
Vol.:(0123456789)

  e-ISSN 2150-5551
      CN 31-2103/TB

ARTICLE

Cite as
Nano-Micro Lett. 
         (2026) 18:391 

Received: 7 January 2026 
Accepted: 17 April 2026 
© The Author(s) 2026

https://doi.org/10.1007/s40820-026-02224-6

Controlled Epitaxial Growth of Perovskite 
Single‑Crystal Heterojunction Arrays 
for Self‑Powered Imaging

Hui Lu1,2,3, Yang Yu1, Wenqiang Wu2 *, Zeping He1,2,3, Kaiyu Hu2, Wenqiang Yang2, 
Xun Han2,4 *, Caofeng Pan1,2,3 *

HIGHLIGHTS 

•	 A versatile selective epitaxial growth strategy was developed for fabricating perovskite single-crystal heterojunction arrays, enabling 
precise control over pixel size, arrangement angle, and crystal orientation.

•	 The self-powered photodetector arrays based on the single-crystal heterojunction exhibited high sensitivity with a weak-light detection 
limit of 9 nW cm−2, long-term operational stability, and clear imaging capability under zero bias.

ABSTRACT  Perovskite single-crystal heterojunction arrays exhibit significant 
application potential in advanced optoelectronics, however, achieving comprehensive 
control over crystallographic and spatial properties of the array remains challenging. 
Here, we report a selective epitaxial growth strategy for fabricating single-crystal 
MAPbCl3/MAPbBr3 and MAPbBr3/MAPbI3 heterojunction arrays. This method 
employs patterned polymer templates to define the pixel dimension and arrange-
ment, while the underlying single-crystal substrate guides the crystal orientation of 
the heterojunction array, enabling precise control over the pixel size, pixel arrange-
ment angle and crystal plane. The self-powered photodetector arrays were fabricated based on these heterojunctions, showing a specific 
detectivity of 6.0 × 1011 Jones, a weak-light detection limit of 9 nW cm−2 and long-term operation stability under zero bias. Furthermore, 
the light pattern with different illumination intensities could be clearly imaged by the device array in the self-powered mode. This work 
establishes a robust method of fabricating the single-crystal heterojunction arrays for advanced optoelectronic applications. 
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1  Introduction

Metal halide perovskites have emerged as highly promising 
materials for optoelectronic applications, including solar 
cells [1–6], light-emitting diodes [7–12], photodetectors 

[13–21], lasers [22–27], and neuromorphic devices [28–33]. 
The perovskite single crystals exhibit low trap-state densi-
ties, high carrier mobilities, and enhanced intrinsic stability 
compared to the polycrystalline perovskite films [34–37]. 
These properties make them an ideal platform for the 
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high-performance optoelectronic devices. For the advanced 
applications, such as the high-resolution imaging, display 
and integrated optical systems, the fabrication of the perovs-
kite single crystal into ordered array is highly required [13, 
16, 20, 38–40]. Furthermore, creating single-crystal hetero-
junctions by interfacing two different perovskite materials 
is a critical step for endowing new functions and enhancing 
device performances [41–44]. The engineered band align-
ment at the interface can create the built-in electric field, 
which could facilitate efficient charge separation and enable 
self-powered optoelectronic devices [45–47].

Numerous progress has been made for the fabrication of 
the heterojunctions on bulk crystals or in layered films, such 
as utilizing the type-I band arrangement formed by quasi-
2D perovskite and 3D perovskite to improve the luminous 
efficiency of LEDs and using partial ion exchange to prepare 
transverse heterojunctions with different halogen compo-
nents in the type-II band alignment to improve the response 
capability of photodetectors [48–53]. However, the fabrica-
tion of large-scale heterojunction arrays of perovskite sin-
gle crystals has not been explored. This is due to the gap 
between the bulk fabrication and array integration of the 
heterojunction, which requires miniaturizing and spatially 
confining the liquid-phase heterojunction formation process 
to construct discrete and uniform small pixels with desired 
pattern. Moreover, there is lack of crystallographic control 
methods across the heterojunction array, which often results 
in randomly oriented crystals, leading to severe pixel-to-
pixel variations. Therefore, a method that ensures every 
single heterojunction pixel maintains the same orientation 
is urgently needed.

Here, we introduced a selective epitaxial growth approach 
for the perovskite single-crystal heterojunction arrays. This 
approach utilizes a patterned polymer template to precisely 
define the patterns for heterojunction formation, while 
arranging the crystal orientation of the entire heterojunc-
tion array to be coherently locked to that of the epitaxial 
substrate. Based on this strategy, the MAPbCl3/MAPbBr3 
and MAPbBr3/MAPbI3 single-crystal heterojunction arrays 
were fabricated with precise control over pixel size, pixel 
angle, and crystal orientation. Vertically aligned perovskite 
single-crystal heterojunction photodetector arrays were fur-
ther demonstrated, showing a weak-light detection limit of 
9 nW cm−2 and a high specific detectivity of 6.0 × 1011 Jones 

at 0 V bias. Due to the uniform pixel photoresponse, the 
device exhibited clear pattern imaging capabilities across 
varying light intensities in the self-powered mode. This work 
provides a simple method for heterogeneous integration of 
perovskite single crystal arrays toward the high-performance 
optoelectronic devices.

2 � Experimental Section

2.1 � Materials

N,N-Dimethylformamide (DMF) (99%), dimethyl sulfoxide 
(DMSO) (99%), γ-butyrolactone (GBL) (99.9%), dipropyl 
sulfoxide imide (DPSI) (99.9%), methylammonium iodide 
(99.99%), lead iodide (99.9%), lead bromide (99.9%), lead 
chloride (99.9%), acetone (99%), and anhydrous ethanol 
(99.9%) were purchased from Aladdin Scientific. All com-
mercial products were used inside a nitrogen-filled glove 
box.

2.2 � Fabrication of the Self‑powered Photodetector 
Arrays

The fabrication of self-powered perovskite photodetec-
tor arrays based on MAPbCl3/MAPbBr3 and MAPbBr3/
MAPbI3 heterojunctions was initiated by synthesizing 
MAPbCl3 and MAPbBr3 single crystals through a spa-
tial confinement growth method and temperature-pro-
grammed crystallization from their respective precursor 
solutions dissolved in DMF/DMSO and DMF. Subse-
quently, a patterned Parylene-C template with selec-
tively exposed regions was fabricated on the substrate via 
sequential coating, photolithography, and dry etching pro-
cesses. Heteroepitaxial growth was then performed within 
these openings: the MAPbCl3/MAPbBr3 heterojunction 
was fabricated by growing MAPbBr3 crystals via solu-
tion epitaxy from a MAPbBr3-DMF precursor, whereas 
the MAPbBr3/MAPbI3 heterojunction was formed by epi-
taxially growing MAPbI3 crystals from a MAPbI3-GBL 
precursor. Finally, the device integration was completed 
by depositing electrode arrays through thermal evapora-
tion with a shadow mask, enabling the realization of self-
powered photodetector arrays.
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3 � Results and Discussion

3.1 � Selective Epitaxial Growth of Perovskite 
Single‑Crystal Heterojunction Arrays

The fabrication process for the patterned perovskite single-
crystal heterojunction arrays is schematically illustrated in 
Fig. 1a. The process begins with the growth of single-crystal 
perovskite films on indium tin oxide (ITO) glass via a spa-
tial confinement method, which serve as the substrates for 
subsequent epitaxial growth. Then, a thin Parylene-C film 
is deposited and patterned on the single-crystal perovskite 
substrate, creating openings with defined positions and sizes 
for the crystal epitaxial growth. Finally, the ordered single-
crystal heterojunction array is formed in the openings of the 
Parylene-C film through the selective epitaxial growth. A 
more detailed fabrication process can be found in Fig. S1 
and the Experimental section. Two different heterojunction 
arrays were fabricated, including the methylammonium 
lead iodide on a bromide substrate (MAPbBr3/MAPbI3) 
and methylammonium lead bromide on a chloride substrate 
(MAPbCl3/MAPbBr3). The selective epitaxial growth on the 
perovskite substrate involves the three stages which are dif-
ferent from those for the growth of a continuous perovskite 
film, typically involving precursor supersaturation, nuclea-
tion, and crystal growth (Fig. S2). For the selective epitaxial 
growth of the array, upon introduction of the precursor solu-
tion, halide ion exchange occurs in the surface region of the 
substrate exposed within the Parylene-C film openings. This 
creates a graded transition layer, such as the MAPbI3xBr3(1-x) 
film on the MAPbBr3 surface, which also facilitates lattice-
matched nucleation and homoepitaxial growth of the target 
MAPbBr3 arrays (Fig. 1b). The epitaxial growth of MAPbI3 
on MAPbBr3 is achieved along the [1 0 0] crystal direc-
tion. Notably, nucleation occurs uniformly for those con-
tinuous thin films, but preferentially along crystal edges for 
ordered MAPbI3 arrays (Fig. S3). This selective epitaxial 
growth enables the fabrication of large-scale and high-
density single-crystal arrays. Figure 1c shows a scanning 
electron microscopy (SEM) image of a large-scale MAPbI3/
MAPbBr3 single-crystal heterostructure array, which exhib-
its a highly ordered and uniform arrangement array, com-
prising 44 × 44 individual heterojunctions within a 1.5 × 1.5 
mm2 area. Similarly, the MAPbCl3/MAPbBr3 single-crystal 
heterojunction arrays were fabricated, demonstrating the 

uniform orientation and size as well as the sharp edges of 
the individual pixel (Fig. 1d). To investigate the structure 
and elemental distribution of the heterojunction arrays, the 
energy-dispersive spectroscopy (EDS) elemental mapping 
was performed. As shown in Fig. 1e, Cl is mainly distributed 
in the bottom substrate layer and Br is confined to the top 
epitaxial layer, while Pb demonstrates a homogeneous distri-
bution throughout the entire structure. A line scan across the 
heterojunction confirms the element distribution (Fig. 1f). 
The concentrations of Cl and Br change gradually across 
the heterojunction, forming a graded transition region with a 
width of approximately 4 µm. This wide and graded junction 
confirms the initial ion-exchange process before the bulk 
crystal growth in Fig. S2. Similar compositional grading 
was also observed in the MAPbBr3/MAPbI3 heterojunction 
(Fig. S4).

3.2 � Epitaxial Growth Dynamics of Perovskite 
Single‑Crystal Heterojunctions

To elucidate the epitaxial growth dynamics, the epitaxial 
growth of the MAPbBr3 on the MAPbCl3 substrate was 
investigated. MAPbCl3/MAPbBr3 perovskite heterojunc-
tions were prepared via a saturation concentration liquid-
phase epitaxial growth in the heated MAPbBr3 precursor 
solution (Fig. 2a). Before the epitaxial process, MAPbCl3 
crystals, utilized as the substrate, are obtained using a spa-
tial confinement method liquid-phase diffusion crystalliza-
tion process. The X-ray diffraction (XRD) pattern of the 
MAPbCl3 substrate displays a series of strong (100), (200), 
and (300) peaks, indicating the cubic phase with a preferred 
orientation along the < 100 > direction (Figure. 2b). The 
inset SAED (selected area electron diffraction) pattern fur-
ther confirms the single-crystal properties of the substrate. 
The emission and absorption properties of MAPbCl3 sub-
strate were also investigated (Fig. 2c). The photolumines-
cence (PL) peak is centered at 405 nm and the absorption 
band edge is at 3.02 eV. The charge-carrier dynamics of the 
MAPbCl3 single crystal was analyzed by time-resolved PL 
(TRPL) spectroscopy. The TRPL decay curve is fitted with 
a double-exponential fitting model with a fast decay time 
and a slow decay time of 1.43 and 36.53 ns, respectively 
(Fig. 2d). The fast decay process is caused by the bimolecu-
lar recombination of photogenerated free carriers, whereas 
the slow decay process is attributed mainly to trap-assisted 
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recombination. These properties confirm the high-quality of 
the MAPbCl3 single crystal substrate.

The evolution of the heterojunction formation was moni-
tored by tracking the PL emission of the sample at different 
growth intervals. As shown in Fig. 2e, a systematic redshift 
of the PL peak is observed as the growth time increases from 
5 to 35 s. This redshift is consistent with a halide exchange 
process, leading to the formation of mixed halide perovs-
kites with progressively increasing Br content. To avoid 
the formation of stray crystals and obtain high-quality het-
erojunctions, the epitaxial growth rate was optimized by 

maintaining the crystallization temperature within a nar-
row range of 100 to 110 °C. The MAPbBr3 arrays can be 
observed after about 1 min of epitaxial growth. The average 
sizes of the individual pixels with the growth time under dif-
ferent growth temperatures are summarized in Fig. 2f. The 
pixel size increases with growth time at both temperatures, 
eventually reaching and slightly exceeding the Parylene-C 
opening size of 20 µm. Furthermore, a higher temperature 
can accelerate the growth rate, leading to a larger pixel size 
compared to the growth at a lower temperature over the 
same period. Similar growth processes were also observed 

Fig. 1   Schematic illustration of selective epitaxial growth of perovskite single-crystal heterojunction arrays. a Schematic of the fabrication pro-
cess for the patterned perovskite single-crystal heterojunction arrays. b Mechanism of epitaxial growth of perovskite single-crystal heterojunc-
tion arrays. c Schematic diagram of the ideal lattice-matched epitaxy between MAPbBr3/MAPbI3 along the [100] crystallographic direction. d 
SEM image of a large-scale MAPbBr3/MAPbI3 single-crystal heterojunction array (44 × 44 array). e SEM image of MAPbCl3/MAPbBr3 single-
crystal heterojunction array and EDS map of the MAPbCl3/MAPbBr3 single-crystal heterojunction array. f Distribution of halogen elements 
across the MAPbCl3/MAPbBr3 single-crystal heterojunction
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for the MAPbBr3/MAPbI3 heterojunction arrays (Fig. S5). 
Figure 2g demonstrates the morphological evolution of an 
individual MAPbBr3 perovskite crystal pixel in MAPbCl3/
MAPbBr3 heterojunction arrays under 110 °C conditions. 
Initially, the small crystallites nucleate within the opening 
and after 150 s, they fully merge into a square pixel with 
sharp edges and a flat surface. An atomic force microscopy 
(AFM) image of a MAPbBr3 perovskite pixel confirms the 

smooth surface morphology, with a roughness of 2.082 nm 
in a 20 × 20 µm2 area (Fig. 2h). The crystal structure of the 
epitaxial MAPbBr3 perovskite array was characterized by 
XRD analysis. As shown in Fig. 2i, the XRD pattern of the 
MAPbBr3 perovskite array also demonstrates the strong 
diffraction peaks of (100), (200), and (300) and the SAED 
patterns along the [001] zone axis further confirms the high 
crystallinity and cubic phase of the MAPbBr3 perovskite 

Fig. 2   Growth dynamics of MAPbCl3/MAPbBr3 perovskite single-crystal heterojunction arrays. a Schematic of the experimental setup for 
MAPbCl3/MAPbBr3 perovskite single-crystal heterojunction arrays. b XRD pattern of MAPbCl3 single crystal substrate. Inset: SAED pattern. 
c PL and absorption spectra of MAPbCl3 single crystal substrate. d TRPL decay curve of MAPbCl3 single crystal substrate. e PL spectra of 
MAPbCl3/MAPbBr3 perovskite single-crystal heterojunction at different growth durations. f Average array size versus growth temperature and 
duration. g SEM images of epitaxial MAPbBr3 perovskite grown at different durations. h AFM image of an epitaxial MAPbBr3 single crystal 
pixel. i XRD pattern of the epitaxial MAPbBr3 single crystal array. Inset: SAED pattern



	 Nano-Micro Lett.          (2026) 18:391   391   Page 6 of 12

https://doi.org/10.1007/s40820-026-02224-6© The authors

array. During the transition from MAPbCl3 to MAPbBr3, 
the primary change is the expansion of the lattice param-
eter due to the larger ionic radius of Br− compared to Cl−. 
This results in a shift of the XRD diffraction peaks toward 
lower 2θ values, consistent with Bragg’s law (Fig. 2i). The 
SAED pattern of the epitaxial MAPbBr3 array along the 
[001] direction is similar to that of the MAPbCl3 substrate, 
indicating that the crystal symmetry is preserved during the 
halogen substitution.

3.3 � Regulation of Geometric and Crystallographic 
Properties of Epitaxial Perovskite Single‑Crystal 
Arrays

The selective epitaxial growth method demonstrates versa-
tile control over the geometric and crystallographic proper-
ties of the epitaxial perovskite arrays, including the precise 
regulation of the pixel dimensions, pixel arrangement angle 
and crystal orientation. The dimensions of the individual 
single-crystal pixels are highly dependent on the size of the 
openings in the Parylene-C film under a certain epitaxial 
growth condition. As shown in Fig. 3a, uniform MAPbI3 
arrays with different predefined pixel dimensions were 
fabricated on the MAPbBr3 substrate. We statistically ana-
lyzed the dimensions of the 100 individual pixels for each 
Parylene-C opening size. The average width of the pixel 
exhibits a strong linear relationship with the Parylene-C 
opening size and the narrow width distribution for each set, 
indicating the excellent uniformity of the array (Fig. 3b). 
Furthermore, the width of the pixel is usually larger than 
the corresponding openings. For example, the openings of 
30 µm generated pixels with an average size of about 45 µm, 
ensuring 100% coverage for each pixel. The rotational align-
ment of the entire array can be controlled by tuning the angle 
between the patterned openings and the crystallographic 
axes of the substrate (Fig. 3c). The MAPbI3 arrays with the 
openings rotated at 0° and 45° relative to the crystal direc-
tions of the substrate were fabricated. As shown in Fig. 3d, 
e the MAPbI3 pixels demonstrate a clear rotation with the 
angle of 45°, which precisely replicates the opening’s rota-
tional alignment. In addition to the external geometric con-
trol, the crystal orientation of the array can be modified by 
introducing additives or using different substrate surfaces 
due to the lattice matching. The addition of DPSI to the pre-
cursor solution modifies the crystal habit of MAPbI3 arrays, 

promoting the exposure of the (100) facets rather than the 
(110) facets. The size control was also maintained during 
this process (Fig. 3f). Figure 3g shows the morphology of 
the epitaxial perovskite arrays with DPSI, transforming from 
the pyramidal shape to a cubic. Importantly, the SAED pat-
terns of the substrate (Fig. 3h) and the epitaxial perovskite 
arrays with DPSI (Fig. 3i) show a consistent crystal orienta-
tion, confirming that the epitaxial relationship is preserved 
despite the change in crystal habit. Moreover, by utilizing 
MAPbBr3 substrates with different surface orientations, such 
as (111) and (110), both the morphologies and orientations 
of the MAPbI3 arrays can be directly changed correspond-
ingly. As shown in Fig. 3j, k the pixel shapes changed to 
be consistent with the substrate orientations. This selective 
epitaxial growth method also demonstrated the controllabil-
ity over the size, rotation and orientation of the MAPbBr3 
arrays on the MAPbCl3 substrate (Figs. S6-S8), highlighting 
the capability of this method for controllable fabrication of 
single crystal perovskite arrays.

3.4 � Characterization of the Self‑Powered 
Photodetectors Based on Perovskite Single‑Crystal 
Heterojunction Arrays

Self-powered photodetector arrays (8 × 8 pixels) based on 
both MAPbBr3/MAPbI3 and MAPbCl3/MAPbBr3 hetero-
junction arrays were fabricated through the deposition of 
the patterned metal electrodes on the heterojunctions. Based 
on the absorption and ultraviolet photoelectron spectroscopy 
(UPS) spectra (Fig. S9), the valence band maximum (EV), 
Fermi level (EF), and conduction band minimum (EC) of 
the MAPbBr3/MAPbI3 heterojunction were calculated. The 
energy band diagram of the MAPbBr3/MAPbI3 photodetec-
tor is depicted in Fig. 4a, which forms a type-II heterojunc-
tion. This band structure creates a built-in electric field at 
the interface, which facilitates the efficient separation and 
transport of photogenerated electron–hole pairs, enabling 
the device operation at zero bias. This built-in electric 
field has been confirmed by the accelerated carrier extrac-
tion observed in TRPL (Fig. S10) and the distinct surface 
potential difference directly mapped via Kelvin probe force 
microscopy (KPFM) (Fig. S11). The current density–volt-
age (J-V) curves of the self-powered photodetector array 
under dark condition and 532 nm illumination with light 
intensity varying from 66 nW cm−2 to 1.291 mW cm−2 are 
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shown in Fig. 4b. The normalized responsivity of the self-
powered photodetector array under full spectrum is also 
characterized in the Fig. S12. Figure 4c shows the current 
density-time (J-t) characteristics of the device under 0 V 
bias. The device demonstrates stable and repeatable on/off 
switching behaviors across a wide range of light intensities. 
Importantly, the device maintains a stable photoresponse at 

an ultralow light intensity of 9 nW cm−2 (Fig. S13), dem-
onstrating high sensitivity and a detection limit competitive 
with previously reported perovskite heterojunction photo-
detectors (Table S1). Responsivity under different illumi-
nations is a key metric for assessing detector performance. 
Figure 4d plots the photocurrent density and responsivity as 
functions of light intensity. The photocurrent shows a linear 

Fig. 3   Controllable epitaxial growth of MAPbBr3/MAPbI3 perovskite single-crystal heterojunction arrays. a SEM images of selective epitaxial 
MAPbI3 single-crystal arrays with varying sizes. b Dependence of pixel size on template opening size for MAPbI3 single-crystal arrays epitaxi-
ally grown on MAPbBr3 substrates. c Schematic diagram of precise adjustment of pixel arrangement angle and crystal orientation by tuning the 
angle between pattern opening and substrate crystal orientation. SEM images of epitaxial MAPbI3 single-crystal arrays with different angles of 
d 0° and e 45°. f Pixel size versus template opening size for epitaxial MAPbI3 single-crystal arrays with the addition of DPSI to the MAPbBr3 
precursor solution. g SEM image of epitaxial MAPbI3 perovskite single-crystal arrays with DPSI. h SAED patterns of the MAPbBr3 substrate. i 
SAED patterns of the corresponding epitaxial MAPbI3 perovskite single-crystal arrays with DPSI. SEM images of epitaxial MAPbI3 perovskite 
single-crystal arrays with different crystal orientations of j (111) and k (110)
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dependence on the light intensity and the responsivity is 
higher at lower light intensities, exhibiting a peak responsiv-
ity of 2.4 mA W−1. The specific detectivity (D*) is plotted 
with the light intensity, reaching 6.0 × 1011 Jones under weak 
light conditions (Fig. 4e). The response time is defined as 
the time used for the current to switch between the 10% and 
90% of its peak value. As shown in Fig. 4f, the self-powered 
photodetector array exhibits a fast response, with a rise time 
(tᵣᵢₛₑ) of 22 ms and a fall time (tfall) of 173 ms. Furthermore, 
the device exhibits excellent operational stability, exhibiting 
a 10% decay in photocurrent after 7000 s of continuous on/
off switching (Fig. S14a-d). Long-term stability was also 
evaluated by measuring the optoelectronic response after 
storage in ambient air for four weeks without encapsula-
tion. As shown in Fig. S14e and f, the device retains sta-
ble switching behavior during the four weeks of ambient 
exposure, exhibiting a 10% degradation over this extended 
period. The optoelectronic performance of the self-powered 
photodetector arrays based on the MAPbCl3/MAPbBr3 het-
erojunction is summarized in Fig. S15. These results dem-
onstrate that epitaxially grown single-crystal heterojunction 

arrays serve as a promising structure for the self-powered 
photodetectors. While the optoelectronic anisotropy of bulk 
perovskite single crystals has been investigated [54–60], 
establishing a systematic quantitative correlation between 
specific crystal orientations (e.g., (100), (110), (111)) and 
device performance remains challenging in these hetero-
junction arrays due to geometric and electrode contact con-
straints, which could be an important direction for future 
structure–property relationship investigations.

We further investigated the imaging capability of the 8 × 8 
self-powered photodetector array. The imaging process is 
shown in Fig. 5a. In this setup, a light source projects an 
optical pattern through a mask onto the 8 × 8 device array, 
and an image is reconstructed by mapping the individual 
photocurrent response of each pixel. High pixel-to-pixel uni-
formity in both dark and illuminated conditions is impor-
tant for the imaging applications. We first evaluated the 
dark current distribution across all 64 pixels. As shown in 
Fig. 5b, the dark current of all the pixels exhibits a con-
centrated distribution with a low average dark current of 
32.96 ± 14.17 pA. Figure 5c demonstrates photocurrent 
distribution under various light intensities. With the light 

Fig. 4   Optoelectronic response of the self-powered photodetector array based on MAPbBr3/MAPbI3 perovskite single-crystal heterojunction 
array. a Energy band diagram of the self-powered photodetector. b J-V characteristics under varying light intensities. c Current density of the 
device under different light irradiation. The specific value of the on–off ratio of the device is labeled on the curve. d Photocurrent density and 
responsivity under different light intensities. e Specific detectivity under different light intensities. f Response time of the self-powered photode-
tector array
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intensity increasing, the photocurrents of pixels enhanced 
accordingly while maintaining a narrow distribution, indi-
cating a consistent and uniform photoresponse across the 
entire array. The ability to spatially resolve light patterns 
with minimal electrical crosstalk is also critical for a photo-
detector array. We selectively illuminated the central six pix-
els (pixels 34–39) of a single row while keeping the adjacent 
pixels (pixel 33 and 40) in the dark. As shown in Figs. 5d 
and S16, the currents of the illuminated pixels increase obvi-
ously with light intensity, while the currents of the dark pixel 
33 and pixel 40 remaining unchanged. This result confirms 

that crosstalk between adjacent pixels is negligible, despite 
using the discrete heterojunction arrays on the continuous 
substrate. An ’H’-shaped light pattern was then projected 
onto the photodetector array. Figure 5e shows the result-
ing two-dimensional photocurrent maps recorded at dif-
ferent light intensities. As the light intensity increases, the 
’H’ pattern becomes clear. Specifically, as the illumination 
intensity gradually increases from 0 to 1.291 mW cm−2, the 
photocurrent mapping of the input pattern exhibits a con-
tinuous multi-level response. Furthermore, to evaluate the 
imaging capabilities under complex scenarios, we scaled up 

Fig. 5   Imaging applications of the self-powered photodetector array based on MAPbBr3/MAPbI3 perovskite single-crystal heterojunction array. 
a Schematic of the imaging process using the self-powered photodetector array. b Statistical distribution of dark current for all 64 pixels within 
the 8 × 8 array. c Statistical distribution of photocurrent for all 64 pixels under illumination at different light intensities. d Output current of eight 
pixels (Pixels 33–40) along the fifth row of the array device under varying light intensities. e Photocurrent mapping of the 8 × 8 array acquired 
under the different light intensities
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the device to a 16 × 16 MAPbBr3/MAPbI3 perovskite single-
crystal heterojunction array (Fig. S17). A “Christmas tree” 
pattern was projected onto the array. The photocurrent map-
ping accurately reconstructed the sharp geometric outlines 
and spatial features of the pattern. By extracting the modula-
tion transfer function (MTF), the device demonstrated a spa-
tial resolution of 8.0 lp mm−1 at an MTF of 0.2, confirming 
the capability for resolving fine optical details.

4 � Conclusions

In summary, we demonstrated a simple and versatile strategy 
for the fabrication of orientation-controlled single-crystal 
perovskite heterojunction arrays. By combining the pat-
terned Parylene-C film for spatial confinement with the 
single-crystal substrate for epitaxial guidance, this method 
demonstrated the precise control over the geometric param-
eters and crystallographic properties of the array. The result-
ing MAPbCl3/MAPbBr3 and MAPbBr3/MAPbI3 heterojunc-
tion arrays exhibited high crystal quality and uniformity, 
which enabled high sensitivity and imaging capability of 
the corresponding self-powered photodetector arrays based 
on these heterojunctions.
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