TO n

i
i

   
  

   

 


 

Figure S4. Recalculated a) complex permittivity (ɛ1+ɛ2i) and b) complex refractive 

index (n+ki) in far IR spectra of 30-300 cm-1, according to the literature.42



Figure S5. Infrared pictures and temperature-time curves of MAPbI3 SCs spin-coated 

with different concentration of PEAI at 4000 rpm under THz irradiation cycle. a-b) 10 

mM PEAI; c-d) 100 mM PEAI.

Figure S6. Thicknesses of 2D HP layers in MAPbI3 SCs spin-coated with different 

concentration of PEAI. a) 10 mM PEAI; b) 100 mM PEAI; c) 500 mM PEAI.
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Figure S7. Temperature rise of MAPbI3 SCs spin-coated with different spin-coating 

speed.



Figure S8. Infrared pictures and temperature-time curves of MAPbI3 SCs spin-coated 

with 500 mM PEAI under THz irradiation cycle with different spin-coating speed. a-b) 

500 rpm; c-d) 2000 rpm; e-f) 6000 rpm; g-h) 8000 rpm.



Figure S9. a) XRD pattern, b) PL plot, c) Cross-section view of SEM image of MAPbI3 

SC spin-coated with 500 mM PEAI at 500 rpm; of MAPbI3 SC spin-coated with 500 

mM PEAI at 500 rpm



Figure S10. Temperature rise of MAPbI3 SCs spin-coated with additive of MAI.



Figure S11. Infrared pictures and temperature-time curves of MAPbI3 SCs spin-

coated with additive of MAI under THz irradiation cycle. a-b) 10 mM; c-d) 100 mM; 

e-f) 500 mM.



Figure S12. The stability of MAPbI3 single crystal with Ag electrodes.

Figure S13. a) Energy band diagram of device-0(Au). J-t curves of device-0(Au) under 

different directions b) at 2 V and c) at 4 V. d) Energy band diagram of device-1(Au). 

J-t curves of device-1(Au) under different directions e) at 2 V and f) at 4 V.

It is reported that the majority carriers of HP SCs can be simply changed from holes 

to electrons by replacing the gold electrode with a silver electrode.43, 44 Because the SCs 



are usually in direct contact with the electrodes, Au can combine with organic 

molecules (MA+) to form cation vacancies, while Ag reacts with halide ions to form 

anion vacancies. 

Consistent with the literature,43 device-0L(Au) presents good P-type (I1-Idark>I2-Idark, 

which means that the carriers moving from the hot end to the cold are holes), while for 

device-0L(Ag), it is the opposite N-type performance (I1-Idark<I2-Idark, the majority 

carriers are electrons). However, largely due to the heterojunction’s attraction for holes, 

for device-1L(Au), I1-Idark dramatically decreases and becomes less than I2-Idark 

(contrary to device-0L(Au)), indicating that there is a driving force (heterojunction) 

hindering the movement of carriers from the hot end to the cold. Accordingly, the 2D 

layer is unfavorable for devices with Au electrodes, and thus the magnitude of each 

current cannot be accurately measured.

Figure S14. Equivalent circuit of 2D/3D HP SCs under THz irradiation. a) Applied 

voltage is opposite to VPTE. b) Applied voltage is in the same direction as VPTE.

The applied voltage V1 and V3 have the same value but in opposite directions. 



Considering that the voltage generated by the PTE (Seebeck) effect can be equivalent 

to an additional voltage source ( ), when other parameters are fixed, the PTEV S T 

voltage generated by the PTE effect is the same, which is expressed as V2. 

Without THz illumination, V2 generated by PTE effect and R caused by bolometric 

are both zero, so the dark current  (4) and  (5).1
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With THz illumination, the currents I1 and I2 can be expressed as following:
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( ) is the dark current, ( ) is the result of current changes 1V
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(I) in the circuit due to resistance changes (R). It is worth mentioning that since the 

resistance of perovskite materials decreases with increasing temperature, here R<0. 

And  is simply the current generated by the additional voltage source due to the 2V
R R 

PTE effect. Thus, the measured current can be simplified to I1=Idark+Ib-IPTE, and 

I2=Idark+Ib+IPTE. Accordingly, the currents of different parts can be expressed as:
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Figure S15. a) Schematic illustration of the Seebeck coefficient measurement. b) 

Seebeck coefficient of MAPbI3(Ag) around room temperature.

The negative coefficient in Figure S15b indicates that the N-type nature of the SC 

with Ag electrodes.

 

Figure S16. The ratio of Ib at different voltages to 1V of a) device-0 and b) device-1. 

c) Dark and photo J-V curves of device-0 and device-1.



The relative current magnitude of Figure S16 is obtained from Fig. 4d. According to 

the above formulas, for Ib, the derived equation is . In Figure S16, 1
b ( )
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R R R


  

 

the ratio of Ib at different voltages to 1 V of device-0 exhibits good linear relationship, 

consistent with the ratio of , proving the correctness of the theory. Due to the 1 1

2 2

b
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additional energy barriers, device-1 shows a deviation from the linear relationship. It 

shows that the heterojunction has a modulating effect on the electrical signal, and it 

becomes larger as the voltage increases. 
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