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Two-dimensional (2D) van der Waals (vdW) heterostructures offer new platforms for exploring novel
physics and diverse applications ranging from electronics and photonics to optoelectronics at the
nanoscale. The studies to date have largely focused on transition-metal dichalcogenides (TMDCs) based
samples prepared by mechanical exfoliation method, therefore it is of significant interests to study
high-quality vdW heterostructures using novel materials prepared by a versatile method. Here, we
report a two-step vapor phase growth process for the creation of high-quality vdW heterostructures
based on perovskites and TMDCs, such as 2D Cs3Bizlo/MoSe,, with a large lattice mismatch. Supported
by experimental and theoretical investigations, we discover that the Cs;Bi>lo/MoSe, vdW heterostruc-
ture possesses hybrid band alignments consisting of type-I and type-II heterojunctions because of the
existence of defect energy levels in Cs3Bixlyg. More importantly, we demonstrate that the type-II
heterojunction in the Cs3;Bizlo/MoSe, vdW heterostructure not only shows a higher interlayer exciton
density, but also exhibits a longer interlayer exciton lifetime than traditional 2D TMDCs based type-I11
heterostructures. We attribute this phenomenon to the reduced overlap of electron and hole
wavefunctions caused by the large lattice mismatch. Our work demonstrates that it is possible to
directly grow high-quality vdW heterostructures based on entirely different materials which provide
promising platforms for exploring novel physics and cutting-edge applications, such as optoelectron-
ics, valleytronics, and high-temperature superfluidity.
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Introduction

Two-dimensional van der Waals (vdW) heterostructures have
emerged as a family of materials for next-generation atomically
thin electronics and optoelectronics because of their diverse
functionalities [1-8]. Tremendous progress has been made in
exploring the vdW heterostructures with long interlayer exciton
lifetime in 2D TMDCs systems, such as MoSe,/WSe;, MoS,/
WSe,, and MoS,/WS, [9-18]. However, these vdW heterostruc-
tures have been mostly fabricated manually using mechanically
exfoliated flakes, which oftentimes resulted in low-quality sam-
ples with a random domain size and contaminated interface.
Additionally, current fabrication technique is time consuming
and difficult to scale-up for practical industrial applications. In
contrast, direct chemical vapor deposition (CVD) growth of ver-
tical vdW heterostructures endows them well-defined interlayer
orientations and clean interfaces. It should be noted that a few
vdW heterostructures have already been prepared by the CVD
method, but they are limited to 2D TMDCs with similar lattice
structures and constants [19,20]. Recently, vdW heterostructures
based on two distinct 2D materials with large lattice mismatch
become increasingly attractive because their unique structures
may result in some unusual physical properties [21,22]. However,
unlike vdW heterostructures based on two 2D TMDC:, it is a sig-
nificant challenge to directly grow this kind of vdW heterostruc-
ture due to the different numbers of atoms and bonding
configurations within the two distinctively different 2D
materials.

On the other hand, 2D layered halide perovskites have
received much interests lately due to their superior physical
properties, such as a high optical absorption coefficient, optimal
bandgap, long carrier diffusion lengths, and good optical trans-
port properties [23,24]. As a consequence, Chen and co-workers
tried to prepare a kind of new heterostructure based on the 2D
layered perovskite of (C,HoNHj3),Pbl, with 200-nm-thickness
and monolayer WS, by the exfoliation/transfer method and
demonstrated a pronounced interlayer exciton emission [25].
Cs3Bizlg, as a member of 2D layered all-inorganic perovskite
derivatives, has drawn considerable attention given the advan-
tages of low-cost, earth-abundance, non-toxicity, and high-
stability [26]. Herein, we developed a versatile two-step vapor
phase route to achieve controlled growth of high-quality vertical
vdW heterostructures based on 2D Cs3Biylo and MoSe,, despite
their large lattice mismatch. It is worth noting that not only
the preparation method is totally different from previous litera-
ture on heterostructures based on the perovskites and TMDCs
(Table S1), but the Cs3Bi>Io/MoSe, vdW heterostructures also
exhibit the advantages of being non-toxic and highly-stable
[25,27-30]. Intriguingly, hybrid type-I and type-II band align-
ments were discovered in the Cs3;Bilo/MoSe, vdW heterostruc-
ture owing to the existence of defect energy level in Cs3Bislo.
More excitingly, the interlayer excitons from the type-II hetero-
junction exhibited a higher density and longer lifetime when
compared with the previous vdW heterostructures made of exfo-
liated TMDCs. We attributed these properties to the reduced
overlap of electron and hole wavefunctions caused by the large
lattice mismatch. The direct growth of high-quality vdW

heterostructures based on 2D TMDCs and perovskites with
hybrid band alignments and long-lived interlayer excitons opens
new venue toward exploring their novel physical properties for
high-performance optoelectronics, valleytronics, and
superfluidity.

Results and discussion

Fig. 1a shows the crystal structures of Cs3Bizlo and MoSe, respec-
tively, which reveals an obviously large lattice mismatch
between the two kinds of 2D materials. Specifically, in Cs3Bi,lo,
each layer consists of 5 stacked atomic layers with a total thick-
ness of ~ 1.1 nm, packed in a hexagonal lattice with constants
of a =b = 0.86 nm. While in MoSe,, each layer has one atomic
layer of Mo sandwiched between two identical Se layers (total
thickness is ~ 0.8 nm), packed in a hexagonal lattice as well,
yet with different constants of a = b = 0.33 nm. The scheme for
the growth of Cs3Bilo/MoSe, heterostructures by the CVD
method is shown in Fig. 1b. Briefly, MoSe, monolayers were
grown on the SiO,/Si wafer first by a controlled vapor deposition
process [31]. The as-grown MoSe, monolayers were then used as
templates for subsequent growth of Cs3Bi,ls few-layers to obtain
the vertical vdW heterostructures. The growth temperature of the
MoSe; template and the distance between the precursor and sub-
strate need to be strictly controlled for this growth process [19].
More details about the sample synthesis can be found in the
Methods section of supplementary material. This controllable,
simple, and versatile growth method endows the Cs3Bizlo/MoSe;
heterostructure a clean interface, the quality of which is superior
to the samples obtained by manually stacking mechanical exfo-
liation 2D flakes [32,33]. Fig. 1c-d display optical microscopy
(OM) images of MoSe, monolayer and Cs;Bixlo/MoSe,
heterostructure, respectively. The lateral size of MoSe, mono-
layer is much larger than that of Cs3Bi,l, therefore MoSe, mono-
layer covers the entire image underneath the bright triangles
(few-layer Cs3Bi5ly) in the Cs3Bizlg/MoSe, heterostructure shown
in Fig. 1d. The size of these triangles ranges from several to
around 10 pm. The thicknesses of these few-layer Cs3Bislo were
examined using atomic force microscopy (AFM) technique
(Fig. S1). It was found that thicknesses of most of Cs3Bi,l trian-
gles are around 5.5 nm, which corresponds to 5S-layer Cs;Bislo.
Raman spectroscopy was used to characterize the vertical Cs3Bi,-
Ios/MoSe, vdW heterostructure (Fig. 1e). Raman spectroscopy
study of Cs3Biylo few-layer triangles on mica substrate was first
performed as a reference, where the two Raman peaks at 109.1
and 146.0 cm ™! correspond to Al and A, modes of Cs3Bi,l were
clearly shown (the black curve in Fig. 1e) [26]. Raman spectra col-
lected from the areas as indicated in blue dotted circle (Fig. 1d)
only show the A, peak at 239.8 cm™!, which confirms the bot-
tom layer is the monolayer MoSe, (the blue curve in Fig. 1e)
[34]. In the heterostructure region (areas marked by red dotted
circle in Fig. 1d), three peaks at 108.5, 147.4, and 239.8 cm™!
were observed, which can be assigned to Al and A, modes of Css-
Bizlg and Az mode of MoSe,, respectively, confirming the forma-
tion of the vertical Cs3Bislo/MoSe, vdW heterostructure. High-
resolution Raman mapping images of a Cs3;Bizlo/MoSe, vdW
heterostructure were also collected, as shown in Fig. S2.
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Syntheses and structures of Cs;Bi,lo/MoSe, vdW heterostructures. a, Crystal structures of Cs;Bi,ly and MoSe; from top and side views, respectively. For
both materials, each unit cell contains two neighboring layers with a weak van der Waals interaction in between. The lattice constants of Cs3Bi,lg are
a=b=0.86 nm, c = 2.2 nm; while they are 0.33 nm and 1.6 nm for MoSe,, respectively. b, Schematic of the growth process of Cs3Bi,los/MoSe, heterostructures
by the CVD method. Step 1, the MoO3 powder is used as the precursor to react with Se gas to grow MoSe, on the substrate of SiO,/Si; Step 2, the mixture of
Csl and Bils is used as the precursor to grow Cs3Bi,lg on the substrate of MoSe,/SiO,/Si. Optical microscopy images of ¢, MoSe;, and d, Cs3Bi,lg/MoSe,. MoSe,
monolayer covers the entire image underneath bright triangles (few-layer Cs3Bi,lg) in d. €, Raman spectra of an isolated Cs3Bi,lg flake (black curve), MoSe,

monolayer (blue curve), and Cs3Bi,lg/MoSe, heterostructure (red curve).

Fig. S2b—c shows the Raman mapping of peaks at 108.5, 147.4,
and 239.8 cm}, respectively, further demonstrating the forma-
tion of the vertical Cs3Bislo/MoSe, vdW heterostructure. More-
over, the Raman intensity distribution is uniform over the
entire triangle, suggesting the high-quality of this heterostruc-
ture. This versatile approach can also be extended to the
heterostructures based on Cs3Bily and other TMDC materials
by adjusting the growth factors. For instance, by changing the
distance between the precursor and substrate, we also success-
fully prepared Cs3;Bizlo/M0S, vdW heterostructure, as shown in
Fig. S3.

The morphology of the Cs;Bilog/MoSe, heterostructure was
further examined by scanning electron microscopy (SEM).
Fig. 2a-b show typical SEM images of this heterostructure, which
exhibit well-defined triangle shapes of Cs3Bi,ly flakes, showing
clear evidence of their high crystallinity. Because the size of
MoSe, monolayer is much larger than that of Cs3Biyly (Fig. 1d),
MoSe, monolayer covers the entire image in Fig. 2a-b. In order
to better characterize this heterostructure, time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS) was applied to illus-
trate the 3D chemical information of this ultrathin
heterostructure. Fig. 2¢ shows a typical 3D image of the Cs;Bi,lo/
MoSe;, heterostructure, which exhibits two layers of the

heterostructure including the Cs3Bislo layer (the red triangle)
and the MoSe; layer (the blue layer), as well as the substrate of
SiO, (the green substrate). Chemical mappings of the three layers
were plotted as well, as shown in Fig. S4a, which reveals that the
chemical composition distributions in the Cs3Bizlo/MoSe;
heterostructure are laterally uniform. Additionally, the chemical
composition distributions in the Cs3;Bilo/MoSe; heterostructure
are also vertically uniform, as shown in the ToF-SIMS depth pro-
file in Fig. S4b. To further investigate the chemical compositions,
X-ray photoelectron spectroscopy (XPS) was conducted on the
Cs3Bilo/MoSe, heterostructure. Fig. S5 shows the survey spec-
trum of the Cs3Bislog/MoSe, heterostructure, in which the ele-
ments of Cs, Bi, I, Mo, and Se were detected. After using the
Cl1s peak at 284.6 eV to calibrate, the assignments of other peaks
were determined. Fig. 2d shows the high-resolution XPS spectra
of Cs 3d, Bi 4f, I 3d, Mo 3d and Se 3d regions. These binding ener-
gies are in good agreement with the intrinsic features of Cs3Bislg
and MoSe, [26,35].

In order to reveal the band alignment and the interlayer inter-
action in the Cs3Bislo/MoSe, vdW heterostructure, we investi-
gated photoluminescence (PL) spectra of an isolated S5-layer
Cs3Bizly, an isolated monolayer MoSe,, and a Cs3Bilo/MoSe,
vdW heterostructure with 532 nm excitation at 83 K respectively,
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FIG. 2

Detailed characterizations of the Cs;Bi,ls/MoSe, vdW heterostructures. a-b, SEM image of a Cs3Bi,ls/MoSe, vdW heterostructure. The scale bars in a and
b are 15 pm and 4 um, respectively. ¢, 3D ToF-SIMS image of a Cs3Bi,lo/MoSe;, vdW heterostructure, including the Cs3Bislg layer (red triangle), the MoSe; layer
(blue part) and the SiO, substrate layer (green part). d, High-resolution XPS spectra of a Cs3Bi,lo/MoSe, vdW heterostructure, showing the existence of
elements of Cs, Bi, I, Mo, and Se. According to the binding energies of five elements, the composition of this material can be indexed to Cs;Bi,lg and MoSe,.

as shown in Fig. 3a. Clearly, 5-layer Cs;Bizly and monolayer
MoSe, display strong PL peaks at 675 nm and 780 nm, respec-
tively, which can be attributed to the excitonic transition ener-
gies in the two kinds of materials, and are in good agreement
with previous reports [26,34,35]. A peak at 950 nm in monolayer
MoSe, is attributed to the interface defects of MoSe,. In the Cs;-
Biylg/MoSe, vdW heterostructure, both PL peaks can be found
easily, however, their intensities are significantly quenched, indi-
cating efficient charge transfer in the heterojunction, reducing
electron-hole recombination [36,37]. The two peaks are not
quenched completely which may be ascribed to the relative high
temperature of 83 K and a slightly large interlayer distance
[38,39]. Meanwhile, the two PL peaks have slight shifts, which
can be ascribed to the strong interlayer electronic coupling, fur-
ther suggesting efficient charge transfer in this heterojunction
[40,41]. What’s more, another peak at 833 nm can be found in
the PL spectra of this heterostructure. Unlike the peak at
950 nm, this peak cannot be ascribed to the defects in MoSe,
generated during the second-step growth as the monolayer
MoSe; before and after growing Cs3Bi,ls exhibit similar PL spec-
tra, as shown in Fig. $6. Therefore, we speculated that this peak
at 833 nm could be assigned to an interlayer exciton transition
between the Cs;Bisly and MoSe, layers, indicating the Cs3Bislo/

MoSe, vdW heterostructure possesses a type-II band alignment,
similar to the commonly studied MoSe,/WSe, vdW heterostruc-
ture [9]. In order to verify this speculation, we tested the
temperature-dependent and laser power-dependent PL spectra
of the Cs3Bizlo/MoSe; vdW heterostructure. Temperature-
dependent PL spectra (Fig. $7) reveal an increase in the intensity
of the 833 nm peak with decreasing temperature, consistent with
interlayer exciton behavior seen in traditional TMDC/TMDC
vdW heterostructures, which suggests the interlayer transitions
in the Cs3Bilo/MoSe, vdW heterostructure [10,15]. Fig. 3b,
Fig. 88, and Fig. $9 show the power-dependent PL spectra of
the Cs3Bi,lo/MoSe, vdW heterostructure. If the emission is from
the interlayer excitons, the intensity of the peak will not saturate
with increasing laser power. To confirm this point, we increased
the laser power to 500 pW (Fig. $8), which is much higher than
the saturation power commonly used in traditional TMDCs for
defect-related emission [10,42]|. The PL peak intensity (I) as a
function of the laser power (P) was plotted, as shown in
Fig. 3¢. A fit by a power law (I «x P”) to this curve yields « of
around 0.87. Obviously, the PL intensity of the interlayer exciton
increases sublinearly as the increasing laser power and no satura-
tion trend appears in this curve even at much higher laser power,
both of which suggest the observed emission at 833 nm in the
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FIG. 3

Band alignments and interlayer excitons of Cs;Bi;ls/MoSe, vdW heterostructures. a, Typical PL spectra of an isolated 5-layer Cs3Bislg, an isolated
monolayer MoSe,, and a Cs3Bi,ls/MoSe;, vdW heterostructure with 532 nm excitation at 83 K. The isolated Cs3Bi5ly and MoSe, show strong PL at 675 nm and
780 nm, respectively. In the Cs3Bily/MoSe, vdW heterostructures, both exciton PL signals at 675 nm and 780 nm are strongly quenched, suggesting an
efficient charge transfer process between the two components. Meanwhile, the shifts of the two peaks show strong interlayer coupling. Additionally, another
peak at 833 nm appears, which is caused by interlayer excitons, indicating a type-ll band alignment in the Cs3Bislo/MoSe, vdW heterostructure. b, Power-
dependent PL spectra of the Cs3Bi,ls/MoSe, vdW heterostructure with 532 nm excitation at 83 K. Inset is the enlarged view of the range from 800 to 900 nm.
In order to illustrate the peak position shifts, the intensities of the four curves were zoomed in or out manually. ¢, The PL intensity and peak position caused
by interlayer excitons as a function of excitation laser power. The sublinear increase of PL intensity indicates the interlayer transitions in the Cs3Bi,lg/MoSe,
vdW heterostructure. The relatively large blue shift of peak position suggests a high interlayer exciton density. A supercell of the Cs3Bi,lo/MoSe, vdW
heterostructure viewed from d, side view and e, top view. f, Calculated band structure of the Cs;Bi,lo/MoSe, vdW heterostructure, in which both CBM and
VBM are located at the MoSe, layer, indicating a type-I band alignment in the pristine Cs3Bi,lo/MoSe, vdW heterostructure. g, Schematic diagram of the band
alignment of the Cs3Bi,ls/MoSe, vdW heterostructure. In order to show the differences between CBM and the defect energy level (DEL) in the Cs3Bily layer
clearly, some parts between CBM and VBM are omitted. The CBM, VBM, and DEL are presented by green, black, and skyblue line, respectively.

Cs3Bizlo/MoSe, vdW heterostructure is indeed from interlayer
exciton emission [14]. Additionally, Fig. 3¢ and the inset in
Fig. 3b show that the PL peak of the interlayer exciton displays
a blue shift with increasing laser power, which can be ascribed
to the repulsive interaction between the dipole-aligned interlayer
excitons. Moreover, the dipolar repulsion should result in an
interlayer exciton density dependent blueshift of the emission
energy with increasing the laser power [43]. This blueshift is up
to around 40 meV, which is higher than that of the heterostruc-
ture based on two distinct TMDCs in the similar laser power
range (10 meV), suggesting a higher interlayer exciton density
in the Cs3Bizlo/MoSe, vdW heterostructure [15]. To quantify
the interlayer exciton density, the exciton—exciton interaction

can be estimated via the mean-field approximation. This approx-
imation uses the “plate capacitor formula”: E;,,; = 4nnde?/x, where
E;, is the exciton—-exciton interaction energy, n is the exciton
concentration, d is the separation between the layers, and « is
the dielectric constant [44]. Here, we assume the « is in the same
order of magnitude of 10 with Cs3Bi,lg and most of the TMDCs
[45,46]. As a result, the interlayer exciton density of the Cs3Bislo/
MoSe, vdW heterostructure was calculated to be 0.52 x 102
cm™?, surpassing that of the reported MoSe,/WSe, heterostruc-
ture'? (supplemental material, Note S1).

First-principles calculations were performed to understand the
band alignment in the Cs3Bi,lo/MoSe, vdW heterostructure, con-
structing a supercell with a 2 x 2 Cs3Bilg unit and 5 x 5 MoSe,
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unit to mitigate the lattice mismatch, as shown in Fig. 3d-e. This
resulted in a biaxial strain of —4.9 % and 1.3 % on Cs3Bisly and
MoSe,, respectively. It is confirmed that this heterostructure is
built up by vdW stacking of the Cs;Bi,ly layer and the MoSe,
layer, and the distance between the two layers is around
0.34 nm. Fig. 3f presents that both conduction band minimum
(CBM) and valence band maximum (VBM) of the heterostructure
are attributed to MoSe, layer and located at the K point, indicat-
ing this heterostructure possesses a type-I band alignment, which
is inconsistent with the result obtained from Fig. 3a. In order to
comprehend this inconsistency, we measured the CBM and VBM
of this heterostructure experimentally. The XPS valence band
spectra of the isolated Cs;Bily flake and the Cs;Bizlo/MoSe,
heterostructure were shown in Fig. $10, from which the offset
between two VBMs is 0.3 eV. Moreover, based on earlier reports
from our group or others, the bandgaps of isolated Cs3Bizlo and
MoSe, have been determined to be 2.02 eV and 1.59 eV, respec-
tively [26,34,35,47,48]. Therefore, the offset between two CBMs
is 0.13 eV, as shown the type-I heterojunction in Fig. 3g. The
type-II heterojunction observed in Fig. 3a is hypothesized to
stem from defects within Cs3Bi,lo, forming a defect energy level
(DEL) between the CBM and VBM (Fig. 3g). These defects can be
attributed the iodide vacancy (V;) point defects based on previ-
ously calculated results [49]. In this type of band alignment,
the electrons at the DEL of Cs3Bi,lg and the holes at the VBM
of MoSe, form the interlayer excitons (Fig. 3g). Several observa-
tions support this hypothesis. First, as shown in Fig. 3a, the
broader full width at half maxima (FWHM) of the Cs3Bi,Iy peaks
in both the isolated Cs3Biyly flake and the Cs3Bilo/MoSe,
heterostructure, compared to MoSe,, suggest the existence of
defect levels within the bandgap of Cs3Bizls. Close observation
reveals that the spectrum of the isolated Cs3BiIo flake is not sym-
metric and it can be divided into two peaks (Fig. $11), which
originates from the intrinsic bandgap and defects of the Cs;Bilo
flake, respectively. Second, we also performed the high-
resolution transmission electron microscopy (HRTEM) of the
Cs3Bislo flake, as shown in Fig. $12. Clearly, there are many
defects in the Cs3Bi,lo flakes. Third, we tested the PL spectrum
of the isolated Cs3Bilo flake at room temperature, as shown in
Fig. $13, in which two main peaks at 615 nm and 695 nm can
be found. The peak at 615 nm can be ascribed to the intrinsic
bandgap of Cs3Bi,ls, which is consistent with previous reports
[50,51], while the peak locating at 695 nm can be ascribed to
the defects. PL intensities of the two peaks are comparable, sug-
gesting the defect density is very large and it is enough to form
a DEL. The DEL locates 0.24 eV below the CBM of Cs3Bislo,
which is consistent with the peak position of interlayer exciton
at 833 nm in Fig. 3a. Finally, it is well known that both electrons
and holes locate at the same layer of the heterostructure and this
layer will exhibit an enhanced PL intensity in a typical type-I
heterostructure when compared with its individual sample.
Therefore, the MoSe; layer should display an enhanced PL inten-
sity in the Cs;Bizlg/MoSe, vdW heterostructure. However, Fig. 3a
shows a decreased PL intensity of the MoSe; layer in the Cs3Bislo/
MoSe, vdW heterostructure. That is, another energy level
extracts the electrons of the CBM of MoSe, quickly and hinders
the formation of the intralayer excitons in the MoSe, layer when
the electrons were transferred from Cs3Biylg to MoSe,, further

indicating the existence of the DEL in between the bandgap of
Cs3Bisle. In conclusion, the Cs3Birlo/MoSe, vdW heterostructure
forms a type-I heterojunction, but exhibits properties akin to a
type-II heterojunction due to the existence of the DEL within
Cs3Bisle’s bandgap.

The spatially separated nature of the interlayer exciton in a
type-II heterojunction will lead to a reduced optical dipole
moment, therefore its lifetime could be long. We investigated
the lifetime of the interlayer exciton from the type-II heterojunc-
tion in the Cs;Bilo/MoSe, vdW heterostructure by the time-
resolved PL (TRPL) measurement. It is well known that radiative
recombination of interlayer excitons is very hard to achieve at
room temperature due to the dominating nonradiative recombi-
nation [52]. Therefore, all TRPL measurements were performed at
cryogenic temperature. In this heterostructure, the lifetimes of
intralayer excitons at 675 nm and 780 nm are substantially
reduced by the ultrafast interlayer charge hopping (Fig. 3a) and
they could be below the detection limits of the instrument. It
is, therefore, very hard to obtain them in this study, even though
we reduced the temperature to 10 K [36,37]. Fig. $14 shows the
temperature-dependent TRPL spectra of the interlayer exciton.
The corresponding interlayer exciton lifetime was summarized
in Table S2. Notably, the interlayer exciton lifetime becomes
longer as the temperature decreases from 200 K to 10 K, which
shows the same trend to interlayer exciton lifetime in literature
[15,53]. The TRPL spectrum obtained at 200 K can be well fitted
by a single-exponential decay function, while the TRPL spectrum
obtained below 103 K can be analyzed by fitting to a biexponen-
tial decay function, from which two kinds of decay lifetime were
obtained, including the fast decay lifetime of t; and the slow
decay lifetime of 1. Such behavior has been observed in TRPL
curves of most materials, which can be explained by a three-
level model, consisting of two closely spaced emitting states
and a ground state, as shown in Fig. S15 [54,55]. The fast decay
lifetime of t; is ascribed to interlayer exciton decay prior to ther-
malization between the lower and the upper emitting states.
With the increase in temperature, the fast decay lifetime gradu-
ally disappears. In this case, the lifetime decay is represented
by a single exponential, such as the TRPL spectrum obtained at
200 K. The slow decay lifetime of 1, can be attributed to the aver-
age of the interlayer exciton decays from the two emitting states
to the ground state. The interlayer exciton lifetime is modeled by
the Boltzmann factor of exp(-1/ksT), as shown in Fig. $15 [51-
53]. Therefore, with the decrease in temperature, the slow decay
lifetime increases dramatically. Fig. 4a shows the TRPL spectrum
of the interlayer exciton at 833 nm at 83 K, which reveals the
interlayer exciton lifetime t; = 0.58 ns and 1, = 3.67 ns, which
is longer than that of reported heterostructure under the same
condition. Because the lifetime would show a drastic increase
as decreasing temperature below 83 K, the TRPL measurement
was conducted at 10 K as well [15]. Fig. 4b reveals that the inter-
layer exciton lifetime is prolonged to 1, = 14.23 ns and
1, = 251.70 ns at 10 K. Compared with traditional heterostruc-
tures based on 2D TMDCs, like MoSe,/WSe, and WSe,/MoSe,/
WSe,, and novel heterostructures, like Pbl,/WSe;, the interlayer
lifetime of Cs3;Bizlo/MoSe, vdW heterostructure is impressively
long, indicating the promising potential of this new vdW
heterostructure, as shown in Fig. 4c [9-16]. Optical transitions
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FIG. 4

Long-lived interlayer excitons of Cs3Bi,ls/MoSe, vdW heterostructures. a, Time-resolved PL of the interlayer exciton at a, 83 Kand b, 10 K. c, Comparison of the
interlayer exciton lifetime of Cs3Biyly/MoSe, vdW heterostructures with previously reported heterostructures. The lifetime of 1.8 ns for the MoSe,/WSe,
heterostructure from Ref. 9 was measured at 20 K, while the other heterostructures cited in the references were tested below 10 K.

involving the recombination of electrons and holes locating at
different sites can only occur when there is an overlap between
their corresponding orbitals, and the recombination will become
harder as the overlap becomes smaller [56]. As mentioned above,
the electrons and holes locate at the DEL of the Cs3Bi,l, layer and
the VBM the MoSe, layer, respectively. In the Cs3;Bi,lo/MoSe;
vdW heterostructure, due to the large lattice mismatch between
Cs3Bizlg and MoSe,, this overlap will be smaller than traditional
heterostructure based on two similar TMDCs. Therefore, the
recombination of electrons and holes will become more difficult,
resulting in a longer interlayer exciton lifetime. The long-lived
interlayer excitons in vdW heterostructure have rich implica-
tions for valleytronic, optoelectronic, and superfluid applica-
tions. For instance, in scenarios where near-unity valley
polarization is expected, the extended interlayer exciton lifetime
in the Cs;Bilo/MoSe, vdW heterostructure will require the gen-
eration of a prolonged valley lifetime, offering a favorable condi-
tion for information transfer in valley qubits. Moreover, the
extraordinarily long lifetime has critical influence on exploring
exotic physical phenomena, like Bose-Einstein condensation of
excitons.

Conclusions

In summary, we reported a high-quality vertical Cs3;Bi,lo/MoSe,
vdW heterostructure directly synthesized by a versatile two-step
vapor phase route. Comparing with previous vdW heterostruc-
ture based on 2D TMDC s, the two atomically layered materials
in this heterostructure have a large lattice mismatch. Intrigu-
ingly, hybrid band alignments, i.e. the co-existence of type-I
and type-II heterojunctions, were demonstrated in the Cs;3Bislo/
MoSe, vdW heterostructure for the first time. More importantly,
different from previous reported type-II heterostructures, it is
demonstrated that the type-II heterojunction in the Cs3Bi,lo/
MoSe, vdW heterostructure exhibits a higher interlayer exciton
density and a longer interlayer exciton lifetime. We attributed
these outstanding properties to the reduced electron and hole
wavefunction overlap caused by the large lattice mismatch.
Our study suggests that vdW heterostructures based on entirely
different 2D materials, with high interlayer exciton density and

long interlayer exciton lifetime, hold great promise for future
studies of moire heterostructures, optoelectronics, valleytronics,
and superfluidity.
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