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Figure S1 The XRD diffraction patterns (a-b) and UV–visible absorption spectra (c) of MAxFA(1-x)PbI3 thin films.
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Figure S2 THz electric field  and with (a) and (b), incident angle 45°.





[bookmark: OLE_LINK4][bookmark: _Hlk100000387]Supplementary note S1 
1.1. General description of photogalvanic and photon drag effects. 
The DC photocurrent density (j) induced by a time-varying electric field in the absence of an external field, is called the photovoltaic effect and photon drag effects, which can be expressed as：
                            ⑴
 and  are the complex amplitudes of the electric fields of the light.  is the third-rank tensor of the target system, which governs the direction of the photocurrent.
[bookmark: OLE_LINK6]  By doing a Taylor expansion over the wave vector  we can rewrite  as:
       ⑵
Here, the first term does not depend on the wave vector  and is called the photovoltaic effect, , while  accounts for the photon drag effect , linear with factors  .
  As the current J and electric field E are polar vectors with their signs depending on spatial inversion. For =0, J is antisymmetric (changes its sign) under inversion of the spatial coordinates, while the object  is symmetrical. Therefore, the photovoltaic effect exists only in non-centrosymmetric system. In centrosymmetric system to satisfy the formula (2), . Let's think about the case of , under spatial inversion,  is antisymmetric. As a result, the photon drag currents can be nonzero in general even in centrosymmetric materials.

1.2. Linear and circular photogalvanic and photon drag effect.
  Considering that the current density J must be a real, the sign does not change under the complex conjugate transformation, hence, we obtain  and . Therefore, the real part of  and  is symmetric under coordinate exchange while its imaginary part is antisymmetric under this operation. We can expand formula (2) as:

⑶
[bookmark: OLE_LINK8]Here, ，， and are symmetric and antisymmetric tensors. The first and third part in formula describe linear photovoltaic effect (LPGE) and linear polarized photon drag effect (LPDE), respectively. The LPGE and LPDE are effects generating light-helicity-independent photocurrents and depends on linear polarization direction. The three and four parts in formula describe circular photovoltaic effect (CPGE) and circular polarized photon drag effect (CPDE), respectively. The CPGE and CPDE are a phenomenon generating light-helicity-dependent photocurrents. The photocurrent density J can be expressed as the following phenomenological formula:
                         
         ⑷
    
1.3. The fitting equation for α-dependence of photocurrents.
Scheme 1 shows the experimental setup for the photocurrent measurements in this study. The incident light is considered as monochromatic light, with complex electric field defined as the plane wave:
                        ⑸
A half-wave plate is used to modulate the electric fields of the pump light. The Angle between the initial electric field direction and the fast and slow axes of the half-wave plate is  and , respectively. The retardation difference between the two axes was . Defining Es and Ep as the electric field of light for s- and p-polarized lights, respectively, and the initial polarization of the pumped light in the experiment is p-polarization. Hence, each electric field is expressed as follows:
            ⑹
           ⑺
Here,  is polarization angle, which is twice the Angle of the half-wave plate. The film samples used in the experiment are polycrystalline films, and all possible phases are analyzed. The electric field components in the Cartesian coordinates in Fig. 1a can be described using Es and Ep as follows:
                       ⑻
Bringing formula 8 into formula 4, the photocurrent related to helicity is zero. Therefore, the photocurrent independent of helicity in formula (4) can be expressed as:



                    ⑼
Here, , ,  and  the contributions of matrix elements of  and . where the coefficients ,  and  are:
,  ,        ⑽
In the experiment result, surface depletion current and photo-Dember current need to be considered. Hence, the photocurrent independent of helicity can be expressed as:
                  ⑾
Where D defines a current independent of the direction of the pumped photoelectric field. In the results of our experiment,, hence, D is mainly derived from photo-Dember effect and surface field effect.
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Figure S3 Peak to peak value of the THz emission electric field of FAPbI3 measured at excitation photon energies of 2.58eV and 2.06eV.
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Figure S4 THz emission spectra of FAPbI3 and MAPbI3. When the excitation photon energy is higher than 2.4eV, the electron phonon coupling mode P2 between carrier and cation rotation is enhance. 
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Figure S5 The dependence of fitting parameters L1 and L2 on MAxFA(1-x)PbI3 excited on 2.06eV. 








Supplementary Figure S6
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Figure S6 The transient THz photoconductivity ratio of the MAxFA(1-x)PbI3  under excitation of 1.65eVand 2.58eV laser. 
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Figure S7 The projected band structure of FAPbI3, the red line indicates the cation-related energy levels.





Supplementary note S2
The density functional theory (DFT) calculation: 
The density functional theory (DFT) calculations were performed using the VASP code1, 2 using the projector-augmented plane wave (PAW) approach and a kinetic energy cutoff of 500 eV. The generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional12 was employed to perform all calculations and Grimme’s D33 correction was used to consider the van der Waals (vdW) interactions. The cubic-phase FAPbI3 was selected and a 2×2×2 supercell was used to model the MA doping.
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