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ABSTRACT: Formation of heterostructures is often inevitable in two-dimensional (2D) o,gw
halide perovskites and band alignment in 2D perovskite heterostructures is of central

importance to their applications. However, controversies abound in literature on the band
alignment of the 2D perovskite heterostructures. While external factors have been sought to
reconcile the controversies, we show that the 2D perovskite heterostructures are in fact
intrinsically prone to band “misalignment”, driven by thermal fluctuations. Owing to the
“softness” of inorganic layers in the perovskites, electron—phonon coupling at room
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temperature could be strong enough to override band offsets at zero temperature, leading to
oscillatory band alignment between type-I and type-II at 300 K. We further demonstrate that by tuning the inorganic layers, one can
increase the band offsets and stabilize the band alignment, paving the way for optoelectronic applications of the 2D perovskite

heterostructures.

Hybrid organic—inorganic halide perovskites have
emerged as some of the most promising materials for
optoelectronic applications, ranging from photovoltaics to
photodetectors, light-emitting diodes and lasers, etc., owing to
their low fabrication costs and superior photophysical
properties. ~'" However, three-dimensional (3D) halide per-
ovskites exhibit poor stability toward moisture and ultraviolet
light, which significantly hinders their applications. In contrast,
2D and layered quasi-2D halide perovskites have shown
superior stability and water resistance relative to their 3D
counterparts.'* %'

The structure of the 2D halide perovskites can be
characterized as either the Ruddlesden—Popper (RP) phase
with a chemical formula of A’,A,_M,X;,,; or the Dion—
Jacobson (DJ) phase with a chemical formula of
A'A, M, X5,,..”"7*" In the formulas, A represents a charge
+1 cation, such as methylammonium (MA, CH;NH,") while
A’ is a spacer cation. In the RP phase, A’ is a charge +1 cation,
such as butylammonium (BA, C,H,NH;*), and in the DJ
phase, A’ is a charge +2 cation, such as propanediamine (PDA,
NH,C;HNH,;**).””*° M is a divalent metal cation, such as
Pb** whereas X is a halide anion, such as I". The 2D
perovskites comprise inorganic metal—halide layers separated
by organic spacers and can be considered as multiple quantum
wells (QWs), with the inorganic layers acting as “wells” and the
organic spacers as “barriers”. The positive integer n indicates
the number of the inorganic layers sandwiched between the
organic spacers and n can be tuned to control the width of the
QWs. As a result, the 2D (n = 1) and quasi-2D (n > 1)
perovskites can offer much broader structural versatility and
optoelectronic tunability than either their 3D (n = )
counterparts or traditional quantum dots.*' ¢
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However, even if a 2D perovskite film is intended to be
prepared as a single phase, more often than not, it actually
comprises multiple phases (with various n values from 1, 2, 3,
and 4 to near ).”” In other words, 2D perovskite
heterostructures are unavoidable in devices. Given this
inevitability and the importance of semiconductor hetero-
junctions in optoelectronic applications, significant research
effort has been devoted to the 2D perovskite heterostruc-
tures.”’ " Crucial to these applications is energy band
alignment of the heterostructures, and two types of band
alignment have been reported in the 2D perovskite
heterostructures. In the type-I band alignment, the exciton
(with Coulombically bonded electron and hole) funnels from a
larger bandgap (smaller n) phase to a smaller bandgap (larger
n) phase, resulting in energy transfer across the heterojunction.
In the type-II band alignment, the electron and the hole
transfer in opposite directions, leading to charge separation
across the heterojunction. While the type-I alignment underlies
the application of light-emitting devices, the type-II alignment
is necessary for solar cells.””** Therefore, determination of the
band alignment, ie., type-I vs typeIl, is of paramount
importance for the 2D perovskite heterostructures. Unfortu-
nately, a definitive determination of the band alignment
remains a challenge, and controversies abound in literature on
the band alignment in the same 2D heterostructures.’”*~*
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For example, Pullerits et al. reported that the multilayer 2D
heterostructures (BA),(MA),_,Pb,l;,.; are of the type-I
alignment,”" while Jin et al. found them to be of the type-II
alignment.*” Similarly, the band alignment in 2D perovskite
heterostructures (PEA),(MA),_,Pb,I5,.; (PEA
C¢H;(CH,),NH;*) was reported to be type-I in some
experiments*>** and type-II in others.””**

A number of external factors have been sought to reconcile
the contradictions, including film inhomogeneity, chemical
treatment of the film, and difficulties in interpreting ultraviolet
photoelectron spectroscopy data, etc.”’ ="’ More recently, De
Angelis, Sargent, and co-workers have shown that the density
of ligands at the heterojunctions can change the effective work-
functions of the perovskites, thus resulting in different band
alignments.”” In this paper, we propose that there is an
intrinsic and fundamental reason why different band align-
ments could arise in the same 2D heterostructure. By means of
first-principles calculations, we show that owing to the
“softness” of the inorganic layers, thermal fluctuations could
lead to strong electron—phonon coupling in the perovskite
heterostructure, resulting in significant shifts of its frontier
energy levels. The energy shifts are sufficient to switch the
band alignments, especially for heterostructures composed of
the same inorganic layers, which is the case in those
controversial experiments.””**"** We reveal that the 2D
perovskite heterostructures are in general prone to the band
“misalignment”, irrespective of the organic spacers (MA, BA,
or PDA). However, the band “misalignment” can be mitigated
or eliminated by tuning the inorganic layers. Our work
provides a simple and consistent explanation to the contra-
dictory experiments without seeking for extrinsic reasons.
More importantly, it points to directions in which the 2D
heterostructures may be engineered for more robust band
alignments.

In this work, we carry out first-principles calculations based
on density functional theory (DFT), time-dependent density
functional theory (TDDFT), and first-principle Born—
Oppenheimer molecular dynamics (BOMD) simulations for
2D perovskite heterostructures. We start with one of the
simplest 2D perovskite heterostructures in the RP phase,
MA,Pbl,/MA,Pb,L,, whose molecular structure is shown in
Figure la. The heterostructure consists of a monolayer 2D
perovskite, MA,Pbl, (n = 1) and a monolayer quasi-2D
perovskite, MA,Pb,I, (n = 2), with MA cations as the organic
spacer.”” For brevity, we will use its n value to denote the 2D
perovskite in the following. A number of stacking structures
have been examined for the heterostructure and the most
stable one is selected for band structure calculations. The
computational details and molecular structures of the
heterostructures are included in the Supporting Information
(Figure S3, Figure S4, and Table S1).

The band structure of the 2D heterostructure at zero
temperature (0 K) is computed on the basis of DFT with a
range-separated hybrid functional (DFT-RSH).”°™>* The
lowest-unoccupied-molecular-orbital (LUMO) and the high-
est-occupied-molecular-orbital (HOMO) of MA,Pbl, (n = 1)
and MA;Pb,I, (n = 2) are displayed in Figure 1b. The frontier
orbitals are mainly contributed by the inorganic layers of
PbI,>~ and Pb,I,*", respectively, with negligible contribution
from MA cations. The valence band maximum (VBM) and
conduction band minimum (CBM) of the heterostructure
originate from the HOMO of MA;Pb,I; and the LUMO of
MA,Pbl,, respectively, indicating the type-II band alignment at
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Figure 1. (a) Equilibrium molecular structure of the MA,Pbl,/
MA;Pb,I; heterostructure and charge density of the lowest-energy
exciton with electron and hole shown in yellow and cyan, respectively.
(b) Type-1I band alignment of MA,PbL,/MA,Pb,1, heterostructure.
The VBM of the heterostructure is set to zero.

0 K. The energy difference between the LUMOs (or the
conduction band offset) is 0.09 eV, while the energy difference
between the HOMOs (or the valence band offset) is 0.38 eV.
Owing to large exciton binding energies in 2D perov-
skites,”> ™ it would be interesting to examine whether charge
separation can actually take place across the interface given the
type-II band alignment. To this end, we perform TDDFT
calculations with the range-separated hybrid functional
(TDDFT-RSH) for the lowest-energy exciton of the
heterostructure at 0 K. As shown in the Figure la, we find
that the photoexcited electron and hole are separated across
the interface with the electron confined in the inorganic layer
of MA,Pbl, and the hole in the (bottom) inorganic layer of
MA;Pb,1,. However, the exciton binding energy is estimated as
0.48 eV, much higher than the room temperature. Therefore,
we conclude that the MA,Pbl,/MA;Pb,I, heterojunction
would not yield efficient charge separation.

Next, we set out to examine whether and how thermal
fluctuations at room temperature may change the band
structure of the 2D heterostructure. To this end, we carry
out BOMD simulations for the MA,Pbl,/MA;Pb,L, hetero-
structure at 300 K. In Figure 2a, we display the time evolution
of the CBM and VBM of the heterostructure. The CBM and
VBM can be localized entirely in MA,Pbl, (blue), in MA,Pb,I,
(red), or in both of them (green). As shown in Figure 2a,
significant energy fluctuation (~0.5 eV) is observed for both
CBM and VBM, more than 1 order of magnitude of the room
temperature (0.025 eV). More importantly, the energy
fluctuation exceeds the band offsets (0.09 and 0.38 eV) at 0
K. As a result, both the type-I and type-II band alignments
could arise for the same heterostructure at 300 K. In fact, four
different energy alignments, two type-I and two type-II, emerge
in the heterostructure, as shown schematically in Figure 2b.
The percentage of each band alignment (I, I, II,, and II,) is
found to be 29.5%, 0.8%, 62.0%, and 7.7%, respectively, during
S ps simulation time (Table 1). In other words, the type-I and
type-1I band alignment could coexist in the 2D heterostructure,
with one-third probability in type-I and two-thirds probability
in type-IL. In Figure 3, we display the charge density of the
lowest-energy exciton in the heterostructure at four different
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Figure 2. (a) Time evolution of CBM and VBM in MA,Pbl,/
MA;Pb,I; heterostructure during the BOMD simulations. (b)
Schematic diagrams for the four different energy alignments (I, I,
II, and II;) appeared in the BOMD simulations. (c) Fourier
transform of (a) from the time domain to the frequency domain.

Table 1. Percentage of the Type-I and Type-II Band
Alignment in the Heterostructures of MA,Pbl,/MA,Pb,I,
and MA,PbBr,/MA;Pb,1, during BOMD Simulations”

type-1 type-1I
I, I, II, 11,
MA,Pbl,/MA;Pb,I, 29.5% 0.8% 62.0% 7.7%
MA,PbBr,/MA;Pb,I, 17.6% 0.0% 82.4% 0.0%

“The percentage of I, I, II,, and II, is determined directly from
Figures 2a and Sc, respectively.

time snapshots. The four charge density distributions are
consistent with the four energy alignments identified, with
entangled electron and hole corresponding to the type-I
alignment and separated electron and hole corresponding to
the type-II alignment. Note that our calculations are performed
on atomically thin perovskites, which may undergo greater
structural deformation and energy shifts than thicker ones. To
model a thicker heterostructure without increasing computa-
tional effort, we fix the two MAI-terminated surface layers of
the heterostructure during the BOMD simulations and re-
examine the band alignment at 300 K. We find that the results
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2425 s (1,) 3450 fs (11,
Figure 3. Charge density of the lowest-energy exciton at selected
snapshots of MA,Pbl,/MA,Pb,I, heterostructure, (a) 900 fs, (b)
1700 fs, (c) 2425 fs, and (d) 3450 fs, during the BOMD simulation.
The electron and hole density is shown in yellow and cyan,
respectively.

remain the same (see Figure SS and S6). Thus, we believe that
the coexistence of both types of band alignment can also
happen in a thicker heterostructure at room temperature.

To correlate the structural deformation with the shifts in the
band structure, we perform the Fourier transform (FT) for the
CBM and the VBM from the time domain (Figure 2a) to the
frequency domain (Figure 2c). The intensity of the FT
spectrum represents the strength of electron—phonon coupling
in the heterostructure. It is found that the phonon modes
below 200 cm™' dominate the FT spectra for both the CBM
and VBM, and they stem from the atomic vibrations in the
inorganic lead—iodide layers (e.g, Pb—I stretching modes,
etc.)’’ ™ The spectral intensity of the VBM is generally
stronger than that of the CBM, implying a greater fluctuation
of the VBM than the CBM, consistent with results shown in
Figure 2a. We have also examined the time evolution of Pb—I—
Pb bond angles in the MA,Pbl,/MA;Pb,I, heterostructure and
found significant changes of the angles, from ~120° to ~165°
(Figure S7). The results confirm the “softness” of the inorganic
layers of the perovskites.

To place the above results on a more general ground, we
consider two additional heterostructures by replacing the MA
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cation in MA,Pbl,/MA,Pb,I, with BA and PDA cations as
spacers. The chemical formula of the two new heterostructures
is BA,Pbl,/BA,MAPb,I, and BA(PDA), Pbl,/BA-
(PDA)(sMAPb,I,, respectively. Note that both BA and PDA
cations have been used experimentally as spacers in 2D
heterostructures.”~®> BA cations are introduced at the top/
bottom surface layers of the BA(PDA), Pbl,/BA-
(PDA)(sMAPD,I, heterostructure to maintain charge neutral-
ity. The atomic structures of the heterojunctions can be found
in Figure S8. The BA,Pbl,/BA,MAPD,I, heterostructure,
which is still in the RP phase, consists of a monolayer
BA,PbL, (n = 1) and a monolayer BA,MAPb,L, (n = 2). By
contrast, the BA(PDA),Pbl,/BA(PDA),sMAPb,L, hetero-
structure, which belongs to the DJ phase, consists of a
monolayer BA(PDA),Pbl, (n = 1) and a monolayer
BA(PDA),MAPb,L, (n = 2).

Similarly, we calculate the band structure of the two
heterostructures using the DFT-RSH method and results are
displayed in Figure 4a,b. In contrast to the MA,Pbl,/MA,Pb,I,
heterostructure, the new heterostructures both exhibit the
type-I band alignment at 0 K. In other words, interfacial energy
as opposed to charge transfer should take place in the two
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Figure 4. Band alignment of (a) BA,Pbl,/BA,MAPb,I, and (b)
BA(PDA), ;Pbl,/BA(PDA), sMAPb,I, heterostructures at 0 K. The
VBM of each heterostructure is set to zero. The time evolution of the
VBM and CBM in (c) BA,Pbl,/BA,MAPb,I, and (d) BA-
(PDA)sPbl,/BA(PDA), sMAPb,I, heterostructures during the
BOMD simulation.
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heterostructures. The conduction and valence band offset for
the BA,Pbl,/BA,MAPD,I, heterostructure is 0.24 and 0.19 eV,
respectively, while the conduction and valence offset for the
BA(PDA), sPbl,/BA(PDA), sMAPb,I, heterostructure is 0.18
and 0.15 eV, respectively. To examine the effect of thermal
fluctuations on the band alignment, we perform the BOMD
simulations at 300 K for the two heterostructures. As shown in
Figure 4c, we find that the energy fluctuation in the CBM and
VBM of BA,Pbl,/BA,MAPbD,I, heterostructure is about 0.43
and 0.59 eV, respectively. Similarly, the energy fluctuation in
the CBM and VBM of the BA(PDA),Pbl,/BA-
(PDA), sMAPb,I, heterostructure is 0.37 and 0.54 eV,
respectively, shown in Figure 4d. Apparently, the energy
fluctuations of the CBM and VBM in both heterostructures at
300 K are greater than the band offsets at 0 K, suggesting that
both types of band alignments can arise simultaneously in the
heterostructures, driven by thermal fluctuations. The charge
density distributions of the lowest-energy exciton at selected
snapshots are shown in Figure S9 and S10, supporting the fact
that both the type-I and type-II band alignments can be formed
in the heterostructures at 300 K. Therefore, we have shown
that the 2D perovskite heterostructures are in general prone to
the coexistence of both types of band alignment. The fact that
the band alignment at room temperature differs from that at
zero temperature, i.e., band “misalignment”, suggests that the
electron—phonon coupling in the 2D heterostructures is so
strong that it cannot be ignored in designing 2D hetero-
structures.

For applications of 2D perovskite heterostructures, a robust
band alignment is a must. For example, in photovoltaic
applications, the heterostructure has to maintain the type-II
band alignment for efficient charge separation throughout the
operation time scale. Similarly, in light-emitting applications,
the heterostructure has to preserve the type-I band alignment
for efficient energy transfer. Any deviation or disruption of the
band alignment is detrimental to the intended applications.
Our calculations suggest that there are two ways to stabilize the
band alignment of a 2D heterostructure at room temperature;
one can try to decrease the electron—phonon coupling or to
increase the band offsets. Here, we attempt to increase the
band offsets of the heterostructures. Because the band
alignment is determined primarily by the inorganic layers of
2D perovskites, we seek to modify the inorganic layers in one
of the two perovskites while keeping the other intact. More
specifically, we replace I” ions in MA,Pbl, by Br™ ions, and the
new heterostructure (Figure Sa) consists of a monolayer
MA,PbBr, (n = 1) and a monolayer MA;Pb,I, (n = 2). As
shown in Figure Sb, the type-II band alignment is formed in
the engineered heterostructure at 0 K, with a much increased
valence band offset of 0.78 eV (the conduction band offset is
0.24 eV). In addition, the TDDFT calculations clearly show
charge separation (Figure Sa), confirming the type-II band
alignment at 0 K.

We then perform the BOMD simulations to examine
thermal fluctuation of the band structure at 300 K. As shown
in Figure Sc, the energy fluctuation in the CBM and VBM
reaches 0.56 and 0.44 eV, respectively. The energy fluctuation
in the CBM at 300 K is greater than the conduction band offset
at 0 K, and as a result, the CBM switches between the
perovskites (from 7 = 1 to n = 2) during the BOMD simulation
(Figure Sc). In contrast, the energy fluctuation in the VBM is
smaller than the valence band offset at 0 K, and thus no
switching (from n = 2 to n = 1) is observed in Figure Sc. We

https://dx.doi.org/10.1021/acs.jpclett.0c00376
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Figure 5. (a) Atomic structure and exciton charge density of
MA,PbBr,/MA,Pb,I, heterostructure. Br atoms are represented by
pink spheres, and the electron and hole densities are shown in yellow
and cyan, respectively. (b) Band alignment of MA,PbBr,/MA;Pb,1,
heterostructure at 0 K. The VBM of the heterostructure is set to zero.
(c) Time evolution of the VBM and CBM of MA,PbBr,/MA,Pb,],
heterostructure during the BOMD simulation. The black arrows
indicate the switch of band alignment. (d) Fourier transform of (c)
from the time domain to the frequency domain.

have also calculated the percentage of the two types of band
alignment during the BOMD simulation for MA,PbBr,/
MA,Pb,I, heterostructure, and the percentage of the type-I
band alignment in the modified heterostructure is found to
reduce significantly compared to the original heterostructure
(Table 1). Moreover, only two energy alignments (I, and II,)
can be formed in the modified heterostructure, in contrast to
four different alignments in the original heterostructure.
Therefore, increasing band offsets by tuning the inorganic
layers appears to be an effective means of suppressing band
misalignment of the 2D heterostructures. Finally, we perform
the FT for CBM and VBM from the time domain (Figure Sc)
to the frequency domain (Figure Sd). Similar to MA,PbI,/
MA,Pb,1, heterostructure, the phonon modes below 200 cm™

2914

dominate the FT spectra for both CBM and VBM. However,
the spectral intensity of CBM is stronger than that of VBM,
implying a greater energy fluctuation of CBM.

To summarize, we propose that the 2D perovskite
heterostructures are prone to band “misalignment” induced
by thermal fluctuations, which explains the contradictory
experimental observations on the band alignments. By means
of first-principles calculations, we have shown that both the
type-I and type-II band alignments could coexist in typical 2D
perovskite heterostructures, such as MA,Pbl,/MA,Pb,I,,
BA,Pbl,/BA,MAPb,I,, and BA(PDA), ;Pbl,/BA-
(PDA),sMAPD,I,, owing to the “softness” of the inorganic
layers and strong electron—phonon coupling at room temper-
ature. We further demonstrate that by tuning the inorganic
layers of the 2D perovskites, one can increase the band offsets
and suppress the band “misalignment” of 2D perovskite
heterostructures so as to maintain robust band alignments at
room temperature.
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