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The past decade has witnessed the revo-
lutionary development of hybrid organic–
inorganic perovskite materials owing to 
their outstanding performance in opto-
electronic devices such as photovoltaic 
devices, light-emitting diodes, and 
lasers.[1–3] Hybrid perovskites have a very 
efficient light absorption and emission, 
and a bandgap that can be tuned via chem-
ical substitutions. At the same time, we 
have witnessed the success of 2D van der 
Waals materials, where 2D atomic layers 
can be isolated and manipulated, which 
have unique properties distinct from their 
bulk counterparts.[4–6] Two-dimensional 
hybrid perovskites, building on the merits 
of hybrid perovskites and 2D materials, 
should offer exciting opportunities for 
designing materials properties and devices 
functionalities.[7–9]

Low-dimensional perovskites have gained increasing attention recently, and 
engineering their material phases, structural patterning and interfacial prop-
erties is crucial for future perovskite-based applications. Here a phase and 
heterostructure engineering on ultrathin perovskites, through the reversible 
cation exchange of hybrid perovskites and efficient surface functionalization 
of low-dimensional materials, is demonstrated. Using PbI2 as precursor and 
template, perovskite nanosheets of varying thickness and hexagonal shape 
on diverse substrates is obtained. Multiple phases, such as PbI2, MAPbI3 and 
FAPbI3, can be flexibly designed and transformed as a single nanosheet. A 
perovskite nanosheet can be patterned using masks made of 2D materials, 
fabricating lateral heterostructures of perovskite and PbI2. Perovskite-based 
vertical heterostructures show strong interfacial coupling with 2D materials. 
As a demonstration, monolayer MoS2/MAPbI3 stacks give a type-II hetero-
junction. The ability to combine the optically efficient perovskites with versa-
tile 2D materials creates possibilities for new designs and functionalities.
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Three-dimensional hybrid perovskites have a general chem-
ical formula ABX3, in which A-site is occupied by monovalent 
cations (typically, methylammonium (MA+) or formamidinium 
(FA+)), the B-site contains divalent metal cations (Pb2+ or Sn2+), 
and X-site accommodates halide anions (I–, Br–, or Cl–). Rud-
dlesden–Popper (RP) perovskites, with chemical formula 
L2An−1BnX3n+1, obtain a quasi 2D structure, when layers of 
perovskite octahedra are separated by long-chain organic cat-
ions (L), such as butylammonium (BA+) and phenylethylammo-
nium (PEA+). Atomically thin (BA)2PbX4 layers have been syn-
thesized using a ternary solvent mixture, of which the photolu-
minescence (PL) can be tuned by halide anion substitution.[10] 
Also, very thin (BA)2(MA)n−1PbnI3n+1 layers, with n varying from 
1 to 4, have been exfoliated from the corresponding bulk crys-
tals.[11] More recently, a variety of RP perovskites are obtained by 
fine tuning long-chain organic cations,[12] and related lateral epi-
taxial heterostructures with near-atomically sharp interfaces are 
also realized.[13] A rich engineering of 2D RP perovskites have 
meanwhile been demonstrated by many different routes,[12–17] 
however, it is not the case for non-RP perovskites in 2D or 
quasi-2D form. In spite of some attempts on MAPbI3,

[18–22] it 
is highly desirable to identify more perovskite phases for this 
purpose, and to address their cooperative interaction with other 
2D materials.

In this work, we apply a two-step synthesis method to obtain 
perovskite nanosheets of varying thickness and hexagonal 
shape, which is not based on RP perovskites. This two-step 
process involves the solution-based growth of atomically thin 
PbI2 templates, followed by an intercalation of organic cations 
in a chemical vapor deposition (CVD) process. We find that the 
CVD reactions between the PbI2 nanosheets and the vapor car-
rying the organic molecules are reversible. Upon heating the 
perovskite nanosheets, they convert back to PbI2. The latter can 
then again be converted to the same, or a different, perovskite 
by a renewed CVD reaction. The conversion of PbI2 to perov-
skite can be blocked by covering the PbI2 layer prior to CVD 
by a conventional 2D material, such as graphene, h-BN, or 
MoS2. Using such 2D layers as masks, it also allows for a pat-
terning, where only parts of the nanosheet are converted into 

perovskite, and the rest stays PbI2. Last but not least, the perov-
skite nanolayers can be incorporated in a van der Waals stack. 
For instance, covering a MAPbI3 nanosheet with 2D MoS2 gives 
a type-II semiconductor heterojunction.

Inspired by the hybrid nature of halide perovskites (organic 
cations embedded in an inorganic framework), we design a 
two-step synthesis method for fabricating perovskites in 2D 
or quasi-2D form. Our approach involves first the prepara-
tion of inorganic PbI2 nanosheets, followed by the intercala-
tion of organic molecules. Figure  1 schematically illustrates 
the two-step synthesis process of APbI3 perovskite nanosheets, 
where A+ is MA+ or FA+ or another monovalent cation. PbI2 
nanosheets are grown first by solution processing. This method 
has the advantages of a simple operation, high yields and mild 
environmental conditions, which allows us to obtain in abun-
dance PbI2 nanosheets of various thicknesses, which have a 
trigonal/hexagonal shape.[23–24] As a second step, we then apply 
a CVD procedure to these PbI2 nanosheets by exposing them 
to AI vapor (A+ is MA+ or FA+), which results in the formation 
of APbI3 perovskite nanosheets. A more detailed description of 
our approach can be found in the Experimental Section.

Our two-step synthesis method also enables a reversible con-
version between PbI2 and APbI3 nanosheets. Because of the 2D 
character of these nanosheets, they have a very large surface 
area, resulting in short migration paths into the layers for the 
species arriving at the surface during the CVD procedure. This 
works both ways; desorption of the organic cation can be initi-
ated easily by increasing the temperature, whereby the APbI3 
nanosheet is converted back to PbI2. Because of the low forma-
tion energy of these perovskites, the growth/transition tem-
perature of the CVD process is relatively low (generally below 
150  °C) compared to other 2D materials.[25–27] Thanks to the 
template synthesis method, our perovskite nanosheets inherit 
all merits of the PbI2 nanosheets, including well-defined thick-
nesses and a high yield. Interestingly, although the crystal struc-
ture of the perovskite nanosheets is tetragonal, their microscale 
morphology stays trigonal/hexagonal. This morphology is iden-
tical to that of the original PbI2 nanosheets, where it reflects 
the hexagonal crystal structure of PbI2, while previously applied 

Figure 1. Schematic presentation of the two-step synthesis process and the reversible conversion between PbI2 and perovskite nanosheets. PbI2 
nanosheets are obtained by a drop-casting solution method at a temperature of 180 °C. Temperatures of 90 °C/95 °C and 130 °C/150 °C characterize 
the CVD process for the growth/transition of MAPbI3 and FAPbI3 nanosheets, respectively. The crystal structures illustrate the phase transition during 
the chemical reaction from PbI2 (hexagonal) to MAPbI3 (tetragonal).
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one-shot synthesis methods always result in square-shaped 
crystallites because of the tetragonal crystal structure of the 
perovskites.[10,12,19,28]

Our method enables the growth of 2D perovskite nanosheets 
on diverse substrates, such as SiO2, mica, quartz, and sap-
phire, as well as on flexible substrate such as polydimethylsi-
loxane (PDMS) (see Figure 2a). Using MAPbI3 as an example, 
the optical images of the PbI2 nanosheets (left column in 
Figure 2a) and the corresponding MAPbI3 nanosheets (middle 
column) grown on different substrates, all have a trigonal/
hexagonal shape with a lateral size of 5–20 µm. We have also 
investigated their light-emission properties using fluores-
cence microscopy, as shown in fluorescent photographs (right 
column in Figure 2a). Despite the different nature of the sub-
strates, the light-emission of these perovskite nanosheets is 
extremely strong. They can be seen clearly using normal fluo-
rescent microscopy, which is not the case for conventional 
2D materials, such as MoS2. As discussed above, our method 
is also suitable for fabricating other perovskites, such as, for 
example, FAPbI3, which has a narrower bandgap than MAPbI3, 
and has shown better performance in photovoltaic devices.[29] 
The characterization of the morphology of MAPbI3 and FAPbI3 
nanosheets, including optical, atomic force microscopy (AFM) 
and scanning electron microscope (SEM) images, can be found 
in Figures S1 and S2 (Supporting Information). We think that 
the slight heterogeneity of perovskite nanosheets is caused 
by the intercalation process, suggesting that these perovskite 
nanosheets are probably of polycrystalline structure.

It is very interesting to investigate the optical properties of 
these different perovskite nanosheets as a function of their 
thickness. For this, we perform micro-photoluminescence 
(PL) measurements. In Figure  2b,c, we observe a decrease of 
the PL intensity with a decrease of the thickness of the perov-

skite nanosheets, accompanied by a blueshift of the PL. For 
MAPbI3 nanosheets, the PL peak shifts from ≈763 to ≈750 nm 
when the thickness decreases from 20.8 to 3.4 nm (Figure 2b), 
while in FAPbI3 it shifts from 800 to 780 nm with the thickness 
decreasing from 23.3 to 7.9 nm (Figure 2c). Such shifts may be 
ascribed to the size confinement effect.

The perovskite nanosheets exhibit an extremely high PL effi-
ciency and optical gain, as evidenced by the observation of mul-
tiple oscillation peaks with nearly equidistant spacing under the 
irradiation of a pulsed laser (Figure 2d). Furthermore, the oscil-
lation strength is gradually enhanced with increasing excitation 
power (Figure S3, Supporting Information). We suggest that 
these oscillations are dominated by interference of the optical 
whispering gallery mode (WGM) in the natural microcavity 
formed by the regular shape of our perovskite nanosheets.[30–31] 
In optical WGM, the mode spacing is determined by the refrac-
tive index and the optical path length of the cavity, which 
are closely related to the crystal component, shape, size and 
thickness.[32] Detailed analysis on the WGM of our perovskite 
nanosheets requires more future effort.

The MAPbI3 nanosheets generally exhibit longer PL life-
times than FAPbI3 perovskites nanosheets, as checked under 
an excitation of a 640 nm laser with 0.8 µJ cm−2 power density 
(Figure 2e). The time-dependent PL of both materials is fitted 
well with a biexponential curve, with τ1 = 1.59 ns, τ2 = 4.72 ns 
for MAPbI3 and τ1 = 0.85 ns, τ2 = 2.42 ns for FAPbI3.

The as-grown perovskite nanosheets can be transformed 
back to their templates, i.e., PbI2 nanosheets, via thermal 
annealing. The results show that the organic cation will evapo-
rate completely at 130 °C/2 h for MAPbI3, and at 150 °C/1 h for 
FAPbI3, respectively. The conversion between perovskites and 
PbI2 is reversible multiple times, and the PbI2 template can be 
recycled repeatedly. Indeed, we have succeeded in using one 

Figure 2. Optical properties and morphologies of as-grown perovskite nanosheets. a) Optical images of PbI2 nanosheets (left column), optical images 
(middle column) and fluorescence photographs (right column) of MAPbI3 nanosheets, grown on SiO2, mica, quartz, sapphire and PDMS; the scale 
bar is 5 µm. b,c) Photoluminescence spectra of MAPbI3 (b) and FAPbI3 (c) nanosheets of varying thickness (values shown next to each curve) under 
continuous wave laser excitation (λ = 405 nm). d) Photoluminescence spectra of MAPbI3 and FAPbI3 nanosheets excited by a picosecond pulsed laser 
(λ = 640 nm). e) Time-resolved photoluminescence spectra of MAPbI3 and FAPbI3 nanosheets (excitation λ = 640 nm).
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PbI2 nanosheet for a series of phase transformations following 
the sequence of PbI2→MAPbI3→PbI2→FAPbI3 as shown in 
Figure 3a.

As characterized by optical microscopy and AFM, the 
nanosheet always maintains the same shape under different 
reactions, but its thickness changes, as does its surface rough-
ness. This indicates that it is very likely that the reactions with 
MA+ or FA+ and I− ions occur at the top surface of the PbI2 
nanosheet, from where the ions diffuse into the nanosheet. The 
as-grown PbI2 nanosheet is flat with a thickness of ≈15.6  nm 
(Ra-average roughness, ≈0.9  nm). After the transformation to 
MAPbI3, both the thickness and the surface roughness of the 
nanosheet increases to ≈28.1 and ≈2.3  nm, respectively. The 
increase in thickness and surface roughness is induced by the 
incorporation of MA+ and I− ions in the crystal lattice. Thermal 
decomposition then converts the as-grown MAPbI3 back into 
a PbI2 nanosheet, with the thickness falling back to ≈ 20.6 nm 
(Ra, ≈4.6 nm). Using this recycled PbI2 nanosheet, we have fur-
ther prepared a FAPbI3 nanosheet by applying the same CVD 
growth condition as for as-grown PbI2 nanosheets (described 
in Figure  1 and Methods). The thickness of the resulting 
FAPbI3 nanosheet is ≈35.9 nm with a surface roughness of Ra, 
≈13.4 nm. Both these values are larger than for MAPbI3, which 
likely reflects the larger size of the FA+ cations compared to the 
MA+ cations.

The optical characterization of the nanosheets in Figure 3b 
confirms the transformation sequence of PbI2→MAPbI3→
PbI2→FAPbI3, as evidenced by the characteristic PL peaks 
of PbI2 at ≈510  nm, MAPbI3 at ≈762  nm, and FAPbI3 at 
≈796  nm. Interestingly, the as-grown and the recycled PbI2 

nanosheets exhibit almost identical PL behavior with similar 
peak intensities (note that PbI2 has a direct bandgap if the 
nanosheet is thicker than three layers). We conclude that our 
PbI2 nanosheet template is flexible and robust, providing the 
ideal framework for the reversible conversion to different 
perovskite nanosheets. Notably, the PL intensities of the 
perovskite nanosheets, either MAPbI3 or FAPbI3, are dramati-
cally stronger (by about five orders of magnitude) than that 
of PbI2. For such comparison, MAPbI3 (FAPbI3) and PbI2 are 
based on a single nanosheet, which means that they have the 
same number of Pb-I layers. The PL measurement conditions 
(including the excitation wavelength, powder density etc.) are 
always the same, except for the setting of short integration 
time (0.001 s) for perovskites because of their dramatically 
high PL intensities (see more comparison in Figure S4, Sup-
porting Information). The ultra-high light-emission efficiency 
of perovskite nanosheets is very desirable for further explora-
tion in light-emitting nanodevices.

Besides the reversible conversion between PbI2 and different 
perovskite nanosheets, it is also possible to realize a direct trans-
formation from MAPbI3 to FAPbI3 nanosheets (Figure 3c). This 
is realized by putting FAI powder in the upstream heating zone 
and placing MAPbI3 nanosheets instead of PbI2 nanosheets in 
the downstream heating zone during the CVD process (with 
all the other parameters unchanged; see Methods). The optical 
images in Figure 3c depict different phases of one nanosheet in 
the growth sequence PbI2→MAPbI3→FAPbI3. The PL spectra 
in Figure 3d confirm that the MA+ is completely substituted by 
FA+ cation, as evidenced by the simultaneous decay of the orig-
inal characteristic emission peak of MAPbI3 at ≈760  nm and 

Figure 3. Reversible cation exchange of perovskite nanosheets. a) Combined optical (left) and AFM images (right) of one nanosheet with the evolution 
of PbI2→MAPbI3→PbI2→FAPbI3. The numbers (15.6, 28.1, 20.6, 35.9; units: nm) are the thicknesses of the nanosheet in this sequence; the scale bar 
is 5 µm. b) The corresponding photoluminescence (PL) spectra of the nanosheet sequence. The integration time is 0.001 s for MAPbI3 and FAPbI3 and  
2 s for PbI2, and the intensity of PbI2 is 50 times magnified. For clarity, all the curves are offset. c) Possible transitions between PbI2, MAPbI3 and FAPbI3. 
The red arrows represent the evolution shown in (a,b). The blue arrow denotes a direct transition from MAPbI3 to FAPbI3. The optical images were 
taken following the path PbI2→MAPbI3→FAPbI3; the scale bar is 5 µm. d) PL spectra of a FAPbI3 nanosheet (red line), directly grown from a MAPbI3 
nanosheet (blue line) via organic cation substitution. The orange line is the PL spectrum of a FAPbI3 nanosheet directly grown from as-grown PbI2; the 
purple line is the PL spectrum of a FAPbI3 nanosheet grown from recycled PbI2. The dash lines represent the experimental results and the solid lines 
represent the corresponding Lorentz curve fitting. e,f) Chemical bonds of MA+ (e) and FA+ (f) and their covalent bond strengths characterized by the 
bond order, of which the values can be seen from the numbers besides the bonds. The bonds that are broken during the deprotonation process are 
highlighted by the red arrows.

Adv. Mater. 2020, 32, 2002392



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2002392 (5 of 9)

www.advmat.dewww.advancedsciencenews.com

the emergence of a new characteristic emission peak of FAPbI3 
at ≈800 nm.

While the direct conversion from MAPbI3 to FAPbI3 is rela-
tively easy, the reverse process, i.e., the conversion from FAPbI3 
to MAPbI3 proves to be difficult. The attempt to replace FA+ 
with MA+ by placing FAPbI3 nanosheets in MAI vapor under 
90 °C for 200 min failed. This finding opposes previous studies, 
where the reversible exchange of MA+ and FA+ occurs in solu-
tions containing the replacement cations.[33–34] We attribute the 
difference to our different processing conditions, as our syn-
thesis procedure involves the use of AI vapor phase in CVD. 
We speculate that the conversion from MAPbI3 to FAPbI3 can 
occur because of the more volatile nature of MA+, as compared 
to FA+. Chemical bonding analysis using density functional 
theory (DFT) calculations shows that the N-H bond of MA+ is 
weaker than that in FA+, as illustrated by the corresponding 
covalent bond orders of 0.69 and 0.76, respectively. This agrees 
with MA+ being a slightly stronger acid than FA+. A proton 
transfer from MA+ to FA, resulting in MA and FA+, is then 
energetically advantageous, after which the MA molecules can 
evaporate. This also explains why the reverse reaction is hin-
dered, as deprotonation of FA+ is more difficult than that of 
MA+.

To compare the quality of perovskite nanosheets made by 
different routes, we summarize in Figure  3d the PL results 
of three FAPbI3 perovskite nanosheets: from as-grown 
PbI2 (PbI2→FAPbI3), indirectly (PbI2→MAPbI3→PbI2→F
APbI3) and directly transformed from MAPbI3 nanosheets 
(PbI2→MAPbI3→FAPbI3). We note that these three selected 
FAPbI3 nanosheets are of similar thickness (≈30  nm). There-
fore, the influence of thickness on the PL behavior is almost 
negligible. We find no obvious difference in the PL of the 
first two perovskite nanosheets, indicating that the perovskite 
nanosheets grown directly from PbI2 retain a similar quality, 
regardless of whether one uses the as-grown PbI2 nanosheets 
or the recycled ones. The same observation is made for 
MAPbI3 nanosheets (Figure S5f, Supporting Information). 
Based on this, we can construct multiple crystal phases from 
a single nanosheet and compare the PL properties of these 
phases. For instance, in the transformation of PbI2→MAPb
I3→PbI2→FAPbI3, the PL difference between MAPbI3 and 
FAPbI3 nanosheet is mainly caused by the different perovskite 
components, rather than by using as-grown or recycled PbI2 
nanosheet.

Furthermore, we observe a noticeable enhancement of the 
PL efficiency in the FAPbI3 nanosheet that is grown directly 
from a MAPbI3 nanosheet. This result is consistent with the 
observation that the quality of FAPbI3 thin films improves, if 
they are made via cation exchange, by immersing pre-made 
MAPbI3 films in a solution containing FA+.[33] This is usually 
explained by the fact that the (uninteresting) non-perovskite 
yellow phase of FAPbI3 is close in energy to the photo-active 
perovskite black phase, as the FA+ is slightly too large to fit 
comfortably into the perovskite lattice. Direct conversion of 
PbI2 to FAPbI3 can result in this yellow phase, whereas in 
converting MAPbI3 to FAPbI3 one can start from a perovskite 
structure, and little deformation is required to incorporate the 
FA+ ions in the lattice. The result is a high-quality perovskite 
black phase FAPbI3.

We conclude that control of penetration, evaporation, and 
replacement of organic cations in perovskites is efficient and 
precise for nanosheets. Such a high level of control opens pos-
sibilities to optimize materials properties, as well as to better 
understand the relevant chemical and physical processes.

The compatibility of hybrid perovskites with other well-
developed materials and existing nanofabrication techniques is 
required before their full potential can be explored. For example, 
2D perovskites are promising to be artificially assembled with 
more conventional 2D materials to form various heterostruc-
tures. It should be noted, however, that, despite their superior 
optical properties, perovskites also present many challenges. 
As hybrid perovskites can be made from solution, they there-
fore are also soluble in many organic solvents. This prevents 
their application in many conventional micro/nanofabrication 
techniques, such as the sophisticated lithography processes that 
involve the use of organic species. This seriously impedes the 
development of perovskite-based nanoscale devices.

Taking advantages of our two-step synthesis method, we 
explore the possibility that conventional 2D materials can be used 
as patterning masks for our perovskite nanosheets. We com-
bine several conventional 2D materials with PbI2 and perovskite 
nanosheets. We cover the PbI2 nanosheets partly with 2D mate-
rials, such as graphene, MoS2 and h-BN (Figure 4a,b and Figure S5  
(Supporting Information), respectively), by using a dry-transfer 
technique (see details in Methods). To be on the safe side, the 
minimum thickness of these 2D materials is around 3 nm. We 
then use our CVD procedure to convert the bare PbI2 to MAPbI3. 
By comparing the optical microscope and PL mapping images 
(Figure 4a–c), we observe that the contact area of the 2D materials 
with the nanosheets perfectly outlines the regions without perov-
skite light-emission. This demonstrates that the 2D material on 
top of PbI2 effectively impedes the conversion to perovskite. Our 
PL spectra in Figure 4d show an emission at ≈750 nm (coming 
from MAPbI3) in the region where the PbI2 was not covered, and 
a very weak PL signal at ≈510 nm (characteristic of PbI2) in the 
region where the PbI2 was covered by a 2D material. The tran-
sition between these two regions is fairly abrupt, indicating that 
there is not much lateral diffusion of material.

To demonstrate the potential of employing 2D materials 
as patterning tools for perovskites, we fabricate perovskite 
nanosheets with artificially designed patterns. We transfer 
a h-BN flake with a designed pattern (for instance, a periodic 
hollow pattern, of which a typical optical image is illustrated in 
Figure S6a, Supporting Information), made by standard e-beam 
lithography and reactive ion etching, onto an as-grown PbI2 
nanosheet. After applying the CVD procedure with MAI vapor, 
we observe a patterned MAPbI3/PbI2 nanosheet (see Figure 4c). 
The striped pattern, shown in the PL-mapping centered around 
750 nm, perfectly demonstrates that the nanosheet consists of 
periodically alternating MAPbI3 and PbI2 stripes, in a pattern 
similar to that of the h-BN mask. In conclusion, we have suc-
cessfully transferred the pattern of the 2D mask to the perov-
skite nanosheet. This is just a single demonstration, but in fact 
all the 2D materials we have tried are perfect masks to prevent 
the conversion from PbI2 to MAPbI3. We speculate that this 
is because they act as good surface-barriers in obstructing the 
organic cation insertion in the top surface of PbI2. Here, in the 
main text MAPbI3 is used as an example, but it should be noted 
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that our approach can also be applied to FAPbI3, as shown in 
Figure S6 (Supporting Information), and possibly also to other 
types of hybrid perovskites.

The 2D materials include (but are not limited to) (semi)-
metallic graphene, semiconducting MoS2, or insulating BN, 
and the different materials combinations can meet different 
demands in designing perovskite-based patterned devices. 
Moreover, another phase with a coexistence of perovskites 
and PbI2 has been made. Perovskite-based lateral heterostruc-
tures, such as MAPbI3-graphene/PbI2, MAPbI3-MoS2/PbI2 and 
MAPbI3-BN/PbI2, are constructed, providing a precise strategy 
for building seamless lateral heterojunctions with atomically 
sharp interfaces. Also, the incompatibility of perovskite mate-
rials with modern nanotechnology techniques might therefore 
be addressed through the use of other 2D materials.

In addition to the above lateral heterostructures, one can 
also envision a more active role for perovskite nanosheets by 
constructing vertical heterostructures with other 2D mate-
rials. The vertical stacking provides a large contact area, and 
is suited to probe the interfacial coupling between perovskites 
and 2D materials. As an example, we construct vertical hetero-
junctions (see the optical image in Figure  5a) consisting of a 
MAPbI3 perovskite nanosheet and MoS2 flakes. Interestingly, 
we observe from Figure 5b that the PL intensity of MAPbI3 is 
slightly suppressed upon interfacing it with MoS2, as compared 
to the MAPbI3 region without MoS2 contact.

In more detail, Figure 5c shows the PL spectra of this MoS2/
MAPbI3 heterojunction. First, we find that the PL intensity 
of this MAPbI3 nanosheet (≈15  nm) is around three orders 
of magnitude higher than that of monolayer MoS2, with the 
same PL measurement conditions (including integration time, 
power density etc.) under the 488  nm excitation. Figure S4 
(Supporting Information) also shows the PL results of MAPbI3 
nanosheet and monolayer MoS2 under the excitation of 405, 
532, and 633 nm. This clearly demonstrates that our perovskite 

nanosheets have a record-high light-emission efficiency, as 
compared to conventional 2D semiconducting materials. Sec-
ondly, upon close contact between the monolayer MoS2 and 
the MAPbI3 nanosheet, the latter shows a decrease of ≈40% in 
the PL intensity, which is accompanied with a slight redshift in 
the peak position. Thirdly, as shown in Figure  5d, the photo-
luminescence lifetime becomes shorter in the MoS2/MAPbI3 
heterostructure (τ1  = 0.84  ns, τ2  = 5.66  ns), comparing to the 
values found in the bare MAPbI3 nanosheets (τ1  = 1.87  ns, 
τ2  = 17.82  ns), which indicates a considerable charge transfer 
process occurring at the interface of MoS2 and MAPbI3. All of 
these observations suggest that MAPbI3 and MoS2 form a type-
II semiconductor band alignment, where, after excitation, elec-
trons and holes are separated and end up in different layers, 
which quenches the PL.

To investigate whether this scenario is realistic, we use 
DFT calculations to determine the energy levels of MAPbI3 
and MoS2 and construct the band alignment of the hetero-
structure. Computational details are provided in the Experi-
mental Section and Supporting Information. Figure  5e sum-
marizes the VBM (valence band maximum) and CBM (con-
duction band minimum) positions of the monolayer MoS2 
and MAPbI3 nanosheets with two different surface termina-
tions, i.e., MAI and PbI2. The calculated positions of the VBM 
(−5.94  eV) and CBM (−4.08  eV) of MoS2 agree well (within 
±0.2  eV) with those reported in previous experimental and 
theoretical studies.[35–37]

For MAPbI3 nanosheets we find two very distinct values for 
the VBM, depending upon the surface termination. The MAI-
terminated surface gives a VBM of −4.54 eV, whereas a PbI2-ter-
minated surface gives a value of −6.21 eV. Considering the ionic 
nature of the MAPbI3 compound, such a large effect of the sur-
face termination on the ionization potential of the compound, 
is realistic. We argue that the PbI2-terminated perovskite is 
actually more likely to resemble experiments, as the calculated 

Figure 4. Patterning design and lateral heterostructures of perovskite nanosheets with 2D materials as masks. a–c) Optical images (top) and photolu-
minescence maps (bottom) of lateral PbI2/MAPbI3 heterostructures using graphene (a), MoS2 (b) and stripe-patterned h-BN (c) as a mask, respectively. 
The contours of PbI2/MAPbI3 nanosheets are outlined by red dashed lines, while the graphene, MoS2 and patterned h-BN are outlined by white dashed 
lines. The photoluminescence at ≈750 nm is shown, under the excitation of a 488 nm laser; the scale bar is 5 µm. d) Photoluminescence spectra of 
samples shown in (a, b and c) obtained from the PbI2 region (dashed lines) covered by a 2D material (graphene, orange lines; MoS2, green lines; 
h-BN, purple lines) and the MAPbI3 region (solid lines) converted from the exposed PbI2, respectively. The integration time of the measurements is 
0.001 s for MAPbI3 and 2 s for PbI2, and the photoluminescence intensities of PbI2 are all magnified by 50 times. For clarity, all the curves are offset.
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VBM position of this perovskite agrees well with the previously 
reported experimental value for MAPbI3 thin films, whereas 
the value from the MAI-terminated surface is far off.[38] In addi-
tion, the MAI-terminated surface is likely to be unstable due to 
the volatile nature of MA, as discussed above in Figure 3e.

Upon interfacing the MAPbI3 nanosheets with MoS2, the 
VBM of the former is shifted upward slightly by 0.08 (0.19) eV 
for perovskites with PbI2 (MAI) terminations. This is due to the 
formation of a small dipole layer at the MAPbI3/MoS2 interface. 
Figure 5e finally shows the calculated band alignments in the 
heterostructures for both MAPbI3 surface terminations. It is 
observed that in both these cases we obtain a type-II band align-
ment. Our experimental characterization and theoretical anal-
ysis thus collectively point to a type-II band alignment. Such 
2D-perovskite-based heterostructures add new design param-
eters regarding perovskite photovoltaics and interlayer excitons.

We make a good use of the two-step synthesis approach of 
hybrid perovskites to engineer their phases and heterostruc-
tures at the 2D scale. We demonstrate the versatility of this 
approach by producing and converting several material phases 
based on the perovskite nanosheets, including but not limited 
to the phases of PbI2, MAPbI3, FAPbI3, PbI2/MAPbI3, PbI2/
FAPbI3 and MoS2/MAPbI3. In view of the hybrid and ultra-thin 
nature of perovskite nanosheets, we have designed a reversible 
process for the exchange of organic cations in PbI2 nanosheet 
templates. We have efficiently engineered surface and interface 
processes and properties, giving us a precise control of mole-
cular penetration, patterning design and band alignment. We 

further demonstrate several unique properties of such perov-
skite nanosheets, such as their chemical reversibility, their 
superior optical properties and their potential application in 
heterostructure devices.

Using the two-step method, we can produce perovskite 
nanosheets in abundance with regular hexagonal shape, varying 
thickness and tunable composition on a variety of substrates. 
Compared with most conventional 2D semiconductors, these 
perovskite nanosheets show superior optical properties, such 
as an ultrahigh photoluminescence efficiency and optical gain, 
and the possibility to vary bandgaps through tuning the com-
position and the thickness. We also demonstrate that a single 
perovskite nanosheet can be freely patterned using masks 
made of 2D materials, such as graphene, h-BN, or MoS2, to 
cover the PbI2 template before conversion to perovskite. Mean-
while, we have realized a variety of lateral heterostructures. 
Furthermore, we fabricate vertically stacked heterostructures, 
combining perovskites and other 2D materials to form van der 
Waals heterostructures. The interfacial coupling between the 
layers enables the manipulation of optical and charge transport 
properties.

The flexible design of hybrid perovskites and their integra-
tion with diverse 2D materials offer many possibilities to dis-
cover new properties and functionalities within the 2D family. 
Our results thus open an attractive route for the search and 
control of 2D materials, as well as expanding new application 
areas for perovskite materials in tunable nanoscale optoelec-
tronic devices.

Figure 5. Vertical heterostructures of perovskite nanosheets and MoS2 flakes. a) Optical images and b) photoluminescence map of a vertical hetero-
structure formed by a MAPbI3 nanosheet (white dashed lines) partly covered by a MoS2 flake (black dash lines). The photoluminescence mapping is 
integrated around 750 nm; the scale bar is 5 µm. c) Photoluminescence spectra of the isolated MAPbI3 nanosheet (red lines), the isolated MoS2 mono-
layer (black lines) and the MoS2/MAPbI3 heterostructure (green lines). The integration time is set as 0.004 s for MoS2, MAPbI3, and MoS2/MAPbI3. 
The PL intensity of isolated MoS2 is magnified 200 times for clarity. d) Time-resolved photoluminescence spectra of an isolated MAPbI3 nanosheet 
(red lines) and of the MoS2/MAPbI3 heterostructure (green lines) taken at the wavelength ≈750 nm, both of which are fitted well by a bi-exponential 
decay. e) DFT calculated band alignment of the MoS2/MAPbI3 heterostructure, where two different surface terminations (MX2 = PbI2 and AX = MAI) 
are considered for the MAPbI3. The slab models consist of six layers, which corresponds to 3–4 nm thick nanosheets; for better visibility only four of 
those layers are shown. The positions of the VBMs are DFT calculated values determined with respect to the vacuum level; the positions of the CBMs 
are derived by adding the bandgaps from PL, measured in (c).
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Experimental Section
Materials: PbI2 (99.999%) was from Sigma-Aldrich. MAI and FAI 

powder were from Xi’an Polymer Light Technology Corp. All the materials 
were used without any purification.

Synthesis: The PbI2 nanosheets are synthesized by a previously-
reported solution method.[23] For the synthesis of MAPbI3 nanosheets, 
MAI powder is put in the upstream heating zone of the tube. An 
evaporation temperature of 115  °C is applied for 100 min and the 
growth temperature of the perovskite crystals is maintained at 90 °C for  
200 min. Argon/hydrogen mixtures are used as carrier gases with a flow 
rate of 50 sccm. The transformation from MAPbI3 to PbI2 nanosheets 
is realized under a temperature of 130 °C for 60 min, with a carrier gas 
flow rate of 200 sccm. In the case of FAPbI3 nanosheets, the evaporation 
temperature of FAI powder and the growth temperature of perovskite 
are 135 and 95 °C, respectively. The transformation from FAPbI3 to PbI2 
nanosheets is performed at a temperature of 150 °C for 90 min. These 
perovskite nanosheets can be synthesized on various substrates. In 
this paper, mostly show results are shown for samples produced on a 
SiO2 substrate, except  where  mentioned otherwise explicitly. All the 
transforming processes take place under low pressure conditions, and 
are protected by an argon/hydrogen atmosphere.

Fabrication of Heterostructures: The used BN, graphene and MoS2 
flakes are obtained through the mechanical exfoliation method. The 
patterning of BN is conducted by using e-beam lithography, followed 
by reactive ion etching. The transfer of these 2D materials is done by 
a PPC (Polymethylethylene Carbonate) -assisted dry transfer technique. 
First, the PPC film is pasted on a PDMS to construct optical windows. 
Second, the exfoliated 2D materials are picked up by the PPC film 
through nano-positioning systems. Third, shift the 2D materials to 
target position and lowered to contact the PbI2 (or perovskite) surface. 
Last, leave the 2D materials with PPC film on the target substrate, and 
wash the heterostructure in chloroform solution to remove the PPC 
film.

Characterization: The height profile is measured by AFM (Park 
XE7) in noncontact mode. The fluorescent photograph is taken with 
a Nikon DS-Ri2, with a mercury lamp as excitation source (Nikon 
INTENSILIGHT C-HGFI). The micro-photoluminescence spectra of PbI2 
and perovskite nanosheets are measured under 405 nm laser excitation, 
with the laser beam focused to a spot size of ≈2 µm (Zolix Finder Smart 
FST2-MPL501-405C1). PL spectra of monolayer MoS2 and perovskite 
heterostructures, as well as the PL mapping, are excited by a 488  nm 
continuous wave laser, with the laser beam focused to a spot size of 
≈500  nm (WITec alpha 300R and Princeton Instruments HRS500). A 
picosecond pulse laser (640 nm beam, 100 ps, 5 MHz) is used in the 
PL and time-resolved PL spectra, which is focused by a microscope 
objective (50×; NA = 0.95) onto the sample at normal incidence. The 
backscattered signal filtered by a proper long-pass is collected using 
time-correlated single-photon counting, which has a resolution of 
≈250  ps. All the measurements are conducted at room temperature 
under ambient conditions.

Computational Method: DFT calculations are done with the Vienna 
Ab-Initio Simulation Package (VASP).[39–41] The calculations make use of 
the Perdew, Burke and Ernzerhof (PBE) functional within the generalized 
gradient approximation (GGA).[42] The projector-augmented wave 
method (PAW)[43] is applied, with a plane wave energy cutoff of 500 eV, 
where the outermost s and p electrons for Pb and s and d electrons for 
Mo are treated as valence electrons. The energy and force convergence 
criteria are set to 0.1 meV and 20 meV Å−1, respectively.

Detailed information of all structural models and computational 
procedures for the chemical bonding analysis and the calculations of the 
energy levels are summarized in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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