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Abstract: Halide perovskites exhibit superior optoelectronic properties but lack precise 

thickness and band offset control in heterojunctions, critical for modular multilayer architectures 25 

such as multiple quantum wells. We demonstrate vapor-phase layer-by-layer heteroepitaxial 

growth exemplified by CsPbBr3 deposition on single crystals of PEA2PbBr4 (PEA: 2-

phenylethylammonium). Angstrom-level thickness control and sub-Angstrom smooth layers 

enable quantum-confined photoluminescence of CsPbBr3 from monolayer, bilayer, and through 

to bulk. The interfacial structure controls the electronic structure from Cs‒PEA-terminated 30 

interface (type-II heterojunction) to PEA‒PEA-terminated (type-I), with a layer-tunable band 

offset shift exceeding 0.5 electron volt. Electron transfer from CsPbBr3 to PEA2PbBr4 for type-II 

Cs‒PEA heterojunction results in delayed electron-hole recombination beyond 10 microseconds. 

Precise quantum confinement control and large band offset tunability unlock perovskite 

heterojunctions as platforms for scalable, superlattice-based optoelectronic applications. 35 
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Main Text: 

The successful commercialization of III-V semiconductor technologies (1–3) has been driven by 

vapor-phase layer-by-layer (LbL) heteroepitaxy, which enables atomic-level control over material 

and interface quality. This level of precision has allowed engineering of critical parameters, 

including bandgap, band offset and layer thickness in multilayer heterostructures such as multi-5 

quantum-wells (MQWs) that guide charge transport and recombination dynamics. Halide 

perovskites, which have the advantages of low-cost and low-temperature processability, have 

demonstrated competitive performance in multi-junction solar cells and light-emitting diodes 

(LEDs)(4–8), and also hold great promises for advanced heterostructure-based devices(9). 

However, precise control over band properties and thicknesses remains a major bottleneck. Unlike 10 

III-V semiconductors, where alloying and strain engineering enable precise nanoscale tuning of 

bandgaps and band alignment, these strategies are ineffective in three-dimensional (3D) perovskite 

heterojunctions due to the high halide ion mobility(10, 11).  

Two-dimensional (2D) halide perovskites provide a viable route for heterojunction bandgap 

engineering. Their larger intrinsic bandgaps, self-terminating surfaces, strong lattice templating, 15 

and extensive tunability through the incorporation of a vast library of organic cations, make 

heterostructures formed by 2D and 3D perovskites promising for multilayer device engineering. 

Stacked 2D/3D layers have been explored as passivation layers for solar cells and as natural MQW 

structures in LEDs and lasing(12–22), but solution-processing methods with polar solvents leads 

to quasi-2D phase heterogeneity, interfaces lacking atomic-scale structure definition, and 20 

variations in layer thicknesses. Several strategies, including orthogonal solvent engineering(23–

26) and formation of heteroepitaxy through two-stage nucleation(27–29) or self-assembly of 

nanocrystals(30, 31), have improved interfacial phase purity. However, these approaches still lack 

the capability to precisely control layer thickness in the sub-10-nanometer range uniformly over a 

large area(19, 32, 33), as well as to be extended to multilayer heterostructures(9) – both crucial for 25 

fabricating advanced devices. Vapor-phase heteroepitaxy has shown good thickness control for 

perovskites with other salts, though not achieving LbL growth (34). Without a method to achieve 

precise nanoscale band structure engineering on electronically active layers, perovskite-based 

multilayer heterostructure devices remain out of reach. 

We report vapor-phase LbL heteroepitaxial growth of 3D perovskite CsPbBr3 on 2D perovskite 30 

single crystals. The as-grown perovskite heterostructure not only ensures precise and uniform 

thickness control but also enables tunable band offsets, overcoming key limitations of solution-

based synthesis. The structure of the atomically sharp and well-defined heterointerfaces was 

examined by x-ray crystallographic tools and atomical resolution electron microscopy. We 

combined computational simulations and optical spectroscopic measurements to show that large 35 

band offset shift could be achieved by precisely controlling the interfacial structure through tuning 

the deposition conditions, allowing either type-I or type-II heterojunctions and enabling tailored 

charge transport and recombination dynamics. The heteroepitaxial templating also enabled a 

reduction in defect densities, enhanced carrier transport, and higher photoluminescence quantum 

yields (PLQY) in the CsPbBr3 layer. 40 

Heteroepitaxy relation 

We primarily focused on PEA2PbBr4 single crystals as the 2D perovskite substrate. The crystal 

plane of PEA2PbBr4 (space group: P1̅) containing a, b axes (90) can align well with the pseudo-

cubic CsPbBr3 because of the matching network of [PbBr6] octahedra at the interface (fig. S3)(28, 

30). To fabricate the epitaxial heterostructure, the PEA2PbBr4 single crystal was freshly cleaved 45 
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to expose an atomically flat (002)2D surface, as confirmed by atomic force microscopy (AFM) and 

X-ray diffraction (XRD) (fig. S1). The heteroepitaxial growth of CsPbBr3 was achieved through 

thermal co-evaporation of CsBr and PbBr2 in a multisource deposition chamber (Fig. 1A), with 

precise control over their relative deposition rate by a separate quartz crystal microbalance to 

ensure stoichiometric formation of CsPbBr3. Deposition rates ranging from 0.2 Å/s to 2 Å/s gave 5 

similar structural properties (fig. S2). A high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) cross-sectional image (Fig. 1A, top-right) shows a sharp 

interface across large areas and no sign of grain boundaries or dislocation lines.  

We confirmed heteroepitaxial growth using two most representative planes from 3D reciprocal 

space from single-crystal XRD (Fig. 1, B to D). The experimental patterns matched simulated 10 

PEA2PbBr4 and CsPbBr3 lattice overlaps (Fig. 1D). Details of refined unit cell parameters are 

summarized in Table S1. For the heterostructure, only a single additional set of CsPbBr3 reflections 

was observed in the (0kl)2D plane (Fig. 1C, top) (35), with no sign of polycrystallinity or alternative 

orientations, confirming single orientation heteroepitaxy. The pseudo-cubic nature of the CsPbBr3 

lattice indicated multiple possible orientations that would allow heteroepitaxy, but we could 15 

precisely obtain their orientation relationships from the single crystal diffraction data, as seen in 

reciprocal space and in real space: the [002]3D axis of orthorhombic CsPbBr3 aligns normal to the 

2D perovskite layers (the c* axes of PEA2PbBr4 and CsPbBr3 overlap in Fig. 1E), and in the 

interfacial plane, the [110]3D/[11̅0]3D axis of the CsPbBr3 overlaps with the [020]2D/[200]2D axis 

of the PEA2PbBr4 (Fig. 1F, fig. S3).  20 

Since the Pb-plane spacing along the [002]3D axis of CsPbBr3 was slightly larger than that along 

the other two directions, this orientation provided the best lattice matching between the 3D and 2D 

perovskites in the interfacial plane. This is evident in the bottom panels in Fig. 1C, D, where the 

CsPbBr3 lattice points in its (hk0)3D plane overlap with the PEA2PbBr4 lattice points in its ⊥ c*2D 

plane. The diffraction pattern of the [002]3D axis could also be easily distinguished from that of 25 

the [110]3D/[11̅0]3D axes in the heterostructure sample’s (0kl)2D and ⊥ c*2D planes (Fig. 1C, and 

simulated CsPbBr3 patterns in Fig. 1D and fig. S3). Although both planes belong to the main axis 

of the orthorhombic (Pbnm a‒a‒c+) CsPbBr3, the [002]3D axis featured an in-plane tilting of the 

octahedra, whereas the other two planes featured out-of-plane tilting(36). 

Out-of-plane XRD patterns in Bragg-Brentano geometry (fig. S4) provided additional evidence 30 

for the highly selective [002]3D orientation. For randomly oriented CsPbBr3 deposited on glass, a 

double-peak appeared at 15.05° ([002]3D) and 15.21° ([110]3D/[1 1̅ 0]3D), consistent with an 

orthorhombic structure. By contrast, the heteroepitaxially grown CsPbBr3 on the 2D perovskite 

crystal had a single, sharp peak at 15.05°, indicating that the [002]3D axis alone aligns in the out-

of-plane direction. Differentiating between the [110]3D and [11̅0]3D axes was challenging because 35 

of their minimal d-spacing difference (around 0.1%, table S1). The highly selective orientation for 

the [002]3D axis across the entire substrate, first observed for pseudo-cubic CsPbBr3, demonstrated 

that the heteroepitaxy strictly regulated the CsPbBr3 growth under preferred lattice matching, and 

promoted a highly ordered lattice structure. 

The highly ordered lattice of CsPbBr3 showed improved optical properties. Using photothermal 40 

deflection spectroscopy (PDS), we measured the optical absorption tail into the semiconductor gap 

to extract the Urbach energy, a measure of band edge energetic disorder. For 30 nm-thick CsPbBr3, 

we observed a decrease in Urbach energy from 37 meV (randomly grown on quartz) to 22 meV 

(heteroepitaxially grown on 2D perovskite), indicating that the heteroepitaxial growth reduced 

static energetic disorder (fig. S5). This reduction in Urbach energy was associated with enhanced 45 

radiative recombination efficiency. To isolate the PLQY of CsPbBr3, we used 450-nm excitation 
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to avoid exciting the 2D layer. Under these conditions, the PLQY increased two-fold, from 0.63% 

on glass to 1.28% on 2D (fig. S6).  

We further studied the transport properties of photoexcited species in the film by exciting the 

sample from the 3D side at a fixed spot with a near-diffraction-limited 405-nm laser beam, and 

raster-scanning the detection path across the sample to track the expansion of the PL spatial profile 5 

over time as carriers diffuse (37). For a 300-nm-thick CsPbBr3 film where absorption by the 

underlying 2D layer is negligible (<0.1%), the diffusion coefficient for the CsPbBr3 deposited on 

glass was observed to be 0.15 cm2/s, whereas that for the heterostructure sample was 0.39 cm2/s 

(fig. S7), demonstrating the superior transport properties enabled by heteroepitaxial growth. Four-

point probe conductivity measurements from a lateral CsPbBr3 device with Au/MoOx contact 10 

layers grown heteroepitaxially on 2D single crystals also demonstrated a 7-times enhancement in 

conductivity and 3 orders of magnitude reduction in contact resistance compared to that deposited 

on glass (fig. S8). The improved electrical transport properties are consistent with enhanced charge 

transport because of fewer grain boundaries and aligned surface termination. 
  15 

 

Fig. 1. Vapor-phase deposition realizes epitaxial CsPbBr3-PEA2PbBr4 heterostructures. (A) 

Schematic illustration of vapor phase co-evaporation of CsPbBr3 onto single crystal PEA2PbBr4 

substrates. The top left inset shows a schematic illustration of heteroepitaxial CsPbBr3-

PEA2PbBr4 growth. The top right inset shows a HAADF-STEM image of a large-area atomically 20 

smooth and sharp heterointerface. Scale bar: 50 nm. (B-D) Measured (0kl)2D plane (top) and ⊥ 

c*2D plane (bottom) of reciprocal space of (B) single crystal PEA2PbBr4, (C) heterostructure and 

(D) simulated heterostructure Bragg reflections. Thickness of CsPbBr3 deposited was 500 nm. 

(E) Orientation relationship between heteroepitaxial CsPbBr3 and PEA2PbBr4 in reciprocal 

space. (F) Atomic schematic illustration (top-view from ⊥ c*) of CsPbBr3-PEA2PbBr4 25 

heterostructure. 

 

Layer-by-layer growth 

To understand the growth mode, especially at the heterointerface, we conducted a morphological 

study across a range of deposition thicknesses. Consistent LbL growth behavior (Fig. 2A) was 30 

observed among all thicknesses. As shown in Fig. 2B, AFM characterization of CsPbBr3 grown 

on PEA2PbBr4 single crystals revealed ultrasmooth surfaces at nominal deposition thicknesses of 

0.5, 5, 50 and 500 nm. The surfaces exhibited distinct island-like domains with consistent step 

heights of 0.6 nm, corresponding to exactly the size of the [PbBr6] octahedral unit (Fig. 2D, also 
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see fig. S9 for varying stages in the LbL cycle and fig. S10 for larger areas). These observations 

confirmed LbL growth. Occasionally, at greater thickness up to 500 nm (Fig. 2B, right panel), 

multiple layers were observed, which is analogous to the LbL growth in III-V semiconductors 

where new layers may form near the completion of the previous layer(38). 

The LbL growth on an cleaved single crystal surface led to the lowest reported root-mean-square 5 

(RMS) roughness of a metal halide perovskite thin-film to date. Statistical analyses across over 30 

batches showed RMS roughness values consistently below 0.3 nm, or half of the thickness of one 

octahedral layer (fig. S11). This result is in stark contrast to CsPbBr3 deposited on glass which 

showed RMS roughness of 4.01 nm from atomic force microscopy (AFM) (fig. S9), consistent 

with roughness values reported for vapor-deposited 3D perovskite films(39, 40). Notably, regions 10 

between adlayers achieved roughness as low as 0.01 nm, indicating atomically smooth surfaces 

(Fig. 2C). We also note that the size of the adlayer islands may not directly reflect the nucleating 

density or island size during continuous deposition, as surface reconstruction can occur post-

growth. 

The LbL growth process, occurring one octahedral layer at a time, enabled conformal morphology 15 

(see fig. S12 for growth across steps) and precise thickness control across the whole substrate. This 

structure was also evidenced by Kiessig fringes from x-ray reflectivity (XRR) measurement (Fig. 

2E) and Pendellösung fringes around the CsPbBr3 (002) Bragg peaks (Fig. 2F). Fitting of the 

Kiessig fringes showed the CsPbBr3 had an expected thickness of 47 nm, as well as a roughness 

of 0.26 nm, which agreed with the AFM morphological results. 20 

When the layers are only a few atoms thick, quantum-confined energy levels were reflected in 

their PL emission spectra. In Fig. 2G, at nominal deposition thicknesses of 0.6 nm (1L, red line), 

1.2 nm (2L, blue line), and 2.4 nm (4L, green line), besides the main 2D substrate emission at 410 

nm, an additional shoulder bump appears at 440, 468, and 500 nm, respectively. These emissions 

from the top CsPbBr3 layer reflected the strong 2D quantum confined nature as the energy closely 25 

matched their quasi-2D equivalents (PEA2Csn‒1PbnBr3n+1) at n=2, n=3 and n=5 values(41, 42), 

though notably here the CsPbBr3 layer was not sandwiched between the organic PEA cations from 

the cross-sectional STEM evidence shown in Fig. 3. At 10 nm thickness (Fig. 2G, yellow line), 

the emission shifted to 520 nm, corresponding to bulk CsPbBr3. To further confirm that the 

CsPbBr3 top layer emission had uniform thickness, 440-nm excitation light was used and single 30 

emission peaks were observed for thickness of 1.2 nm (blue line), 2.4 nm (green line) and 10 nm 

(yellow line) (Fig. 2H). 

We investigated the deposition of CsPbBr3 on a series of other substrates. As shown above, 

deposition on glass shows random orientations and high roughness. Atomically flat single crystal 

substrates with mismatched lattice symmetry, such as c-sapphire, do not support heteroepitaxial or 35 

LbL growth (fig. S13). By contrast, similar heteroepitaxial LbL growth was observed on BA2PbBr4 

substrates, highlighting the generality of this approach across different 2D perovskites (fig. S14). 

We also investigated deposition of CsPbBr3 on polycrystalline 2D perovskite films. In this case, 

the LbL growth mode was still observed. Grazing-incidence wide-angle x-ray scattering 

(GIWAXS) patterns also revealed a highly oriented CsPbBr3 with [002]3D axis in the out-of-plane 40 

direction, well-matched in-plane lattices, and no detectable mixed-n phases (fig. S15). The 

absorption spectra further validated the absence of mixed-n phases (fig. S16). Similarly, electron 

backscatter diffraction (EBSD) characterization confirmed uniform out-of-plane orientations but 

random in-plane orientation (fig. S17, S18). Morphologically, the growth remained strongly 

conformal, showing roughness levels nearly identical to the underlying templating polycrystalline 45 

2D film (fig. S19). When only 1.2 nm and 2.4 nm CsPbBr3 is deposited on poly-crystalline 2D 
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perovskite films, similar single emission peaks were observed as well, suggesting very uniform 

thickness (fig. S20). By contrast, deposition on glass showed bulk emission of CsPbBr3 even when 

only nominally 1.2 or 2.4 nm was deposited (fig. S20). We note that no impurity phases from 

stoichiometric variations could be detected by X-ray diffraction when depositing on those various 

substrates (fig. S21). 5 

We extended this polycrystalline system to several other 2D ligands cations including 

butylammonium, benzylammonium, 1-(2-naphthyl)methylammonium, 2-(thiophen-2-

yl)ethylammonium. In each of these systems, the deposited CsPbBr3 exhibited the characteristic 

highly oriented [002]3D axis in the out-of-plane direction, and the absence of mixed-n phases from 

GIWAXS (fig. S22). The consistency of this templating growth across various ligands 10 

demonstrated the versatility of this vapor deposition method, making it a highly promising method 

for simple and scalable production. We focus the remainder of this study on the single crystal 

system with flat surfaces and no grain boundaries. 

 

Fig. 2. Atomically smooth CsPbBr3 fabricated by LbL growth. (A) Schematic illustration of 15 

LbL growth of CsPbBr3 on PEA2PbBr4 (002)2D surface. (B) Surface morphology study by AFM 

of LbL growth of CsPbBr3 on single crystal PEA2PbBr4 from 0.5 nm (less than one Pb-Br 

octahedral layer), 5 nm, 50 nm until 500 nm. (C) RMS roughness of selected region of size 1 μm 

by 0.8 μm. Scale bars in (B) and (C): 400 nm. (D) Line profile of (B) showing clear steps 

corresponding to the Pb-Pb spacing in CsPbBr3. (E) Kiessig fringes in XRR measurements of 50 20 

nm CsPbBr3 on PEA2PbBr4. (F) Pendellösung fringes around CsPbBr3 (002) Bragg peak of 50 

nm CsPbBr3 on PEA2PbBr4. (G) Semi-log normalized PL emission spectra under 350 nm 
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excitation showing quantum confinement and uniform thickness from 0.6 (monolayer), 1.2 

(bilayer), 2.4 (tetralayer) and 10 nm (the same as bulk). (H) Normalized PL emission spectra 

under 440 nm excitation showing single peak emission from 1.2 (bilayer), 2.4 (tetralayer) and 10 

nm (the same as bulk). Text on top of peaks are fitted peak position and width in units of 

nanometers. 5 

 

Tunable interfacial structures 

The interfacial structure plays a pivotal role in determining heterojunction properties. A clean and 

sharp interface enables a pristine understanding of the electronic and optical behavior of the 

system. Cross-sectional atomic resolution HAADF-STEM imaging was used to determine the 10 

interfacial structure under different deposition conditions. When a stoichiometric ratio of CsBr and 

PbBr2 was deposited on single crystal PEA2PbBr4 (Fig. 3A), clear crystal planes corresponding to 

Pb atom planes were observed, showing lattice spacing of 6.2 Å for the upper CsPbBr3 and 17.0 Å 

for the bottom PEA2PbBr4, yielding an interfacial plane distance of 12.4 Å (Fig. 3C, left). By 

contrast, in Fig. 3B, co-sublimation with PEABr (CsBr:PbBr2:PEABr = 1:1:0.1) resulted in an 15 

interfacial plane distance of 17.1 Å (Fig. 3C, right), whereas the 3D perovskite lattice structure as 

well as heteroepitaxial LbL growth remained unchanged (fig. S23–26). No quasi-2D phases were 

detected upon co-evaporating a small amount of PEABr from diffraction and PL (fig. S24). 

Energy-dispersive x-ray (EDX) mapping of Cs, Pb, Br, and C confirmed the presence of atomically 

sharp interfaces in both cases (selected region of Cs and C in Fig. 3A, B, and full map in fig. S27) 20 

and ruled out cation mixing during growth. After growth, the sharp interface showed promising 

stability with no signs of quasi-2D phases in XRD measurements after 6 months (fig. S28); even 

from very sensitive PL measurements, which will detect even trace amounts of lower bandgap 

phases due to energetic funneling of excited species, we do not observe any changes over weeks 

and only observe subtle hints of other phases even after 6 months (fig. S28). To study the pristine 25 

properties of the heterointerfaces in this work, samples were typically measured within one week. 

Transient absorption (TA) spectroscopy revealed that the energy transfer process from PEA2PbBr4 

to CsPbBr3 occurred  within 2 to 3 ps for both heterostructures, versus 30 ps in solution-processed 

quasi-2D thin films (fig. S29)(30, 42–44). This acceleration suggested strong electronic coupling 

across the heterojunction without the presence of quasi-2D phases, facilitated by the clean and 30 

gap-free interface. 

Based on the heteroepitaxial orientations, two possible interfacial structures could be expected: a 

Cs‒PEA terminated interface (Fig. 3D, left), where the 2D perovskite is terminated by PEA ligands 

and the 3D perovskite is terminated by a Cs atom layer, and a PEA‒PEA terminated interface (Fig. 

3D, right), where both the 2D and 3D perovskites are terminated by PEA ligands. We performed 35 

density functional theory (DFT) calculations to determine the plane distances (fig. S30), and could 

attribute the distances in Fig. 3A to Cs‒PEA-terminated interface (measured 12.4 Å vs calculated 

12.9 Å) and in Fig. 3B to PEA‒PEA-terminated interface (measured 17.1 Å vs calculated 16.7 Å). 

The simulated plane distances aligned well with the measured values, and corresponded to the 

deposition conditions: the presence of extra PEABr led to the PEA‒PEA terminated interface. Our 40 

DFT calculations also revealed that formation of both Cs‒PEA and PEA‒PEA interfaces were 

energetically favorable, with interfacial binding energies of ‒10.94 and ‒8.32 meV/Å2, 

respectively. Unlike solution processing, which typically only produces PEA‒PEA-terminated 

interfaces because of the presence of excess PEA ligands(23, 28, 30), our vapor deposition method 

tuned the interfacial structure to atomic-level precision simply by adjusting deposition conditions. 45 
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Fig. 3. Tuning interfacial structure of CsPbBr3-PEA2PbBr4 heterostructure. (A) Left: 

Atomic resolution HAADF-STEM image of Cs‒PEA terminated CsPbBr3-PEA2PbBr4 

heterostructures. Right: EDX elemental mapping of Cs and C element at the Cs‒PEA terminated 5 

interface. (B) Left: Atomic resolution HAADF-STEM image of PEA‒PEA terminated CsPbBr3-

PEA2PbBr4 heterostructures. Right: EDX elemental mapping of Cs and C element at the PEA‒

PEA terminated interface. (C) Intensity profile extracted from rectangle boxes in (A, B), 

showing 6.2 Å inter-plane distance in CsPbBr3 and 17.0 Å in PEA2PbBr4, and interface plane 

distance of 12.4 Å for Cs‒PEA terminated and 17.1 Å for PEA‒PEA terminated analogues. (D) 10 

Atomic schematics showing the interfacial structure of (left) Cs‒PEA terminated interface and 

(right) PEA‒PEA terminated interface. Scale bars: 2 nm. 

 

We also used DFT to explore how the two different, well-defined interfacial structures influence 

electronic properties. Detailed partial density of states (PDOS) of Pb and Br atoms are shown in 15 

fig. S31. For the Cs‒PEA and PEA‒PEA interface, the DFT simulations predicted conduction 

band offset (CBO) values of -0.36 eV and 0.14 eV and showed a type-II and type-I band alignment, 

respectively (Fig. 4A, B). Such large shift of band offset up to 0.5 eV resulted from a combined 

contribution from surface dipole and interface bonding (fig. S32)(45, 46).  

Figure 4C shows that on the CsPbBr3 (001) surfaces with Cs termination, when the PEA+ ligands 20 

replace Cs+ ions, the oriented PEA⁺ ligands introduced an additional molecular dipole moment 

pointing toward vacuum. This dipole shifted the vacuum level upward by 0.55 V with respect to 

the macroscopic average of electrostatic potential, pushing the absolute electron energy levels 

deeper. By contrast, the contribution from interface bonding was relatively small. In the Cs‒PEA 

interface, while the evident charge accumulation and depletion regions (Fig. 4D, top) suggested 25 

strong electronic interaction between Cs, Br ions on the surface of CsPbBr3 and PEA ions on the 

surface of PEA2PbBr4, the planar-averaged charge density difference and electrostatic potential 

difference (Fig. 4D, bottom) exhibited a maximum amplitude of charge density fluctuation of 

0.039 e/Å with a small built-in potential of 0.03 V. In the PEA‒PEA interface, where weaker 

interactions between PEA ions on the two surfaces are observed (Fig. 4E, top), even lower 30 

maximum amplitude of charge density fluctuation (0.014 e/Å) was shown with a negligible built-

in potential (Fig. 4E, bottom). The large shift of band offsets up to 0.5 eV induced by the molecular 

dipole is an advantage of these perovskites over III-V isovalent heterojunctions, where in the latter 

surface termination change shifts band offsets only by up to 0.1 eV, insufficient to switch between 

type-I and type-II band alignment(47). 35 

The transition between type-I and type-II band alignment and its impact on carrier transfer 

pathways across interface was validated by studying the PL decay kinetics of the CsPbBr3 (520 

nm) and PEA2PbBr4 (415 nm) emissions from within the different heterojunctions under 400-nm 
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excitation using an intensified CCD (iCCD) camera with a time window up to 30 μs (Fig. 4F, G, 

and fig. S33), as well as directly probing carrier kinetics by TA spectroscopy (Fig. 4H and fig. 

S34) (23, 30). All samples featured a 30 nm CsPbBr3 layer. Although structural characterization 

indicated no observable changes from PEABr co-evaporation (fig. S23-26), to minimize possible 

bulk passivation contributions from PEABr incorporation on PL decay kinetics (fig. S33), only the 5 

first 5 nm at the interface was modified, while the remaining 25 nm was identically deposited 

across samples. The two heterostructures with different interfaces were compared with the 

individual components as control samples (PEA2PbBr4 substrate, and CsPbBr3 directly grown on 

glass). 

In the type-I PEA‒PEA-terminated heterostructure (Fig. 4F, blue line), the CsPbBr3 PL decayed 10 

more slowly compared to the CsPbBr3-only control (black line), possibly because of reduced 

nonradiative recombination for the CsPbBr3 in the PEA‒PEA heterostructure. After 1 μs (Fig. 4F), 

the decay trend resembled that of the CsPbBr3 only control. TA measurements (Fig. 4H) show a 

slightly faster decay of PEA2PbBr4 bleach feature in the same time window, suggesting a transfer 

of excited species into the CsPbBr3 layer (fig. S34).  15 

In contrast, the type-II Cs‒PEA-terminated heterostructure (red line) with photoinduced interfacial 

charge separation exhibited strong CsPbBr3 PL quenching in the first 10 ns, followed by a slow, 

long-lived emission extending to beyond 10 μs. This charge separation behavior was further 

evidenced by its TA decay kinetics in the nanosecond range where both CsPbBr3 (Fig. 4H) and 

PEA2PbBr4 (fig. S34) bleach features did not show substantial loss of carriers but instead showed 20 

a slower decay in the first 10 ns, indicating the charge carriers separated across the interface rather 

than through non-radiative recombination (48). At 10 ns in the TA data, the excited-state 

population in CsPbBr3 within the type-II heterostructure remained above 40%, compared to below 

5% in pure CsPbBr3 or in the type-I heterostructure, suggesting that a substantial fraction of 

carriers had separated. This complementary information from TA and TRPL reveals that the band 25 

offset dominates carrier transfer pathways across the perovskite heterointerface in the first 10 ns, 

which can lead to long-lasting effects to 10 μs and beyond. Figure 4G further shows the integrated 

PL counts out to 30 μs, where we found 13% of the total carrier recombination in the Cs‒PEA 

heterostructure occurred after 1 μs, compared to the PEA‒PEA heterostructure where only 2% 

recombines after 1 μs. The lower total PL in the Cs‒PEA heterostructure also suggested that the 30 

separated electron-hole pairs had a lower radiative recombination efficiency. Consistently, the 

PEA2PbBr4 emission at 415 nm exhibited a long-lived decay process only in the Cs‒PEA 

heterostructure, but not for the PEA‒PEA heterostructure (fig. S33). We also investigated the PL 

decay kinetics upon 450 nm excitation which excited only the CsPbBr3 layer, and a faster decay 

was observed only in the Cs‒PEA sample (fig. S35), again consistent with a type-II heterojunction. 35 
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Fig. 4. Electronic and band alignment tunability of the CsPbBr3-PEA2PbBr4 

heterostructure interfaces. (A, B) Calculated band alignment of Cs‒PEA and PEA‒PEA 

interfaces. (C) Planar-averaged (solid lines) and macroscopic-averaged (dashed lines) 5 

electrostatic potential profiles for CsPbBr3 (001) surfaces with Cs termination (red) and PEA 

termination (blue). The macroscopic-averaged electrostatic potential (𝑉̅(𝑧)) was calculated from 

𝑉̅(𝑧) =
1

𝑐0
∫ 𝑉(𝑧)𝑑𝑧
𝑧+𝑐0/2

𝑧−𝑐0/2
 where 𝑐0 is the lattice constant of CsPbBr3 along the z direction and 

𝑉(𝑧) is the planar-averaged electrostatic potential. ∆𝑉vac is the different in vacuum levels 

between the Cs terminated surface and PEA terminated surface. Inset: Zoomed-in view of 10 

electrostatic potential profiles near vacuum region. (D) Top: Visualization of charge density 

difference (CCD) with atomic structure of Cs‒PEA interface slab model. Charge accumulation 

region and charge depletion region are represented as red and blue clouds, respectively. Bottom: 

Planar-averaged CCD and electrostatic potential difference (EPD) of Cs‒PEA interface. ∆𝑉bi is 

the built-in potential measured from the electrostatic potential difference. (E) Top: Visualization 15 

of CCD with atomic structure of PEA‒PEA interface slab model as calculated by DFT. Bottom: 



Submitted Manuscript: Confidential 

Template revised July 2024 

11 

 

Planar-averaged CCD and EPD of PEA‒PEA interface. (F) Photoluminescence decay kinetics at 

520 nm (i.e., emission from 3D component) of pure 3D, Cs‒PEA and PEA‒PEA heterojunctions 

excited at 400 nm, 0.69 μJ/cm2. Inset: zoomed-in view of the early-time dynamics from 0 to 50 

ns. (G) Photoluminescence total intensities time-traces from (F) of the 3D emission from Cs‒

PEA and PEA‒PEA heterostructures. (H) ns-TA kinetics at 515 nm (3D perovskite GSB) excited 5 

at 355 nm, 10 μJ cm-2. Inset: zoomed-in view of the early-time dynamics from 0 to 50 ns. 

 

Discussion 

This study demonstrated a scalable, solvent-free, and industrial-compatible LbL heteroepitaxial 

growth for halide perovskites, achieving III-V semiconductor-level precision while maintaining 10 

substrate at room temperature. The resulting CsPbBr3-PEA2PbBr4 heterostructure exhibited 

angstrom-level precise and uniform layer thickness down to monolayer which is important for 

quantum-confined applications, and to our knowledge, such precise LbL growth has not been 

realized in perovskite-related heteroepitaxy(49). Moreover, facile control of the atomic-level 

structure definition at the heterointerface by growth conditions enables shifting band offsets 15 

exceeding 0.5 eV, influencing charge separation or energy transfer. This effect is not seen in III-

V semiconductors, where surface termination engineering typically yields band offset shifts below 

0.1 eV unless heterovalent junctions are introduced, often at the cost of increased defect densities 

from mismatched bonding(47). The organic-inorganic hybrid nature of the heterointerface between 

2D and 3D perovskite allows for both band offset modulation and LbL heteroepitaxial templating, 20 

offering a compelling advantage for designing a library of advanced heterostructure devices with 

a wide range of tunability in junction properties.  

Our results have demonstrated a platform for band offset and precise thickness engineering in 

halide perovskite heterostructures. The bilayer perovskite heterostructures could serve as building 

blocks for fabricating artificial MQWs and tailored heterostructures for applications including 25 

LEDs, lasers, photodetectors and quantum devices. We anticipate that LbL epitaxy can be 

extended to other halide systems as well, though for iodide perovskites further consideration for 

phase management is required to allow the desired phase formation under the growth conditions. 

Further studies on electrical transport properties may uncover emergent charge dynamics and 

quantum effects. By bridging between the structural precision of conventional heteroepitaxy and 30 

the versatile halide perovskites, this work opens up new possibilities for both fundamental research 

and a new generation of tailored, high-efficiency MQW- and superlattice-based devices with facile 

processing. 

 

 35 
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