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[bookmark: _Hlk212024584]Fig. S1 Schematic illustration of the detailed fabrication process for the patterned perovskite single-crystal heterojunction arrays
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[bookmark: _Hlk225607349]Fig. S2 The mechanism of epitaxial growth of perovskite single-crystal heterojunction arrays. Stage I: Ion Exchange. Halogens (Cl⁻, Br⁻, I⁻) in halide perovskites exhibit extremely high mobility and diffusion coefficients even at room temperature. When the precursor solution of the epitaxial layer contacts the substrate, rapid inter-diffusion of halide ions occurs at the interface, rather than direct growth. This process forms a compositionally graded interfacial layer, during which the formation of the graded junction takes place. This graded layer effectively relieves stress induced by lattice mismatch, laying the foundation for subsequent high-quality epitaxial growth. Stage II: Nucleation. During nucleation, the epitaxial layer grows along the crystal orientation that minimizes lattice mismatch and interfacial energy at the surface. This is the most critical stage determining the crystal orientation and interfacial quality of the epitaxial layer. Stage III: Growth. Following nucleation, the crystal domains grow laterally (parallel to the interface) and vertically (perpendicular to the interface) under continuous precursor supply. If the lateral growth rate significantly exceeds the vertical rate, a continuous 2D thin film tends to form. Conversely, if vertical growth dominates and nucleation sites are confined, 3D single-crystal arrays are more likely to form.
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Fig. S3 Schematic diagram of single-crystal perovskite heterojunction growth process. Initiated by an I-/Br- ion exchange process on a pre-patterned MAPbBr3 thin film, the edges of the film are engineered to serve as preferential nucleation sites. The new perovskite phase then grows homoepitaxially from these edge nuclei, finally coalescing into a fully formed single-pixel heterojunction
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[bookmark: _Hlk225607415][bookmark: OLE_LINK1]Fig. S4 a EDS map of the MAPbBr3/MAPbI3 single-crystal heterojunction. b The distribution of halogen elements across the MAPbBr3/MAPbI3 single-crystal heterojunction. c, d Evolution of Br 3d and I 3d XPS spectra with etching time. e The quantified percentage of two halide ions obtained from XPS spectra at different etching time. With increasing Ar+ etching time, the intensity of the I 3d peak gradually decreases, while that of the Br 3d peak gradually increases. As a result, the extracted element ratio profile transitions from an I-rich state to a Br-rich state, confirming the gradient heterojunction structure
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[bookmark: _Hlk211892177]Fig. S5 Performance characterization of MAPbBr3/MAPbI3 perovskite single-crystal heterojunction arrays. a PL and absorption spectra of a MAPbBr3 single crystal, showing a PL peak located at 535 nm and an absorption edge at 2.26 eV. b TRPL decay curve of the MAPbBr3 single crystal, fitted with a bi-exponential function yielding fast and slow decay times of 1.56 ns and 16.74 ns, respectively, affirming its high crystalline quality. c Evolution of PL spectra with growth duration. The PL peak exhibits a systematic red-shift from 0 to 30 s, indicating the formation of mixed-halide perovskites with progressively increasing I content via anion exchange. d Spatially resolved PL spectra across the MAPbBr3/MAPbI3 heterojunction. The absence of trap-state-related emission throughout the junction region suggests a negligible density of optically active defects. e AFM height image of the epitaxial MAPbI3 single crystal. The measured root-mean-square (RMS) roughness of 4.483 nm over a 20 × 20 μm2 area confirms its smooth surface morphology. f Correlation of average array pixel size with growth temperature and duration, demonstrating that pixel size increases with both parameters. 
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[bookmark: _Hlk212027653][bookmark: OLE_LINK14][bookmark: _Hlk225607144]Fig. S6 General selective epitaxial growth of MAPbCl3/MAPbBr3 perovskite single-crystal heterojunction arrays with diverse pixel dimensions. a SEM images of selective epitaxial MAPbBr3 single-crystal arrays with varying sizes. b Pixel size versus template opening size for MAPbBr3 single-crystal arrays epitaxially grown on MAPbCl3 substrates. c Statistical distribution of the vertical thickness for the epitaxially grown MAPbBr3 and MAPbI3 single crystals in the MAPbCl3/MAPbBr3 and MAPbBr3/MAPbI3 single-crystal heterojunction arrays with the pattern size of 40 μm, respectively
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[bookmark: OLE_LINK10]Fig. S7 General selective epitaxial growth of MAPbCl3/MAPbBr3 perovskite single-crystal heterojunction arrays with diverse arrangement angles, and crystal orientation. a, b SEM images of epitaxial MAPbBr3 perovskite single-crystal arrays with different single-crystal orientations: a 0° and b 45°. c, d SEM images of epitaxial MAPbBr3 perovskite single-crystal arrays with different crystal orientations: c (110) and d (111). These results, achieved through a selective epitaxial growth method, demonstrate precise control over the size, angular alignment, and crystallographic orientation of the MAPbBr3 arrays on the MAPbCl3 substrate.
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Fig. S8 Structural and morphological characterization of low-temperature epitaxial perovskite arrays. a SEM image of a sheet-like MAPbBr3 array epitaxially grown on the MAPbCl3 substrate at 40 °C, revealing a morphological transition from pyramidal to cubic shapes. b TEM image of the MAPbCl3 substrate. c TEM image of the epitaxial MAPbBr3 array. The observed consistent crystal orientation validates that the heteroepitaxial relationship is maintained across the entire array, despite the evident evolution in crystal habit.
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Fig. S9 Absorption spectra and UPS of MAPbBr3 (a, b, c) and MAPbI3 (d, e, f) regions of the heterojunction crystal.
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Fig. S10 TRPL spectra of the heterojunction crystal at the transition regions. The decay curve was fitted with a biexponential function, yielding a fast decay time (τ₁) of 1.38 ns, a slow decay time (τ₂) of 9.28 ns, and an average carrier lifetime (τₐᵥg) of 5.6 ns. In contrast, the MAPbBr3 single crystal exhibited τ₁ = 1.56 ns, τ₂ = 16.74 ns, and τₐᵥg = 11.52 ns. The substantial reduction in carrier lifetime for the heterojunction indicates the presence of an additional non‑radiative pathway for carrier extraction, which is attributed to the built‑in electric field at the heterojunction interface that efficiently separates photogenerated electrons and holes and suppresses radiative recombination.

[image: ]
Fig. S11 a AFM measurement results on the surface of the heterojunction. b KPFM image of the MAPbBr3/MAPbI3 perovskite single-crystal heterojunction. c Surface potential of the MAPbBr3/MAPbI3 perovskite single-crystal heterojunction. A distinct surface potential difference of approximately 0.45 V was observed across the MAPbBr3/MAPbI3 heterojunction interface.
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[bookmark: OLE_LINK3]Fig. S12 Full-spectrum response curve (bandwidth: 10 nm) of epitaxial single-crystal perovskite photodetector. a Normalized spectral responsivity curve of MAPbCl3/MAPbBr3 single-crystal heterojunction photodetector array. b Normalized spectral responsivity curve of MAPbBr3/MAPbI3 single-crystal heterojunction photodetector array.
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Fig. S13 I-t curves of the MAPbBr3/MAPbI3 heterojunction photodetector under pulsed 532 nm illumination with the minimum light intensity of 9 nW/cm2.
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[bookmark: OLE_LINK2][bookmark: _Hlk207632297][bookmark: OLE_LINK29]Fig. S14 The photoresponse stability measured on the MAPbBr3/MAPbI3 single-crystal heterojunction photodetector under 532 nm illumination. a The initial I-t response of the device. b I-t response after 4% degradation in photocurrent from the initial value. c I-t response after 10% degradation in photocurrent from the initial value. d Long-term I-t response measured over 7000 seconds. e Comparison of the optoelectronic response changes after the device was stored in ambient air for four weeks. f I-t response measured after the device was stored in ambient air for four weeks.
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[bookmark: _Hlk207633691]Fig. S15 Optoelectronic response of self-powered photodetector based on the MAPbCl3/MAPbBr3 perovskite single-crystal heterojunction array. a Energy-band diagram of the heterojunction device, illustrating a type-II band alignment. b Current density-voltage (J-V) characteristics under varying light intensities. c Current density of the device under different light irradiation. d Photocurrent density and responsivity versus light intensity. The photocurrent shows a linear dependence on the light intensity and the responsivity is higher at lower light intensities, exhibiting a peak responsivity of 1.68 mA/W. e Specific detectivity (D*) versus light intensity. The specific D* reaches 1.27 × 1011 Jones under 1.6 × 10-8 W/cm2 weak light condition. f Response time of the heterojunction device under pulsed illumination. The self-powered photodetector array exhibits a fast response, with a rise time (tᵣᵢₛₑ) of 96 ms and a fall time (tfall) of 67 ms.
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Fig. S16 The statistical results of photocurrent as a function of light intensity for individual pixels within a specific row of the MAPbBr3/MAPbI3 perovskite single-crystal heterojunction photodetector array when the light source illuminates the device through a mask. a Current statistics under a range of incident light intensities for pixels 33-40. b Current versus light intensity for pixels 33-40. c Log-scale current as a function of light intensity for pixels 33-40.
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Fig. S17 Imaging tests and performance characterization under complex scenarios. a Photocurrent mapping of the 16×16 image with a complex “Christmas tree” pattern. b Current distribution at different locations on the sample surface. c MTF of the device.


[bookmark: _Hlk225607038][bookmark: OLE_LINK30]Table S1 Performance comparisons of self-powered photodetectors based on perovskite single-crystal heterojunctions
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image18.emf
Devices  Detection  condition  Detection limit  References  

Au/MAPbI 3 - MAPbBr 3   perovskite single crystal  heterojunction/Au  445 nm light  source; 0 V  2.7 μ Wcm - 2  [1]  

Au/Bi - MAPbX 3 /MAPbY 3 /Au  475 nm LED; 0 V  2 μ Wcm - 2  [2]  

Au/(4 - AMP)  (MA) 2 Pb 3 Br 10 /MAPbBr 3   single - crystalline 2D/3D  perovskite heterostructure/Au  0   V bias,  λ =  405   nm  180 μ Wcm - 2  [3]  

Au/MAPbBr 3 /Bi 3+ - MAPbCl 1.2 Br 1.8 /Au  - 5 V bias ,  λ =  570   nm  0.3793μ Wcm - 2  [4]  

Au/MAPbCl 3 /MAPbBr 3 /Au  5 V bias ,   λ =  430   nm  195.5 μ Wcm - 2  [5]  

Au/ MAPbBr 3 / MAPbBr 3−x I x / Au  5   V bias,  λ =  532   nm  5  μ Wcm - 2  [6]  

Au/ Cs 3 Bi 2 Br 9 /Cs 3 BiBr 6 /Au    2   V bias,  λ =  360   nm  0.03 m Wcm - 2  [7]  

FTO/TiO 2 /n - type  3D   MAPbI 3 /p - type quasi - 2D   (Q - 2D)  BA 2 MA 2 Pb 3 I 10 /Spiro/Au  0   V bias,   AM  1.5G  100 mW cm − 2  [8]  

ITO/MAPbBr 3 /MAPbI 3   heterojunction/Au  0 V ,  λ  = 532  nm  9 nW cm - 2  Our work  

 


