
 1 

Supplementary Information for: 1 

 2 

 3 

Perovskite superlattices with efficient carrier dynamics  4 

 5 

 6 

Yusheng Lei1,2*, Yuheng Li1*, Chengchangfeng Lu3, Qizhang Yan1, Huaxin Gong2, Song 7 

Zhang2, Jiayun Zhou4, Ruiqi Zhang1, Yimu Chen1, Hsinhan Tsai5, Yue Gu4, Hongjie Hu1, Yu-8 

Hwa Lo3, Wanyi Nie5, Taeyoon Lee6,7, Jian Luo1,4, Kesong Yang1, Kyung-In Jang8, Sheng 9 

Xu1,4,5,9#. 10 

 11 

 12 
1Department of Nanoengineering, University of California San Diego, La Jolla, CA 92093-13 

0448, USA 14 
2Department of Chemical Engineering, Stanford University, Stanford, CA 94305, USA 15 
3Department of Electrical and Computer Engineering, University of California San Diego, La 16 

Jolla, CA 92093, USA 17 
4Material Science and Engineering Program, University of California San Diego, La Jolla, CA 18 

92093-0418, USA  19 
5Los Alamos National Laboratory, Los Alamos, NM 87545, USA 20 
6School of Electrical and Electronic Engineering, Yonsei University, Seoul 03722, Republic of 21 

Korea.   22 
7Department of Bio and Brain Engineering, Korea Institute of Science and Technology, 23 

Republic of Korea.   24 
8Department of Robotics Engineering, Daegu Gyeongbuk Institute of Science and Technology, 25 

Daegu 42988, Republic of Korea. 26 
9Department of Bioengineering, University of California San Diego, La Jolla, CA 92093-0412, 27 

USA 28 
*These authors contributed equally to this work. 29 
#Email: shengxu@ucsd.edu  30 

mailto:shengxu@ucsd.edu


 2 

Supplementary Discussion 1: Epitaxial superlattice structure. 31 

    Low-dimensional perovskites show improved long-term stability due to the hydrophobic 32 

organic surface terminating ligands1 and hysteresis-free electrical transport, probably because 33 

of the high exciton binding energy of the multiple-quantum-well2. Unlike the traditional 3D 34 

metal halide perovskite (e.g., MAPbBr3 and MAPbI3), low-dimensional perovskites are 35 

composed of two parts: the inorganic slab and the organic spacer3. In the inorganic slab, the 36 

structure (metal-halide frameworks and the organic cations) is the same as that of the traditional 37 

3D perovskite. However, because of the existence of the organic spacer (e.g., BA and PEA), 38 

the continuous crystal structure in the 3D perovskite is split evenly into periodic two-39 

dimensional (2D) layered structures, which results in a natural multiple-quantum-well. 40 

Therefore, the major difference between the 3D and low-dimensional perovskites is the layered 41 

organic spacers, which determines the n value (the layer of the inorganic slabs) of the chemical 42 

formula B2An−1MnX3n+1 (e.g., B = R-NH3
+; A = CH3NH3

+, HC(NH2)2
+, Cs+, Rb+; M = Pb2+, 43 

Sn2+; X = Cl−, Br−, I−) for low-dimensional perovskites. 44 

In polycrystals, low-dimensional perovskites cannot form a long-range order due to the 45 

misaligned orientations of the inorganic slabs2,4,5, representing a major limiting factor for 46 

achieving highly efficient carrier dynamics5-9. Bulk single crystals are valuable for studying 47 

fundamental material properties of low-dimensional perovskites but are less useful for building 48 

devices that usually require thin films. Thin plates of single-crystal low-dimensional 49 

perovskites have been demonstrated10-12, but due to their natural growth behavior, those thin 50 

plates are usually made of large-area inorganic slabs stacking on top of another, so they have 51 

only in-plane carrier transport within the slab but not out-of-plane carrier transport between the 52 
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slabs as required for building high-performance electronic devices10,11. Specifically, carriers 53 

can transport along the inorganic slabs very efficiently, but when they travel across to the 54 

insulative organic spacers, strong recombination and trapping will take place. 55 

The low-dimensional perovskite superlattice reported in this work overcame these 56 

challenges. The superlattice could be obtained by a heteroepitaxial growth method 57 

(Supplementary Fig. 2). In this epitaxial system, because the substrates were still perovskites, 58 

they were able to form strong metal-halide ionic bonds with the inorganic slabs (Fig. 1b)13-15, 59 

which was much stronger than the weak Van der Waals forces between the substrate and the 60 

organic spacers in the low-dimensional perovskite layer. In addition, it was also not energy 61 

favorable to form horizontal epitaxial layers where a complete organic or inorganic layer was 62 

grown on the substrate as the first layer, which would otherwise contain a perovskite layer of 63 

an infinite n, a thermodynamically unstable structure16 (Supplementary Fig. 1). 64 

Therefore, the epitaxial layer formed a vertically aligned rather than a horizontally aligned 65 

structure (Fig. 1a and 1b; Supplementary Figs. 1, 2, and 3). The vertically aligned structure 66 

could be visualized by both SEM and STEM, showing apparent morphology differences from 67 

traditional 3D perovskites.  68 

Besides the epitaxial orientation, the as-grown crystals were also found to exhibit a 69 

crisscross crystal morphology (Fig. 1a; Supplementary Figs. 2 and 3). The reason originated 70 

from the substrate. In this epitaxial process, the substrates in this study (e.g., MAPb0.5Sn0.5Br3) 71 

all had a cubic lattice structure17, suggesting that the lattice parameters in the a and b directions 72 

are symmetric. There would not be any differences if the epitaxial crystal plates were growing 73 

along the a or b direction. As a result, the chances for the epitaxial crystal plates to grow along 74 
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the a and b directions were roughly 50%-50%. Therefore, the as-grown epitaxial layers exhibit 75 

two perpendicular crisscross morphologies.  76 

 77 

Supplementary Discussion 2: EBIC mapping. 78 

    We used EBIC mapping to visualize the surface current of different low-dimensional 79 

perovskites. The factors that would influence the current include the bandgap and the carrier 80 

recombination centers. In Fig. 2d and 2e, the current mapping results from the polycrystalline 81 

samples show a non-homogenous feature, indicating that different grains exhibit different 82 

carrier collection efficiencies, which is attributed to the random crystal orientations in those 83 

grains. Besides, the lowest current signals always appear at the grain boundaries, suggesting 84 

that the polycrystalline structure suffers from serious carrier recombination, particularly at the 85 

grain boundaries.  86 

In contrast, the epitaxial superlattice samples showed very different signals. Even though 87 

the SEM images exhibited flat surface morphologies, the simultaneously captured EBIC 88 

signals showed crisscross or linear signal features. Such a phenomenon was from the imperfect 89 

crystal merging during the processes of forming the epitaxial thin film, which is almost 90 

impossible to avoid due to the thin plate merging. Also, due to the strong lattice strain, the 91 

possibility for crystallography defects (e.g., lattice misorientation and dislocations between the 92 

organic spacers and the inorganic slabs) was relatively high (Fig. 3b; Supplementary Fig. 11). 93 

SEM imaging was based on reflected electrons at the sample surface, while EBIC could collect 94 

current signals several micrometers deep into the samples. Therefore, those defects, even 95 

though not visible at the surface by SEM, were reflected by the electrical measurements in 96 
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EBIC. Additionally, the signal intensity was much higher in the superlattice samples than that 97 

in the polycrystals due to the enhanced carrier generation and collection, which were attributed 98 

to the reduced energy bandgap (Supplementary Fig. 16) and transport barriers, respectively. 99 

 100 

Supplementary Discussion 3: Lattice strain. 101 

    Lattice strains existed in the perovskite single-crystal heterostructures, which were caused 102 

by the lattice mismatch between the substrate and the epitaxial layer13. In traditional 3D 103 

perovskites, the lattice strain was usually very small. Otherwise, the epitaxial layer would not 104 

grow at the first place because the large strain energy would significantly increase the barrier 105 

for nucleation. However, in low-dimensional perovskites, a large composition is the relatively 106 

soft organics. Therefore, the structure becomes more deformable and can tolerate larger strain 107 

levels18-21. As a result, even though the strain between the inorganic slabs and the substrate was 108 

still small, the strain between the organic spacers and the substrate could be much larger.  109 

In the low-dimensional perovskite superlattice, each inorganic slab was epitaxially grown 110 

on the substrate through the metal-halide ionic bonds. In this way, the organic spacers (BA, 111 

~0.700 nm when free-standing22) in between the inorganic slabs will be compressed by the 112 

adjacent inorganic slabs to fit into a single lattice unit (~0.596 nm) of the substrate (Fig. 1b). 113 

The organic spacers would not be stretched over two lattice units (~1.192 nm) of the substrate, 114 

which otherwise causes too large strain to be thermodynamically stable. Therefore, the overall 115 

lattice strain is from two aspects: the inorganic slabs, which is relatively small, and the organic 116 

spacers, which is relatively large.  117 

In Figure 3a, the XRD results were used to calculate the overall lattice constants along the 118 
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a, b, and c directions of the low-dimensional perovskites. The material in those measurements 119 

corresponds to n = 1. The Sn-I bonds (in conventionally grown single crystals) in the a-b plane 120 

are treated the same as those in their 3D counterparts23,24. Therefore, the first peak (14.66°) in 121 

the a-c/b-c plane of the conventionally grown single crystal was used to calculate the d-spacing 122 

between two Sn atoms. According to Bragg's Law, the calculated d-spacing was ~6.04 nm in 123 

both b and c directions. And the first peak (6.77°) in the a-b plane of the conventionally grown 124 

single crystal was also used to calculate the d-spacing between two Sn atoms along the a 125 

direction, resulting in a d-spacing of ~13.04 nm.  126 

Similarly, the first peak (14.50°) in the a-c/b-c plane of the superlattice was used to 127 

calculate the d-spacings in the c direction, ~6.10 nm. Therefore, the tensile strain along the c 128 

direction is (6.10-6.04)/6.04 = 0.99%. Additionally, the first peak (7.41°) in the a-b plane of 129 

the superlattice was used to calculate the d-spacings in the a direction, ~11.92 nm. Therefore, 130 

the compressive strain along the a direction is (11.92-13.04)/13.04 ≈ -8.59% strain. Finally, 131 

together with the STEM analysis, the compressive strain along the b direction is (6.04-132 

11.92/2)/6.04 = 1.32%. 133 

In the calculations, we only need to use the first peak because the other peaks are the 134 

multiple-order diffractions of the first peak.  135 

 136 

Supplementary Discussion 4: The dielectric confinement. 137 

The low-dimensional perovskites contain alternating inorganic slabs and organic spacers. 138 

The dielectric constants of those two parts are very different, where the dielectric constant of 139 

the inorganic slabs is much larger than that of the organic spacers, resulting in a strong effect 140 
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of dielectric confinement25. Therefore, due to the largely compressed organic spacers, their 141 

dielectric constants were increased, indicating that the difference between the inorganic slabs 142 

and the organic spacers was smaller, which resulted in a weakened dielectric confinement effect.  143 

 144 

Supplementary Discussion 5: Bi3+ alloying. 145 

The epitaxial growth of low-dimensional perovskites on traditional 3D perovskites 146 

introduced enormous lattice strains. Even though the BA could tolerate the structural 147 

deformation to a certain extent, the compression from the organic spacers to their adjacent 148 

inorganic slabs could still cause the structural failure of the Sn-I slab from their original black 149 

phase to a transparent phase in several days (Supplementary Fig. 15). The degradation rate was 150 

found to be highly related to the n-value in the general formula of low-dimensional perovskites 151 

(Supplementary Fig. 14). The smaller the n, the more rapid the material degrades.  152 

For example, when n = 1, the width of a unit cell in a conventionally grown single crystal 153 

(containing one inorganic slab and one BA) is 0.604 nm + 0.7 nm = 1.304 nm, which would be 154 

fitted into two unit cells of the 3D perovskite substrate whose width is 0.596 nm + 0.596 nm = 155 

1.192 nm, resulting in an overall epitaxial strain of 8.59% (Supplementary Table. 1). As the n 156 

value increases, the volume ratio of the inorganic slab gets larger. Even though the lattice strain 157 

between the inorganic slabs and the substrate does not change, the overall epitaxial strain is 158 

reduced (Fig. 3b). For n = 5, the overall strain is calculated to be 3.87%. Additionally, a high 159 

n-value inorganic slab can tolerate higher strain levels applied by the organic spacers since 160 

there are multiple inorganic layers to help share the strain. 161 

Even though high n-value epitaxial layers are more stable, they still underwent phase-162 
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change from black to transparent in usually less than 3-5 days (Supplementary Figs. 14, 15, 163 

and 19), which was difficult for device fabrication as well as practical applications. Therefore, 164 

it was necessary to find a strategy to reduce the strain and improve their stability further.  165 

Reducing the lattice constant of the epitaxial layer by alloying/doping small sized-ions 166 

can potentially reduce the strain in the superlattice and thus enhance its stability. Bi3+ was 167 

chosen as a smaller metal ion to partially replace the Sn2+ to release more space for the BA. 168 

DFT calculations were carried out to evaluate the effect of Bi3+ alloying. The perovskite with 169 

n = 3 was adopted as a model in this work since it contains both MA and BA, and its structural 170 

complexity can be afforded by the computational capacity in this work (Supplementary Fig. 171 

17). Calculation results showed that the Bi3+ was more likely to replace the Sn2+ close to the 172 

BA to achieve lower total energy. When the replacement site was further away from the BA, 173 

the total energy became larger. Therefore, Bi3+ was preferably concentrated at the BA/inorganic 174 

slab interface (Supplementary Fig. 18).  175 

The calculations also revealed that Bi3+ alloying vastly changed the band structure 176 

(Supplementary Figs. 20 and 21): a much-decreased conduction band minimum (CBM) while 177 

the valence band maximum (VBM) did not have any noticeable changes. Therefore, the Bi3+ 178 

alloying resulted in a double-band structure in the inorganic slabs, where the alloyed Bi/Sn-I 179 

region showed a smaller bandgap than the intact Sn-I region, which was highly associated with 180 

the strong epitaxial strain, where the Bi3+ concentrated at the organic spacer/inorganic slab 181 

interface to reduce the lattice strain, which changed the local conduction band edge and formed 182 

a double-band structure of the superlattice. 183 

 184 
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In addition, the Bi3+ alloying did not cause a macroscale phase separation between Bi and 185 

the Sn components. Even though small peaks appeared in the Bi3+ alloyed superlattice 186 

(Supplementary Fig. 19), the intensity is considered to be negeligible compared to the strong 187 

and narrow peak at ~1000 nm, suggesting the Bi3+ alloying superlattice is still uniform in the 188 

macroscale. Even though the Bi3+ aggregates at the interfaces between the inorganic slabs and 189 

the organic spacers, the well-aligned inorganic slabs and organic spacers guarantee the uniform 190 

distribution of Bi3+ in the entire structure.  191 

 192 

Supplementary Discussion 6: Intra-band exciton relaxation. 193 

Photovoltaic devices based on the Bi3+ alloyed low-dimensional perovskite superlattice 194 

were found to exhibit a largely improved VOC (Supplementary Fig. 25). In principle, the VOC of 195 

a photovoltaic device was determined by the internal quasi-fermi-level splitting, which always 196 

stayed inside the bandgap of the absorber. However, the observed high VOC exceeded the 197 

bandgap of the Bi/Sn-I region, which suggests an unusual electron transport process in the 198 

superlattice. 199 

To investigate the mechanism, we performed wavelength-dependent J-V measurements 200 

on both superlattice and polycrystalline devices (Fig. 4d). The polycrystalline devices also 201 

contained the same concentration of, but uniformly mixed, Bi3+. Even though the same Bi3+ 202 

concentration was applied, the epitaxial and polycrystalline devices showed different bandgaps. 203 

The reason is two-fold: first, the epitaxial and polycrystalline thin films did not have the same 204 

structure, strain, or crystallinity. Second, the Bi3+ in the epitaxial thin film would concentrate 205 

at the organic spacer/inorganic slab interface to form an atomic-level Bi/Sn-I region, where the 206 
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local concentration of Bi3+ should be higher than 10%. However, the Bi3+ in the polycrystalline 207 

thin films was uniform 10%.  208 

The results of wavelength-dependent J-V measurements showed that when increasing the 209 

wavelength of the incident light, the shapes of J-V curves from the polycrystalline devices were 210 

all like each other, while those from the superlattice devices changed a lot. We then extracted 211 

the corresponding VOC and F.F. to evaluate the carrier collections (Fig. 4e). It showed that the 212 

VOC in the polycrystalline devices was maintained to be ~0.5-0.6 V, which was relatively 213 

constant at different wavelengths of the incident light, because the band structure of the thin 214 

film was uniform. However, the VOC in the superlattice devices kept ~0.7 V when the incident 215 

light wavelength was less than ~900 nm and dropped to ~0.45 V when the incident light 216 

wavelength was over ~900 nm. Similarly, the F.F. of the polycrystalline devices almost kept 217 

constant regardless of the wavelength of the incident light because the uniform band structure 218 

did not result in different energy barriers. However, the F.F. of the superlattice devices began 219 

to drop from ~0.7, when the incident light wavelength was at ~800 nm, to an extremely small 220 

value of ~0.25 when the incident light wavelength was ~1100 nm. Those results clearly 221 

revealed that the excitation energy was critical for the superlattice devices.  222 

Structural computation illustrated that Bi3+ ions in the superlattice concentrated at the 223 

interface between the inorganic slab and the organic spacer to form an atomic-level alloyed 224 

layer. As a result, the superlattice exhibits an additional atomic-level heterostructure. Due to 225 

the vertically aligned superlattice structure, the Bi/Sn-I region and the Sn-I region in the 226 

inorganic slabs were connected to the electron transport layer (ETL) simultaneously (Fig. 4c). 227 

Under excitation, the electrons at the high-energy states could come from both the Bi/Sn-I and 228 
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the Sn-I regions. During the high-energy electron relaxation process, those electrons generated 229 

from the Sn-I region will relax to the Sn-I region to be extracted by the ETL layer. Moreover, 230 

those high-energy electrons (higher than the CBM of the Sn-I) generated from the Bi/Sn-I 231 

region could also relax, by intra-band diffusion, to the Sn-I region rather than the Bi/Sn-I region. 232 

This process was possible due to two reasons. First, since the energy level of the ETL 233 

layer was lower than the CBM of the Sn-I region but higher than that of the Bi/Sn-I region, it 234 

was more energy favorable for the electron to transport from the Sn-I region than the Bi/Sn-I 235 

region, to the ETL. Second, the atomically thin Bi/Sn-I region led to a short distance of the 236 

intra-band diffusion for the high-energy electrons before their rapid relaxation.  237 

In this way, if the excitation energy was higher than the bandgap of the Sn-I region, the 238 

VOC magnitude was mainly determined by the energy level of the ETL and the band tail states 239 

near the VBM of the Bi/Sn-I region, which is not related to the bandgap of the Bi/Sn-I region. 240 

When the excitation energy was less than the bandgap of the Sn-I region but higher than the 241 

bandgap of the Bi/Sn-I region, the VOC magnitude was mainly determined by the energy level 242 

of the band tail states near the CBM and the band tail states near the VBM in the Bi/Sn-I region, 243 

which resulted in a low VOC.  244 

Under mixed excitation energies, those high-energy electrons, which are excited by the 245 

short-wavelength from both Bi/Sn-I and Sn-I regions to states higher than the CBM of the Sn-246 

I region, are extracted by the ETL, indicating that the quasi-fermi-level splitting is mainly 247 

determined by the Sn-I region, which results into a high VOC. In the meantime, those low-248 

energy electrons excited by the long-wavelength only exist in the Bi/Sn-I and cannot efficiently 249 

transport to the CBM of the Sn-I or the ETL—they could not be either directly extracted by the 250 
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ETL or transport to the Sn-I region, indicating that they are not likely to contribute to the 251 

photovoltaic device but only increase the carrier population in the conduction band of the Sn-I 252 

region. Moreover, their energy and quantity are both low, which minimally impacts the overall 253 

VOC of the integrated device.  254 

In contrast, if a Bi/Sn-I based and a Sn-I based photovoltaic devices were fabricated 255 

separately and directly connected in parallel by external cables, the overall output voltage of 256 

this combined module would be equal to the output voltage of the Bi/Sn-I one since this module 257 

would be two standard power sources connected in parallel. In addition, even when two 258 

separate photovoltaic devices were in close contact with each other (e.g., as defined by 259 

advanced lithography), their absorber material dimensions could not support the inter-band hot 260 

carrier transport since the rapid relaxation of the hot carriers would prevent those hot carriers 261 

from transporting between the two absorbers of the two devices26,27. Therefore, the atomic-262 

level intra-band relaxation process in this work was critical for the unique carrier dynamics, as 263 

well as the performance, of the superlattice photovoltaics (Supplementary Fig. 26).  264 
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 265 

Supplementary Fig. 1  Schematics of different epitaxial models. Both models (a) and (b) 266 

could be considered to contain an infinite n-value perovskite layer, which is thermodynamic 267 

unstable. Only model (c) could form strong coherent metal-halide bonds between the substrate 268 

and the epitaxial layer while holding thermodynamic stable small n-values. 269 

  270 
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 271 

Supplementary Fig. 2  Detailed merging processes of epitaxial low-dimensional 272 

perovskites. SEM images clearly show that the initial crisscross crystals gradually expand and 273 

contact each other to form a completely merged thin film. 274 

  275 
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 276 

Supplementary Fig. 3  Epitaxial growth of low-dimensional perovskites on different 3D 277 

perovskite substrates. Similar crisscross crystal morphology can be observed. 278 

279 
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 280 

Supplementary Fig. 4  Mapping of the d-spacing. (a) The extracted linear d-spacing curves 281 

from Fig. 1B. Along the b direction, the d-spacing of the epitaxial layer equals that of the 282 

substrate. However, along the a direction, the d-spacing of the epitaxial layer is two times that 283 

of the substrate. (b) Detailed d-spacing mapping from both a-c and b-c planes. In the b direction, 284 

the lattice constant of the Sn-I slab (~6.04 Å when conventionally grown, as calculated from 285 

x-ray diffraction) is ~5.96 Å, yielding 1.32 % strain. In the a direction, the d-spacing is ~11.92 286 

Å, containing one Sn-I slab (~6.04 Å when conventionally grown) and one organic spacer 287 

(~7.00 Å when conventionally grown, as calculated from x-ray diffraction), corresponding to 288 

an overall compressive strain of 8.59%, which matches to the XRD results perfectly 22. 289 

 290 
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 291 

Supplementary Fig. 5  Cross-sectional high-resolution STEM image of a polycrystalline 292 

film. It is clear to see that grain misorientations and boundaries exist along the thin-film 293 

thickness direction, indicating strong barriers for carrier transport in common devices with top 294 

and bottom contacts.  295 

  296 
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297 

 298 

Supplementary Fig. 6  Schematics of the polarized photocurrent measurement. The as-299 

formed superlattice film contains a matrix-like structure, with two perpendicular crystals in 300 

two different orientations, corresponding to a 90 period for the polarized photocurrent. In 301 

contrast, the conventionally grown single crystal shows a 180 period due to its typical two-302 

dimensional orientation. 303 

304 
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  305 

Supplementary Fig. 7  Schematics of the orientation-dependent transient photovoltage 306 

measurements. (a) The schematic shows three Au electrode pairs on top of an epitaxial low-307 

dimensional perovskite layer. The 0 and 90 are considered to be the same because the 308 

superlattice is formed by two perpendicular crystal plates, which exhibit a relatively long 309 

carrier lifetime. The 45 experiences organic barriers, leading to a relatively small carrier 310 

lifetime. (b) The schematic shows three Au electrode pairs on the side surface of a 311 

conventionally grown low-dimensional perovskite single crystal. The conventionally grown 312 

single crystals are relatively thin due to their intrinsic 2D characteristics. Therefore, a long-313 

time is needed to grow such crystals so that the a-direction is thick enough for depositing 314 

electrodes on the side surface. The 0 exhibits the longest carrier lifetime due to the absence of 315 

organic barriers. In contrast, the 90 exhibits the lowest carrier lifetime, while the 45 condition 316 

shows a lifetime in between.  317 
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  318 

 319 

Supplementary Fig. 8  SEM images of polycrystalline thin films. Grain misorientations and 320 

boundaries are numerous, suggesting strong energy barriers in every direction.  321 

 322 

 323 
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 324 

 325 

Supplementary Fig. 9  Schematics of the transient photocurrent measurements of three 326 

device structures. (a) The conventionally grown single crystal has all organic spacers in the 327 

carrier transport direction, indicating the strongest energy barriers. (b) The polycrystals contain 328 

randomly orientated grains, where the organic spacers and the grain boundaries are 329 

isotropically distributed, suggesting strong energy barriers. (c) The epitaxial superlattice has 330 

no organic spacer in the carrier transport path, indicating negligible energy barriers.  331 
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 332 

Supplementary Fig. 10  The configuration of in-situ fabricated devices. (a) An optical 333 

image of the pre-patterned polyimide mask with deposited Au and PTAA layers. (b) The 334 

schematic cross-section of the device. A pre-pattern polyimide (PI) is deposited with layers of 335 

Au and PTAA and used as the growth mask and the bottom contact. A thin epitaxial layer of 336 

substrate is grown first to facilitate the growth of strained low-dimensional perovskite 337 

superlattice. The top and bottom electrodes do not have the same size, where the calculated 338 

active area between the top and bottom electrodes is around 55% of the entire area, which 339 

sacrifices the calculated power conversion efficiency. 340 

  341 
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342 

 343 

Supplementary Fig. 11  Imperfect merging in the superlattice. (a) An SEM image of a 344 

superlattice that is intentionally broken to investigate the merging process. The merged film, 345 

albeit with a flat surface, may still bury invisible crystal boundaries. Structural defects are from 346 

the imperfect crystal merging because of the large lattice mismatch between the substrate and 347 

the organic spacer in the epitaxial layer. (b) Schematics showing the merging process with 348 

those crisscross thin crystal plates. The perfect merging, which requires the lattice orientation 349 

matching in both a and b directions, is impractical due to the existence of both organic spacers 350 

and inorganic slabs. The lattice misorientation between the organic spacers and inorganic slabs 351 

is impossible to avoid, resulting in merging defects.  352 

353 
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354 

 355 

Supplementary Fig. 12  Schematic models of the epitaxial lattice strain. Computational 356 

results show the lattice parameters from optimized stable crystal structures. In the 357 

conventionally grown Ruddlesden-Popper structure, the length of the Sn-I bond adjacent to the 358 

organic spacer is ~0.302 nm, and the distance between two I atoms is ~0.700 nm, which 359 

contains one organic spacer. In the superlattice case, the length of the Sn-I bond adjacent to the 360 

organic spacer is ~0.297 nm, and the distance between two I atoms is ~0.598 nm, which 361 

contains one organic spacer. The substrate has a Pb/Sn-Br bond of ~0.298 nm. Due to the 362 

epitaxy, the superlattice is not the Ruddlesden-Popper structure anymore.  363 
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 364 

Supplementary Fig. 13  Fourier-transform infrared spectroscopy characterizations. Both 365 

superlattice and conventionally grown single crystals have been characterized. The results 366 

show that the peaks in the superlattice shift apparently to higher wavenumbers, indicating the 367 

vibration frequencies of the organic bonds in the superlattice are enhanced, which is from the 368 

compressed organic spacers in the superlattice. To verify the observations, the Fourier-369 

transform infrared spectroscopy has been simulated by only tunning the organic spacer from 370 

the original (conventionally grown) to the compressed (superlattice) states. In the 371 

computational results, the as-modeled superlattice exhibits clear peak shifting to higher 372 

wavenumbers than the conventionally grown structure, which is similar to the experimental 373 

measurements, confirming that the compressed bonds in the organic spacer of the superlattice 374 

are the reason for the enhanced vibration frequency. 375 
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 376 

Supplementary Fig. 14  A summary of degradation of superlattices with different n-377 

values. (a) The degradation of superlattices is found to be highly related to the n-values. A 378 

higher n-value exhibits higher stability. (b) Schematics show the epitaxial superlattices with 379 

different n-values. If the volume ratio of the inorganic slabs is higher, the inorganic slabs are 380 

more resistant to the lattice strain applied from the compressed organic spacers. 381 
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 382 

Supplementary Fig. 15  Degradation in the superlattice. (a) Optical images show clear 383 

changes in the morphology and color from the fresh to the degraded superlattices, where the 384 

degraded samples show obviously amorphous structures. (b) Kelvin probe force microscopy 385 

measurements confirm that the work function decreases enormously in the degraded sample, 386 

suggesting more insulating properties. Additionally, the larger variations in the measured 387 

voltages of the degraded sample than those of the fresh sample also indicate that the surface 388 

uniformity has been largely damaged by the degradation. 389 
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 390 

Supplementary Fig. 16  A summary of bandgaps for conventionally grown and 391 

superlattice low-dimensional Sn perovskites. Those values are from UV-Vis measurements 392 

under the reflection mode. The superlattices generally exhibit a smaller bandgap than the 393 

conventionally grown single crystals. As n increases, the bandgap also becomes smaller due to 394 

the reduced quantum confinement from the organic spacers. An extreme case is that when n 395 

equals to infinity, the low-dimensional perovskites become 3D perovskites. 396 
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 397 

Supplementary Fig. 17  The unit cell of the BA2MA2Sn3I10 (n = 3) superlattice. One unit 398 

cell has been modeled to represent the overall structure due to the limited computational power 399 

available. Because only six Sn2+ ions are included in the modeling, the minimal Bi3+ percentage 400 

in the alloyed unit cell is 16.7%, which results from the replacement of one Sn2+ ion from the 401 

original six Sn2+ ions.  402 

403 
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404 

 405 

Supplementary Fig. 18  Total energy calculations with Bi3+ alloying. (a) The unit cell 406 

structure for the BA2MA2Sn3I10 superlattice before Bi3+ alloying. To simplify the modeling, the 407 

lattice strain from the organic spacers is only applied from the left side. Sn atoms at different 408 

sites are marked with numbers from 1 to 6, which are replaced by the Bi3+ to form six different 409 

structures. (b) The total energy with the different sites (from 1 to 6) of Sn2+ will be replaced by 410 

Bi3+. When the Bi3+ is set to be at sites 3 or 6, the unit cell exhibits the smallest total energy, 411 

indicating the most stable structure. 412 
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  413 

Supplementary Fig. 19  XRD and PL characterizations of the Bi3+ alloyed superlattice in 414 

Fig. S17. (a) XRD results show that there is no noticeable peak shifting after 10% Bi3+ alloying, 415 

and the superlattice structure also does not change because it is anchored by the substrate (left). 416 

After 10 days, the structure of the Bi3+ alloyed superlattices is still stable, but the structure of 417 

the Bi3+-free superlattices degrade obviously (right). (b) PL results show that the Bi3+ alloying 418 

decreases the bandgap (left), and no noticeable PL intensity change is found after 10 days 419 

(right). 420 
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 422 

Supplementary Fig. 20  Calculated electronic structures of the Bi3+ alloyed 423 

BA2MA2Sn3I10 superlattice. Bi3+ alloying vastly decreases the CBM position, resulting in a 424 

smaller bandgap. (a) The density of states (DOS) plot of the Bi/Sn-I region in Fig. 4A. (b) The 425 

DOS plot of the Sn-I region in Fig. 4A. The CBM position in (a) has been noticeably decreased 426 

compared with the case in (b), indicating that Bi/Sn-I region exhibits a smaller bandgap, which 427 

is mainly because of the energy contribution from the p orbitals of the Bi3+ ions. 428 
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  430 

Supplementary Fig. 21  Calculated electronic structures of the BA2MA2Sn3I10 431 

superlattice when Bi3+ replaces Sn2+ at different sites. The Bi3+ could influence the electronic 432 

structure of surrounding Sn2+ by replacing the original Sn-I-Sn structure with the Sn-I-Bi 433 

structure. The DOS plots of the six ions in the unit cell are shown. Those ions closer to the Bi3+ 434 

have a smaller bandgap, which is caused by the decreased CBM position from the p orbitals of 435 

the Bi3+ ions. 436 

 437 
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  438 

Supplementary Fig. 22  XPS measurements of Bi3+ alloyed superlattice. The successful 439 

alloying of Bi3+ has been characterized by XPS measurements. Obvious peaks in (a) from the 440 

Bi 4f5/2 and Bi 4f7/2 are evident in the Bi3+ alloyed BA2MA2Sn3I10 superlattice. However, the 441 

Bi3+-free BA2MA2Sn3I10 superlattice in (b) does not have any noticeable peaks associated with 442 

the Bi. 443 

444 
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  445 

Supplementary Fig. 23  The textured surface and the light-trapping property of the 446 

superlattice. (a) SEM images showing the textured surface of the epitaxial BA2MA4Sn5I16 447 

layer grown on different crystal facets of the 3D perovskite substrate15,28. (b) Reflection 448 

measurement results show that the optimized tilting angle of the microstructures is 60, which 449 

gives the smallest reflection, as evidenced by the optical images on the right. 450 

451 
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452 

 453 

Supplementary Fig. 24  The band structure of the ICBA layer. (a) UV-Vis measurements 454 

of the ICBA layer under the absorption mode. The bandgap is determined by the cutoff from 455 

the dash lines. (b) UPS measurements of the ICBA layer. The CBM is calculated by the cutoff 456 

from the dash lines in both high and low binding energy regions. 457 

  458 
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 460 

Supplementary Fig. 25  The photovoltaic performance certificate from Newport. A 461 

beyond-Shockley-Queisser-limit VOC of 0.967 V has been recorded with a bandgap of 1.042 462 

eV in a single-junction device. (a) The detailed report from Newport, where the Sn-based 2D 463 

perovskite (n = 5) serves as the absorber layer with an Au/PTAA/perovskite/ICBA/ITO 464 

structure. The certified VOC is 0.967 V under the quasi-steady-state condition. (b) The quantum 465 

efficiency plot of the certified device. The carrier collection cutoff (~1190 nm) in the plot 466 

indicates that the device bandgap is 1.042 eV. However, according to Shockley-Queisser-limit, 467 



 38 

the theoretical maximal VOC for such a photovoltaic is 0.802 V. (c) The I-V curve of the certified 468 

device under the quasi-steady-state, showing negligible hysteresis. This is because the high 469 

quality single crystal structure of the superlattice suppresses ion migration, reduce internal 470 

charge recombination, and eliminate accumulation of ions. 471 

  472 
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 473 

Supplementary Fig. 26  Schematics of the carrier transport in the superlattice 474 

photovoltaic device. The patterned polyimide serves as the mask for epitaxial growth. A thin 475 

layer of MAPb0.5Sn0.5Br3 (~200 nm) is first epitaxially grown on the MAPb0.5Sn0.5Br3 substrate 476 

to provide uniform strain to the low-dimensional perovskites. The strained low-dimensional 477 

perovskite layer exhibits a vertical alignment to form a superlattice. In particular, the strain-478 

induced Bi3+ alloying creates two different band structures in the inorganic slabs (Bi/Sn-I and 479 

Sn-I), where the Bi/Sn-I shows a smaller bandgap with a lowered CBM. Due to the energy 480 

barrier between the Bi/Sn-I and the ETL layer, electrons are not likely to transport directly from 481 

the Bi/Sn-I to the ETL (white arrows). Instead, electrons are excited to high-energy states and 482 

diffuse to the Sn-I by intra-band relaxation and then transfer to the ETL (red arrows). Due to 483 

the energy barrier between the superlattice and the MAPb0.5Sn0.5Br3 layer, holes are likely to 484 

accumulate/recombine at their interface to form band tail states. The holes could still be 485 

extracted by the hole transport layer to form a closed loop of charge flow. 486 
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 487 

Supplementary Fig. 27  The in-situ fabricated flexible superlattice photovoltaics. (a) 488 

Depositing Au and PTAA layers on the pre-patterned polyimide flexible mask to form a 489 

functionalized mask that can be directly used to fabricate devices without additional transfer 490 

of the perovskite layer. (b) The final device can be simply peeled off from the substrate without 491 

breaking the superlattice, suggesting the intrinsic flexibility of low-dimensional perovskites, 492 

where the soft organic spacers could serve as effective strain-releasing regions. 493 

494 
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  495 

Supplementary Table 1. A summary of the lattice parameters and strains in the epitaxial 496 

growth process. Those values are calculated from STEM and XRD results. Negative means 497 

compressive strain, and positive means tensile strain. 498 

499 
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  500 

Supplementary Table 2. A summary of the band structure of the materials used in the 501 

certified photovoltaic device. Those values are calculated from UV-Vis and UPS 502 

measurements.  503 
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