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MX ene has emerged as one of the frontier two-dimensional materials. In this work, Ti3C2T2(T =
−O, −Cl, −OH, or −F) MX ene-Cs3Bi2Br9 perovskite heterostructures are constructed, and the vari-
ous surface terminations of Ti3C2T2 can achieve functionalized perovskite optoelectronic applications
in the heterostructures. Lattice-mismatch rates of the Ti3C2T2 and Cs3Bi2Br9 heterostructures are only
about 1%, which makes the electronic properties of Cs3Bi2Br9 independent of lattice stress in the het-
erostructures. The binding energies of the Ti3C2T2/Cs3Bi2Br9 interfaces are quite low, especially at the
Ti3C2(OH)2/Cs3Bi2Br9 interface. Due to the adjustable work function (WF) of Ti3C2T2, the types of
interface contacts are different, including n- and p-type Schottky contacts and an ohmic contact. The
Ti3C2(OH)2/Cs3Bi2Br9 interface is an ohmic contact; this is attributed to the big difference in the WFs
of Ti3C2(OH)2 and Cs3Bi2Br9, which could greatly boost the charge-carrier separation and transfer effi-
ciency. In addition, the constructed heterostructures enhance the optical absorption coefficient and reduce
charge-carrier effective masses. These results indicate that the Ti3C2T2/Cs3Bi2Br9 heterostructures, espe-
cially Ti3C2(OH)2/Cs3Bi2Br9, can significantly improve the optoelectronic performance of the lead-free
perovskite.
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I. INTRODUCTION

With an emphasis on clean and renewable energy
resources, a great deal of research has focused on high-
efficiency optoelectronic materials. MX enes are a recently
discovered large family of two-dimensional (2D) lay-
ered carbide and nitride transition metals reported by the
Gogotsi group in 2011, which have been extensively inves-
tigated in various fields, including energy storage, catal-
ysis, electromagnetic applications, light-emitting diodes,
sensors, water purification, and biomedical fields, that
exhibit promising applications in photoelectric devices
[1–3]. Among various MX enes, Ti3C2T2 (T represents
various surface terminations, for example, -O, -Cl, -OH,
and -F) possesses high electrical conductivity and carrier
mobility, excellent mechanical strength, good thermal con-
ductivity, excellent transparency, and a tunable work func-
tion (WF) [4–6]. All these characteristics make Ti3C2T2
suitable for electrodes in optoelectronic devices [7–9].

In recent years, halide perovskites with the for-
mula A3B2X9(A = CsorRb, B = SborBi, andX = halogen)
have been at the forefront of research due to their potential
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applications in optoelectronic devices and are frequently
employed as photocatalysts for a wide spectrum of reac-
tions [10–12]. Since the toxicity of lead is a consistent con-
cern for environmental and health safety, lead-free halide
perovskites have great importance. Among several impor-
tant materials under study, all-inorganic lead-free cesium
bismuth halide, Cs3Bi2Br9, has emerged as a typical rep-
resentative for comprehensive research, as it is found to
be stable under atmospheric conditions [13,14]. However,
due to the poor carrier separation and transport efficiency
of Cs3Bi2Br9, its photocatalytic performance has not been
very good so far. The main aspects to improve the pho-
tocatalytic performance of materials include strengthen-
ing visible-light adsorption, enhancing the separation effi-
ciency of photogenerated electron-hole pairs, and reducing
charge recombination. Numerous studies have revealed
that building perovskite heterostructures can lead to some
incredible properties to greatly improve their photocat-
alytic and optoelectronic performances [15,16]. For exam-
ple, the CsPbI3/PbSe heterostructure not only improves
the absorption of sunlight but also passivates the surface
of perovskite, which results in a lower trap density and
prolonged exciton lifetime [17].

The layered characteristics of 2D Ti3C2T2 MX enes
make them a highly compatible material to accommodate
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a secondary material to build heterostructures that can
integrate the original excellent electronic properties of the
isolated components and create particularly advantageous
performances. Furthermore, the Ti3C2T2 MX enes can be
used directly as an electrode material in various photo-
electric devices to improve the performance [18–22]. For
example, Ti3C2Tx MX ene materials as electrodes in a 2D
CsPbBr3 photodetector exhibit an outstanding on:off cur-
rent ratio up to 2.3 × 103 and a remarkable photoresponse
as fast as 18 ms. However, the interface characteristics
and transport mechanisms resulting from the various sur-
face terminations of 2D Ti3C2T2 in the heterostructures are
unclear.

Herein, heterostructures of lead-free Cs3Bi2Br9 per-
ovskite and 2D Ti3C2T2 are built. The structures and
interfacial electronic properties of the heterojunctions
are systematically and comprehensively studied by first-
principles methods. Due to various surface terminations
of Ti3C2T2, the visible-light adsorption, interface charge-
transport characteristics, and separation efficiency are dif-
ferent. Therefore, lead-free Cs3Bi2Br9 perovskite devices
can be regulated by the differentiation of the Ti3C2T2
surface terminations to improve the device performances.

II. METHODS

All of the results are calculated by using the
Vienna ab initio simulation package code, based on
density-functional theory (DFT) [23–25]. The projector-
augmented wave method is used to describe the inter-
action between the ion cores and valence electrons. The
Perdew-Burke-Ernzerhof (PBE) functional combined with
the DFT-D3 method is used for structural optimization
[26]. The PBE functional and hybrid exchange-correlation
functional (HSE06) are both used for comparison to study
the electronic properties [27]. A mesh of 4 × 4 × 1 k points
is adopted for structure optimization and electronic prop-
erty calculations. The cutoff energy is 450 eV in the calcu-
lations. The convergence criteria for the energy and atomic
Hellmann-Feynman forces is 1 × 10−4 eV and 0.02 eV/Å,
respectively.

III. RESULTS

The relaxed lattice parameters of Cs3Bi2Br9 bulk are
a = b = 8.214 Å and c = 10.068 Å, which are consistent
with experimental results (a = b = 8.216 and c = 10.07 Å)
[28]. The calculated lattice parameters of Ti3C2T2 are from
3.01 to 3.14 Å for various surface terminations, -O, -Cl,
-OH, and -F, which are similar to experimental or theoret-
ical values. It is well known that the HSE06 functional is
very often more reliable for solids [29,30]. The band struc-
tures of Cs3Bi2Br9 bulk are calculated by using the PBE
functional and HSE06 functional, as seen in Fig. S1 within
the Supplemental Material [45]. The band gaps of the
Cs3Bi2Br9 bulk are 2.595 and 3.252 eV from the PBE and

HSE06 functionals, respectively. However, the band gap of
the Cs3Bi2Br9 bulk is 2.7 eV in experiments [10]. There-
fore, it is more reasonable to use the PBE functional to
calculate the electronic properties of Cs3Bi2Br9 perovskite.
The calculated band structures of Ti3C2T2 monolayers
reveal that they show metallic properties. They have high
electrical conductivity, high transparency, and outstand-
ing flexibility [22]. Therefore, all these properties make
Ti3C2T2 suitable for electrodes in optoelectronic devices.

Ti3C2T2 is a monolayer structure that can be used to
construct heterostructures by stacking directly. However,
Cs3Bi2Br9 is a bulk structure and has different surfaces.
Three surface models are constructed and depicted in Fig.
S2 within the Supplemental Material [45]. The surface
energy can determine the stability of a surface. The surface
energy is calculated by [31,32]

γ = 1
2A

[Eslab − nEbulk],

where A is the surface area, Eslab is the energy of the sur-
face model, Ebulk is the energy of Cs3Bi2Br9 bulk, and n
is the number of bulk repeating units in the surface model.
n is usually equal to three and many calculations support
this conclusion [33,34]. The calculated surface energies are
given in Table S1 within the Supplemental Material [45].
The smaller the surface energy, the more stable the sur-
face. When the surface energy is as low as 20 meV/Å2,
the energy falls very close to the exfoliation energy of the
compound [31,32]. Therefore, the CsBr2 surface is most
stable and this can be attributed to van der Waals interac-
tions. When setting the vacuum energy level to zero, the
calculated conduction-band minimum, valence-band max-
imum, and Fermi level of the CsBr2 surface are −3.94,
−6.58, and −6.32 eV, respectively. The band-gap value
(2.641 eV) is equivalent to the calculated value of the
Cs3Bi2Br9 bulk. Therefore, the CsBr2 surface can be used
to construct heterostructures.

The Ti3C2T2/Cs3Bi2Br9 heterostructures are con-
structed from a 1 × 1 001 Cs3Bi2Br9 surface and 2 × 2
(rotation between surfaces is 19°) Ti3C2T2 monolayer.
Rotation between the two layers reduces lattice strain.
Three repeating octahedral units of the Cs3Bi2Br9 are
applied in the heterostructure, which has a similar perfor-
mance to that of the bulk material [35]. Four representative
surface terminations (-O, -Cl, -OH, and -F) of Ti3C2T2 are
selected. The Ti3C2 monolayer without surface termina-
tion is also used to construct a heterostructure for compari-
son. The relaxed configuration diagrams are shown in Fig.
1. A 15-Å vacuum region is set to avoid repeated inter-
actions in the Z direction. The lattice mismatches of the
1 × 1 Cs3Bi2Br9 and 2 × 2 Ti3C2T2 monolayers are quite
small and only about 1% in the heterostructures; thus, the
electronic properties of Cs3Bi2Br9 are independent of lat-
tice stress. The vertical interlamellar spacing and minimum
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(a) (b) (c) (d) (e)

FIG. 1. Relaxed heterostructure configurations of (a) Cs3Bi2
Br9/Ti3C2, (b) Cs3Bi2Br9/Ti3C2F2, (c) Cs3Bi2Br9/Ti3C2Cl2,
(d) Cs3Bi2Br9/Ti3C2O2, (e) Cs3Bi2Br9/Ti3C2(OH)2. Vacuum
region is over 15 Å in the Z direction. These configurations are
drawn to scale.

interface-bonding distance of the Cs3Bi2Br9/Ti3C2T2 het-
erostructures are calculated and given in Table S2 within
the Supplemental Material [45]. The minimum interface-
bonding distance of the various surface terminations and
Cs3Bi2Br9 are over 2.5 Å. The interface-binding energies
are calculated to determine how easy it is to form the inter-
face. The formula for calculating the binding energies is
[36]

Eb = Ehet. − ETi3C2T2 − ECs3Bi2Br9 ,

where Ehet., ETi3C2T2 , and ECs3Bi2Br9 are the energies of
the heterostructure, Ti3C2T2 monolayer, and Cs3Bi2Br9,
respectively. The lower the binding energy, the easier it is

to form the heterostructure. Binding-energy data are given
in Table S3 within the Supplemental Material [45]. The
results show that all of the energies are very low, especially
the Ti3C2(OH)2/Cs3Bi2Br9 heterostructure, which has a
negative value. Therefore, the Ti3C2(OH)2/Cs3Bi2Br9 het-
erostructure can likely be easily formed, in theory.

The band-structure diagram can directly reflect the inter-
face electronic properties of the heterostructure. The band-
structure schemes of Cs3Bi2Br9/Ti3C2T2 heterostructures
are shown in Fig. 2. The energy-level diagrams of
Cs3Bi2Br9 and Ti3C2T2 in the precontact states are given
in Fig. S3 within the Supplemental Material [45] to facil-
itate a comparison of energy-level transitions. The results
show that the interfaces between Cs3Bi2Br9 and Ti3C2T2
are metal-semiconductor contacts. The contacting types
of heterostructures include n- and p-type Schottky con-
tacts and an ohmic contact. As shown in Fig. 2, the
shapes of the Cs3Bi2Br9 bands in the heterostructure are
very similar to the bulk, and the band gaps in the het-
erostructures are close to the bulk, as listed in Table I.
These results indicate that the excellent properties of the
Cs3Bi2Br9 perovskite are not destroyed in the heterostruc-
tures. Experimental results show that 2D Ti3C2T2 MX ene
nanosheets accelerate the separation and transfer efficiency
of electron-hole pairs and simultaneously suppress their
recombination, resulting in improved utilization of the
excited charges, which account for the highly enhanced
photocatalytic performance [37]. In fact, contact types
are abundant in the Cs3Bi2Br9/Ti3C2T2 heterostructures
and the transfer of interface electrons is inconsistent. The
Cs3Bi2Br9/Ti3C2 and Cs3Bi2Br9/Ti3C2Cl2 heterostruc-
tures are n-type Schottky contacts and the barrier heights
are 0.69 and 0.85 eV, respectively. The Cs3Bi2Br9/Ti3C2F2
and Cs3Bi2Br9/Ti3C2O2 heterostructures are p-type
Schottky contacts and the barrier heights are 0.54 and
0.48 eV, respectively. The Cs3Bi2Br9/Ti3C2(OH)2 het-
erostructure is an ohmic contact and the barrier height is

(a) (b) (c) (d) (e)

FIG. 2. Band structures of (a) Cs3Bi2Br9/Ti3C2, (b) Cs3Bi2Br9/Ti3C2F2, (c) Cs3Bi2Br9/Ti3C2Cl2, (d) Cs3Bi2Br9/Ti3C2O2, (e)
Cs3Bi2Br9/Ti3C2(OH)2 heterostructures. Blue and red lines denote the contributions from Cs3Bi2Br9 and Ti3C2T2, respectively. Fermi
level is set at zero.
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TABLE I. Band gaps, contact type, and barrier heights of the Cs3Bi2Br9/Ti3C2, Cs3Bi2Br9/Ti3C2F2, Cs3Bi2Br9/Ti3C2Cl2,
Cs3Bi2Br9/Ti3C2O2, and Cs3Bi2Br9/Ti3C2(OH)2 heterostructures.

Cs3Bi2Br9/Ti3C2 Cs3Bi2Br9/Ti3C2F2 Cs3Bi2Br9/Ti3C2Cl2 Cs3Bi2Br9/Ti3C2O2 Cs3Bi2Br9/Ti3C2(OH)2

Band gap (eV) 2.64 2.57 2.51 2.54 2.32
Contact type n p n p ohmic contact
Barrier height (eV) 0.69 0.54 0.85 0.48 0

zero. Therefore, electrons are more easily separated and
diffuse in the Cs3Bi2Br9/Ti3C2(OH)2 heterostructure than
other Cs3Bi2Br9/Ti3C2T2 heterostructures.

The WF difference drives electrons and holes to move
spontaneously. The vacuum levels, Fermi levels, and WFs
of Cs3Bi2Br9 and Ti3C2T2 are listed in Table II. The
change of the work function induced by the functional
group can be given by [38–40]

∅ − ∅0 = − e
ε0

[�P + (Ps − P0)],

where ∅ and ∅0 are the WFs of Ti3C2T2 and Ti3C2, and
�P, Ps, and P0 are the change of the dipole density,
the surface dipole density of the Ti3C2 substrate, and the
surface dipole density of the clean Ti3C2 surface (fully
relaxed), respectively. The change of the dipole density of
the surface functional group is given by [38]

�P(z) =
∫ z

0
z�ρ(z)dz,

where �ρ is the change of charge density of the surface-
functional-group-covered Ti3C2 surface. There are two
contributions to the change of the WF. The first is a
charge-rearrangement effect, which is contributed to by
charge transfer due to the difference in electronegativ-
ity and hybridization between the surface-functional-group
layer and the substrate, as given by �P. The second con-
tribution is due to the relaxation of the substrate induced
by the overlayer, given by (Ps − P0), and the (Ps − P0)

term is usually smaller than the �P term. In general,
if the surface functional group is more electronegative
than the substrate (Ti3C2), electrons will be transferred to
the surface-functional-group layer, causing an excess of

TABLE II. Vacuum levels, Fermi levels, and work functions of
Ti3C2T2 and Cs3Bi2Br9.

Type Ev EF WF

Ti3C2 2.94 −1.33 4.27
Ti3C2F2 4.30 −1.40 5.70
Ti3C2Cl2 4.97 0.23 4.74
Ti3C2O2 4.43 −1.83 6.26
Ti3C2(OH)2 2.94 1.36 1.58
Cs3Bi2Br9 3.15 −3.17 6.32

negative charges on the outside and an excess of posi-
tive charges on the inside of the surface. This leads to a
negative dipole that reinforces the original surface dipole
due to electron “spill out,” causing the work function to
increase. The surface functional groups (-F, -Cl, -O, and
-OH) in Ti3C2T2 are more electronegative than the Ti3C2
substrate, but the calculated WF of Ti3C2(OH)2 decreases.
The change of charge density and the dipole density of the
surface-functional-group-covered Ti3C2 surface are shown
in Fig. 3. It is shown that the electrons are transferred from
Ti3C2 to the surface functional groups, which is consis-
tent with electronegativity. Due to the rearrangement of
electronic charge density in the surface-functional-group
layer to form chemical bonding in the interface, there is
also a depletion of electrons in the outer “tail” region

(a) (b)

(c) (d)

FIG. 3. Change of charge density and dipole density of (a)
Ti3C2F2, (b) Ti3C2Cl2, (c) Ti3C2O2, and (d) Ti3C2(OH)2. The x-
axis coordinates represent the z position (Å). Red dotted vertical
line represents the position of Z direction in Ti3C2 and black dot-
ted vertical line represents the position of the surface functional
group. Negative value of �ρ means a depletion of electrons, and
positive value means an excess of electrons.
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of the surface-functional-group layer. The number of
electrons outside the surface-functional-group area is
small, so it will not affect the sign of charge transfer. How-
ever, the dipole is weighted by the distance “z;” this can
have important consequences on the sign of �P. When the
value of �P in the outer tail region is negative, the WF
increases. However, the depletion of electrons in the outer
tail region gives a positive contribution to �P. Although
the amount of charge in the outer tail region is small, the
weighting by z in the integral may be sufficient to turn the
sign of �P from negative to positive, which then makes
the WF decrease. As shown in Fig. 3(d), the sign of �P
is positive and the WF of Ti3C2(OH)2 is less than that of
Ti3C2.

Charge transfer can be indicated by the difference in
WF. The WF of Cs3Bi2Br9 is bigger than all of those
of Ti3C2T2. Cs3Bi2Br9 is also a p-type semiconductor,
as seen in Figs. S1 and S4 within the Supplemental
Material [45]. Generally speaking, when Cs3Bi2Br9 and
Ti3C2T2 are in contact, the electrons spontaneously move
from the high-Fermi-level Ti3C2T2 part to the low-Fermi-
level Cs3Bi2Br9 part until all Fermi levels reach the same
height in the metal-semiconductor heterostructures. Spon-
taneous electron movement leads to the Ti3C2T2 electric
potential rising and the Fermi level lowering in the het-
erostructures. The holes of Cs3Bi2Br9 spontaneously move
from Cs3Bi2Br9 to Ti3C2T2. The interface band edges of
Cs3Bi2Br9 will bend down in the heterostructures. For the
p-type Cs3Bi2Br9 semiconductor, the bending-down band
edge will result in the aggregation of holes at the inter-
face and the formation of a p-type barrier layer. Due to
the WF difference of Cs3Bi2Br9 and Ti3C2(OH)2 being
much greater than the band gap of Cs3Bi2Br9, a large
number of electrons fill Cs3Bi2Br9, and the Fermi level
of Cs3Bi2Br9 is pushed up so much that it goes beyond
the conduction-band minimum, which results in the ohmic
contact in the Cs3Bi2Br9/Ti3C2(OH)2 heterostructure.
For the Cs3Bi2Br9/Ti3C2F2 and Cs3Bi2Br9/Ti3C2O2 het-
erostructures, the WF difference between Cs3Bi2Br9 and
Ti3C2F2 or Ti3C2O2 is small, so the Fermi level of
Cs3Bi2Br9 is only pushed up a little. Therefore, they
are p-type Schottky contacts. For the Cs3Bi2Br9/Ti3C2
and Cs3Bi2Br9/Ti3C2Cl2 heterostructures, their WF differ-
ences are more than half the band gap but less than the
band gap of Cs3Bi2Br9; therefore, they show n-type Schot-
tky contacts. In fact, charge transfer is related not only to
the difference in the WF but also to interface-induced states
inside the gap of semiconductors [41].

The plane-averaged charge-density difference, �ρ, can
be used to reveal the nature of the transport characteristics
at the heterostructure interface. �ρ along the z direction,
�ρ(z), can be calculated by [34]

�ρ(z) = ρhet. − ρTi3C2T2 − ρCs3Bi2Br9 ,

(a)

(b)

FIG. 4. (a) z-Direction plane-averaged charge-density differ-
ence, �ρ(z), of Cs3Bi2Br9/Ti3C2(OH)2 heterostructure. Red
and black areas represent electron accumulation and deple-
tion, respectively. (b) z-Direction charge-displacement curve of
Cs3Bi2Br9/Ti3C2(OH)2 heterostructure. Blue and yellow areas
represent positive and negative values, respectively. Light-blue
bar indicates the interface. x-Axis is in angstrom.

where ρhet. is the plane-averaged density of the
heterostructure. ρTi3C2T2 and ρCs3Bi2Br9 are the plane-
averaged densities of the Ti3C2T2 monolayer and
Cs3Bi2Br9 slabs, respectively. Due to the ohmic contact
characteristics of the Cs3Bi2Br9/Ti3C2(OH)2 heterostruc-
ture, �ρ(z) of the Cs3Bi2Br9/Ti3C2(OH)2 heterostructure
is plotted as the key research object, as shown in Fig. 4(a),
which can describe the interfacial charge-transport mech-
anism quantitatively. The whole heterostructure system is
neutral. When r is sufficiently far from the heterostructure
interface, �ρ(z) becomes closer to zero. The positive and
negative signs of �ρ(z), respectively, denote charge accu-
mulation and depletion, and two colors (red and black) are
used to distinguish the difference between accumulation
and depletion. It is obvious from Fig. 4(a) that the main
peaks of charge accumulation (red) and depletion (black)
occur in the interface region, and some secondary peaks
occur inside the Cs3Bi2Br9 and Ti3C2(OH)2 monolayers.
The peaks are due to interfacial hybridization of the elec-
tronic states between MX ene and perovskite. The density
of states of Bi, Br, and Ti atoms are calculated and prove
interface hybridization, as seen in Fig. S5 within the Sup-
plemental Material [45]. The interface hybridization will
form a dipole at the interface. Therefore, the main dipole
is generated between the Cs3Bi2Br9 and Ti3C2(OH)2 inter-
face. The dipole is derived from interfacial polarization.
Polarization at the interface will promote charge separation
and transfer. These secondary peaks occurring inside the
Cs3Bi2Br9 and Ti3C2(OH)2 monolayers may lead to differ-
ent dipole directions in the heterostructure, but the overall
direction of polarization in the heterostructure can be deter-
mined by the charge-displacement function, �Q. �Q can
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be obtained by integrating �ρ(z) along the z direction [42]:

�Q =
∫ z

0
�ρdz.

Positive �Q denotes net charge transfer along the
opposite − z direction, and a negative value indicates
charge flow along the z direction. The �Q values of
the Cs3Bi2Br9/Ti3C2(OH)2 heterostructure are shown in
Fig. 4(b). It is noted that the positive �Q value on the per-
ovskite side indicates charge transfer from the Ti3C2(OH)2
monolayer to the Cs3Bi2Br9 perovskite side. A large num-
ber of electrons fill the Cs3Bi2Br9 perovskite, causing
the Fermi level to rise sharply beyond the conduction-
band minimum. Therefore, the heterostructure forms a
stable ohmic contact. �Q values of other heterostructures
are given in Fig. S6 within the Supplemental Material
[45]. The polarization direction or Schottky barrier at
the interface reduces the efficiency of interface charge
separation and diffusion in the other heterostructures. In
Cs3Bi2Br9/Ti3C2 and Cs3Bi2Br9/Ti3C2F2, �Q is con-
tinuously positive, which indicates that the polarization
direction is along the −z direction. The inner charge of
the perovskite that is transported and diffused out needs to
overcome not only the Schottky barrier but also the dipole
barrier. In Cs3Bi2Br9/Ti3C2Cl2 and Cs3Bi2Br9/Ti3C2O2,
�Q is continuously negative and the polarization direc-
tion is along the z direction. Although the inner charges of
the perovskite that are transported and diffused out do not
need overcome the obstacle of a dipole, the Schottky bar-
rier still needs to be overcome. Moreover, the direction of
charge transfer is inconsistent with the difference in WFs;
this could be because of the interface-induced states inside
the gap of Cs3Bi2Br9 [41].

The optical absorption coefficient is calculated to study
the optical properties of the Cs3Bi2Br9/Ti3C2T2 het-
erostructures [43]:

α =
(√

2
)

ω

[√
ε1(ω)2 + ε2(ω)2 − ε1(ω)

]1/2

,

FIG. 5. Absorption spectra of the Cs3Bi2Br9 surface and
Cs3Bi2Br9/Ti3C2T2 heterostructures.

TABLE III. Effective masses of the surface of
Cs3Bi2Br9 and heterostructures of Cs3Bi2Br9/Ti3C2,
Cs3Bi2Br9/Ti3C2F2, Cs3Bi2Br9/Ti3C2Cl2, Cs3Bi2Br9/Ti3C2O2,
and Cs3Bi2Br9/Ti3C2(OH)2 along x and y directions.

Electron Hole

Effective mass (m0) m∗
x m∗

y m∗
x m∗

y

Cs3Bi2Br9 surface 0.67 0.67 5.27 5.27
Cs3Bi2Br9/Ti3C2 0.66 0.70 3.57 3.82
Cs3Bi2Br9/Ti3C2F2 0.68 0.98 1.79 1.95
Cs3Bi2Br9/Ti3C2Cl2 0.71 0.71 4.48 4.48
Cs3Bi2Br9/Ti3C2O2 0.69 0.67 2.44 2.44
Cs3Bi2Br9/Ti3C2(OH)2 0.66 0.67 2.10 2.17

where α is the absorption coefficient; ε1(ω) and ε2(ω)

are the real and imaginary parts of the dielectric func-
tion, respectively, which depends on the optical fre-
quency, ω. The calculated optical absorption spectra of the
Cs3Bi2Br9/Ti3C2T2 heterostructures and Cs3Bi2Br9 sur-
face are shown in Fig. 5. Compared to the Cs3Bi2Br9
surface, the optical absorption coefficient is enhanced in
the heterostructures, especially in the visible-light range.
These results are also confirmed experimentally [37].
Therefore, the light-absorption coefficient of Cs3Bi2Br9
slabs can be improved by building Cs3Bi2Br9/Ti3C2T2
heterostructures.

The effective masses (m*) can be used to illustrate
the carrier-transport properties. The effective masses are
calculated by [44]

m∗
i =�

2
[
∂2ε(k)
∂k2

]−1

,

where the k is the wave-vector directions and ε(k) repre-
sents the eigenvalues of the energy band. m∗

x and m∗
y repre-

sent 	-X and 	-Y directions, respectively. The calculated
effective masses of the Cs3Bi2Br9 surface and Cs3Bi2Br9
part of the Cs3Bi2Br9/Ti3C2T2 heterostructures are listed
in Table III. The results show that the effective mass of
electrons is smaller than that of the holes. The small effec-
tive mass of electrons is not affected by the heterostruc-
ture model, and the effective mass of holes decreases
slightly in the heterostructures compared with the indi-
vidual Cs3Bi2Br9 surface. These results suggest that the
constructed heterostructure will facilitate charge-carrier
migration and improve the optoelectronic performance of
Cs3Bi2Br9.

IV. CONCLUSION

The structures and photoelectrical properties of Cs3Bi2
Br9/Ti3C2T2 heterostructures are investigated. The lattice
mismatches of one lattice of Cs3Bi2Br9 and the Ti3C2T2
monolayer are only about 1% in the heterostructures; this
makes the electronic properties of Cs3Bi2Br9 independent
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of lattice stress. The Cs3Bi2Br9/Ti3C2(OH)2 heterostruc-
ture is an ohmic contact; this is attributed to the big
difference in the WFs of Ti3C2(OH)2 and Cs3Bi2Br9.
Although the transferred charges lead to charges accu-
mulating at the Cs3Bi2Br9 perovskite surface, this does
not affect the free diffusion of most photon-generated car-
riers inside the Cs3Bi2Br9 perovskite. In addition, the
light-absorption coefficients are enhanced, and the effec-
tive masses are decreased in the Cs3Bi2Br9/Ti3C2T2 het-
erostructures. These results open an avenue to explore
more efficient and functionalized all-inorganic lead-free
perovskite photoelectric devices.

Data that support the findings of this study are available
from the corresponding author upon reasonable request.
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