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ABSTRACT: Interfacing perovskites with two-dimensional materials
such as metal−organic frameworks (MOFs) for improved stability and
electron or hole extraction has emerged as a promising path forward
for the generation of highly efficient and stable solar cells. In this work,
we examine the structural properties and excitation dynamics of two
MOF−perovskite systems: UMCM309-a@MAPbI3 and ZrL3@
MAPbI3. We find that precise band alignment and electronegativity
of the MOF-linkers are necessary to facilitate the capture of excited
charge carriers. Furthermore, we demonstrate that intraband relaxation
of hot electrons to the MOF subsystem results in optically disallowed
transitions across the band gap, suppressing radiative recombination.
Furthermore, we elucidate the key mechanisms associated with
improved structural stability afforded to the perovskites by the two-
dimensional MOFs, highlighting the necessity of broad surface
coverage and strong MOF−perovskite interaction.
KEYWORDS: photovoltaics, metal−organic framework, perovskite, two-dimensional materials, electron extraction layer,
nonadiabatic molecular dynamics

Perovskites have become ubiquitous for usage in solar
energy harvesting applications, and research efforts have

characterized large subsets of this class of materials ranging
from perovskite oxides to hybrid organic−inorganic perov-
skites.1−3 Even more recently, perovskites of reduced
dimensionality and mixed cations have become promising
avenues of investigation.4−9 Given the long history of research
into perovskite-based solar energy harvesting, they have been
demonstrated to exhibit some of the highest power conversion
efficiencies among single junction solar cells, reaching as high
as 25.7%.10 However, the most successful lead-based perov-
skite materials are plagued by issues of stability and device
longevity.11−15 These issues of structural integrity are only
exacerbated by the leakage of toxic building components into
the environment upon degradation, which poses problems for
their implementation in environmentally conscious and
sustainable clean energy applications. This has led to both
the search for lead-free alternatives within the class of
perovskite materials and efforts to mitigate these structural
concerns through the proximal interfacing of perovskites with
stabilizing two-dimensional (2D) materials such as monolayer
graphene, graphitic carbon nitride, and metal−organic frame-
works (MOFs).16−24 The latter is the focus of the current
investigation, whereby we explore passivation of the surface of
an MAPbI3 thin film with the ZrL3 MOF (and its
unfunctionalized analogue, UMCM-309a) which has under-
gone experimental synthesis by Wu et al. and showed promise

as a stable and efficient mixed-material perovskite-based solar
cell.25

MOFs are a class of nanoporous materials that consist of
metal oxide clusters connected through a network of organic
ligands, generating a family of crystalline frameworks which are
incredibly diverse in their structural and electronic properties.
Of particular interest to the synthesis of MOF−perovskite
systems is the ability to tune key material characteristics such
as the presence of chemically active groups at the MOF−
perovskite interface and the amount of surface coverage offered
by the MOF.26−28 The interplay of these factors allows for
precise control over the resulting hybrid device properties by
increasing the ease of charge extraction, passivating or
exploiting defects, and mitigating or preventing the environ-
mental effects associated with ion diffusion in the perovskite
subsystems.29,30 The well-established low exciton binding
energies present in MAPbI3 have led to many applications
involving the utilization of hole extraction layers (HELs) and
electron extraction layers (EELs) to facilitate high yield charge
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extraction and thereby drastically improved photovoltaic
performance.31−33 One such example is an investigation by
Wu et al., who synthesized the previously mentioned MOF−
perovskite system consisting of MAPbI3 and a thiol-function-
alized version of the 2D UMCM-309a MOF (ZrL3) as an
EEL.25 This system was determined to serve the dual purpose
of increasing device longevity by way of mitigating lead leakage
while simultaneously rapidly suppressing photoluminescence
relative to that observed in the pure perovskite sample.
In this work, we conduct a comprehensive computational

investigation of the structural and excitation dynamics
associated with the UMCM-309a and ZrL3MOFs interfaced
with the MAPbI3 perovskite system (Figure 1). The UMCM-

309a MOF employs the commonly seen Zr6(OH)4(O)4 node
and a tritopic 1,3,5-(4-carboxylphenyl)benzene linker.34 We
utilize a multiscale computational framework including density
functional theory (DFT) and extended tight binding (xTB)
calculations to gain insight regarding the geometric and
electronic structure relevant to these hybrid systems.35,36 We
carry out nonadiabatic molecular dynamics (NA-MD)
simulations on both the pristine and thiol-functionalized
version of the MOF−perovskite system to highlight the
importance of electronegative functional groups in the MOF
ligands for facilitating rapid charge extraction. Finally, we carry
out extensive molecular dynamics (MD) simulations involving
the explicitly solvated MOF−perovskite system to elucidate

Figure 1. Simulation cells for the ZrL3@MAPbI3 and UMCM-309a@MAPbI3 systems. Geometries pictured have been optimized at the DFT level.

Figure 2. (a, d) Density of states for the ZrL3@MAPbI3 and UMCM-309a@MAPbI3 hybrid MOF−perovskite systems. Band gaps are placed in
the inset of the DOS plots representing the minimum energy perovskite to MOF excitation. Lowest energy perovskite to perovskite excitations
occur at approximately 2.2 eV in both cases. (b, c) VBM and CBM wave functions for the ZrL3@MAPbI3 system. (e, f) VBM and CBM wave
functions for the UMCM-309a@MAPbI3 system.
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the previously discovered mitigation of lead leakage by Wu et
al.
The interfaced MOF−perovskite system was constructed by

orthogonalizing the unit cell of the UMCM-309a MOF,
resulting in a structure with two Zr6 clusters per cell, twice that
of the primitive unit cell with P-3 symmetry. A 2 × 3 × 1
supercell of the MAPbI3 perovskite system represented the
nearest match to the corresponding lattice parameters of the
orthogonalized UMCM-309a system. The resulting difference
between cells was split equally, and the interfaced system
corresponds to 2% and 4% tensile strain along the x- and y-
directions per MAPbI3 unit cell and 2% and 5% compressive
strain along the resultant x- and y-directions per UMCM-309a
unit cell. The interfaced system was found to interact primarily
by way of weak dispersive interactions, resulting in Pb−Zr
distances of 7−8 Å (Figures S2 and S3). To investigate the
effect of electronegative functional groups present in the MOF
ligand on electron extraction, we employ all subsequent
calculations on both the bare UMCM-309a@MAPbI3 system
and the thiol-functionalized analogue to the ZrL3 system
investigated by Wu et al., herein termed ZrL3@MAPbI3. The
simulation cells of both structures containing over 600 atoms
were then optimized at the DFT level using GPAW, and single
point calculations were performed to obtain eigenstates at the
band extrema (Figure 2b,c,e,f), density of states (Figure 2a,d),
electronic band gaps, and optimized structural properties.37

MD and NA-MD calculations are all performed at the xTB
level using the CP2K package together with the xTB-NA-MD
framework developed by Shakiba et al. as implemented in the
Libra software package.38−41 Additional computational details
regarding all calculations can be found in the Supporting
Information.
Structural implications of the strain applied to the materials

that is necessary to facilitate commensurate lattice parameters
had little impact on the MOF and perovskite subsystems.42

The resulting structures had an average Pb−I bond distance of
3.23 and 3.24 Å for the UMCM-309a and ZrL3 interfaced
MAPbI3 systems, respectively. Additionally, for both systems,
cis and trans Pb−I−Pb bond angles center around 90° and
175°, respectively (Figure S1), which are in line with previous
investigations of MAPbI3 and its 2D analogues.43−45 The
density of states (DOS) of UMCM-309a@MAPbI3 and its
thiol-functionalized analogue ZrL3@MAPbI3 are pictured in
Figures 2a and 2d, respectively. Contributions from the
perovskite subsystem remained consistent for both structures
with a gap between frontier perovskite-localized eigenstates of
approximately 2.2 eV, marking the transition between occupied
states with I(p) and Pb(s) character and unoccupied states

with Pb(p) character. Interfacing MAPbI3 with the 2D-MOFs
modified the electronic structure via introduction of numerous
midgap states associated with both the Zr-oxide nodes and the
organic ligands. The close energetic proximity of the
introduced states to the conduction band (CB) of the
perovskite subsystem aids in explaining the previously
established efficiency of the ZrL3 MOF as an electron
extraction layer (EEL) by Wu et al.25 The conduction band
minima (CBM) of the UMCM-309a@MAPbI3 system is
largely localized to the organic ligand of the MOF, while the
thiol-functionalized CBM has an increased contribution of the
Zr oxide node (Figure 2). In both systems, the valence band
maximum (VBM) consists of the I(5p) orbitals as in the case
of the bulk MAPbI3 system.46 The lowest energy transition of
the materials varied in accordance with the electronegativity of
the organic ligand. The thiol-functionalized ZrL3@MAPbI3
system exhibited a band gap of 1.58 eV compared to that of the
unfunctionalized UMCM-309a@MAPbI3 which yielded a
band gap of 1.73 eV. We find these differences in electronic
structure to have large implications for the efficiency of these
hybrid MOF−perovskite systems when considering their
respective excitation dynamics.
To investigate the excitation dynamics in the hybrid MOF−

perovskite systems, we performed NA-MD simulations with a
3 ps duration and 0.5 fs time step to accurately capture the
rapid dynamics associated with movements of the organic
components in the MOF and perovskite subsystems. For
assessment of the time scales associated with electron
extraction, and thereby the efficiency of the two MOFs as
EELs, we note the stark energetic separation of the MOF-
localized states near the CB edge from those with mixed or
perovskite character (Figure 2a,d and Figures S4−S5). To
quantify the localization of eigenstates to the MOF subsystem,
we computed ρMOF = ∫ Ω dMOF

ψn*ψn d3r, where n denotes state
index in the xTB calculation and ΩMOF denotes the volume of
the simulation cell occupied by the UMCM-309a and ZrL3
MOFs. ρMOF was computed for the first 100 CB states at
selected intervals along the MD trajectory (Figures S4 and S5),
and we use a minimum of 70% charge localization to
determine the state index below which all CB states strongly
confine electronic charge to the MOF. With this heuristic
established, characterization of electron extraction is straight-
forward and can be performed by considering summed
populations of states in the MOF and perovskite subsystems.
We consider excitations into optically active states localized

to the CB of the perovskite substructure and observe time
scales of the subsequent intraband relaxation of electrons to

Figure 3. (a, b) Perovskite to MOF electron extraction in the ZrL3@MAPbI3 and UMCM-309a@MAPbI3 systems, respectively. Thiol
functionalization of the ligands in the ZrL3MOF can be seen to drastically increase the speed of charge extraction. (c) Schematic representation of
the competing time scales present in the hybrid MOF−perovskite systems.
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the band edge (Figure 3c). In the context of UMCM-309a@
MAPbI3 and ZrL3@MAPbI3, relaxation to the band edge is
equivalent with perovskite-to-MOF charge extraction due to
the energetic ordering of eigenstates (Figures S4 and S5). As
previously mentioned, the electronegativity of the ligand was
found to have a dramatic impact on the rapidity of electron
extraction, indicating between a 2.39- and 2.67-fold speedup in
the time scale of charge extraction (Table 1). We briefly note

that while electronegativity aids in the extraction of charges at
a rapid rate, it is also necessary that the newly introduced MOF
states align favorably in the DOS, that is, just below the CBM
(VBM) for EELs (HELs). These results suggest that the search
for favorable band alignment in similar MOFs containing
increasingly electronegative ligands may be a particularly
fruitful avenue of future research for mixed-material perovskite-
based solar energy harvesting devices.
Additionally, in both the ZrL3@MAPbI3 system and the

UMCM-309a@MAPbI3 system, NA-MD simulations demon-
strated that the mixed character of states higher in the CB may
aid in accelerating the intraband relaxation, even relative to
that of the bare perovskite. A representative example of these
mixed states in the conduction band can be found in Figure S8
whereby contributions from the MOF subsystem come in the
form primarily of C(p), O(p), and Zr(d) orbitals, while the
perovskite contribution is largely from Pb(p) and I(p) orbitals.
Typical intraband relaxation in MAPbI3 and similar analogues
exhibits time scales between 100 and 1000 fs relatively
consistently across the literature.47−49 Time scales associated
with the electron extraction for all surface hopping methods in
the present study can be found in Table 1. Fewest switches
surface hopping (FSSH) and modified simple decay of mixing
(mSDM) treatments of the excited state dynamics yielded
similar time scales, τ, for the intraband relaxation and thereby
perovskite−MOF charge extraction.50,51 For the ZrL3-
containing system we found τ = 104 and 107 fs respectively
for FSSH and mSDM. In the unfunctionalized UMCM-309a-
containing system, however, we find time scales of τ = 278 and
277 fs, again for FSSH and mSDM, respectively. Treatment of
excitation dynamics with instantaneous decoherence at
attempted surface hops (IDA) significantly slowed the
relaxation to τ = 438 and 1048 fs for the ZrL3 and UMCM-
309a containing systems, respectively.52 It is well established
that this instantaneous treatment of decoherence serves to slow
the time scales associated with population transfer to low-lying
states. Furthermore, this is exacerbated by the fact that the low-
lying states in the ZrL3@MAPbI3 and UMCM-309a@MAPbI3
systems all exhibit strongly localized character to the MOF
subsystem.52−54

We did not treat radiative recombination of charge carriers
using NA-MD in the present study; however, we note that the
rapid time scales of electron extraction are highly favorable for
usage in EELs. The time scales of intraband relaxation of the

perovskite subsystem and subsequent radiative recombination
associated with optically active Pb(p)−I(p) transitions (τ1 in
Figure 3) must compete with those associated with perov-
skite−MOF charge extraction, intraband relaxation to the band
edge of the MOF (τ in Figure 3), and the subsequent radiative
or nonradiative recombination (τ2 in Figure 3). To assess the
viability of MOF−perovskite radiative recombination, we
compute the transition dipole moments (TDMs) at the DFT
level between the VBM and the first 100 CB states in Figures
S6 and S7. We note that upon relaxation to the CB of the
MOF, radiative recombination becomes almost entirely
disallowed due to the near zero TDM between states. This
together with the rapid time scales of perovskite−MOF charge
extraction aids in explaining the suppression of photo-
luminescence observed by Wu et al. in the experimentally
synthesized ZrL3@MAPbI3 system. Given the efficient
electron extraction coupled with optically disallowed tran-
sitions from the band edge of the MOF to the perovskite
system, nonradiative recombination is required to facilitate the
majority of lost charge carriers. However, due to the spatial and
energetic separation between frontier orbitals of the MOF and
perovskite subsystems, nonradiative losses will be increasingly
frustrated, improving the efficiency of the mixed-material
devices. The combination of suppressed radiative recombina-
tion through optically disallowed transitions upon rapid charge
extraction together with difficult to facilitate nonradiative
recombination owing to large spatial and energetic separation
aids in explaining the promise of the ZrL3 and UMCM-309a
MOFs as efficient EELs in the mixed-material perovskite-based
solar energy harvesting devices. Additionally, the electro-
negativity of the ligand in the ZrL3 MOF serves to accelerate
intraband relaxation nearly 3-fold, thereby aiding in suppress-
ing the potential for loss of excited charge carriers through
perovskite−perovskite recombination. The functionalization of
the capping MOF layers has the potential to aid not only in the
facilitation of rapid charge extraction but also in the increased
stability of the perovskite subsystem.
To analyze the stability conferred to the perovskite system

through interfacing with the UMCM-309a and ZrL3 MOFs,
we performed xTB MD simulations of the interfaced MOF−
perovskite systems. The void regions of the simulation cells
were initialized with water molecules using PackMol at the
standard density of water (278 water molecules in the ZrL3@
MAPbI3 system and 300 in the UMCM-309a@MAPbI3
system, Figure S10) both above and below the perovskite
and MOF subsystems, respectively. The systems were then
equilibrated for 1 ps followed by a 20 ps production run.55 In
the case of both systems, the MOF layer completely and
successfully inhibits the translation of water molecules into the
perovskite subsystem, whereas even during the 20 ps
simulation, the uncapped side of the MAPbI3 thin film begins
to allow H2O penetration into the PbI6 octahedra. Though we
find no moisture penetration through either MOF over the
time scales of 20 ps, we note a large difference in the porosity
of the optimized UMCM-309a MOF structure compared with
that of ZrL3. As seen in Figure S9, UMCM-309a as a capping
layer contains large channels through which H2O molecules
can diffuse, allowing for increased access to the perovskite
subsystem. In contrast, penetrable channels through which
water can permeate ZrL3 are either removed entirely or
significantly restricted, in turn reducing the access of guest
water molecules to the perovskite. This suggests that not only
does ZrL3 efficiently mitigate Pb leakage via the capture of

Table 1. NA-MD Time Scales for the ZrL3@MAPbI3 and
UMCM-309A@MAPbI3 Systems Using the FSSH, MSDM,
and IDA Methods

method
ZrL3@MAPbI3 time

scale (fs)
UMCM-309a@MAPbI3

time scale (fs)
relative
speedup

FSSH 104 ± 8 278 ± 9 2.67
mSDM 107 ± 9 277 ± 31 2.59
IDA 438 ± 31 1048 ± 135 2.39
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displaced Pb cations observed by Wu et al. (which happens at
time scales beyond those accessible through semiempirical
methods used in the present study) but also that careful
selection of MOFs as capping layers can significantly reduce
such moisture-induced cation dislocation to begin with.25

Upon consideration of the structural dynamics in the
moisture exposed MOF−perovskite systems, we found
increased structural stability demonstrated by the ZrL3
interfaced system when compared to that of UMCM-309a
by way of numerous metrics including the Σ, Λ2, and Δ
octahedral distortion parameters (Figure 4) and the Pb cation
displacement from the optimized geometry along the MD run.
Σ and Δ represented distortions from idealized octahedra
bond angles and distances respectively, and Λ2 quantifies
diagonal displacements of the Pb cation in the PbI6
octahedra.56 Typical octahedral distortions can lead to
distortion parameters of up to approximately 15°, 0.1, and
0.75 Å2 for Σ, Δ, and Λ2, respectively.

56 Perovskite octahedra
remain largely intact, even when penetrated by H2O molecules
from the exposed side of the thin film in both systems.
Additionally, the structural integrity of both the UMCM-309a
and ZrL3MOFs remains intact over the course of the 20 ps
simulation. The thiol-functionalized ZrL3 MOF interacts more
strongly with guest water molecules by way of transient
dispersive S−H--O bonds, potentially aiding even further in
reduced moisture penetration compared to that of UMCM-
309a. The nodes in both MOFs demonstrate occasional
dangling formate ligands and subsequent dispersive C−O--H
interaction with nearby H2O without compromising the

stability of the node as we observed in our previous
investigation regarding defects present within the
Zr6(OH)4(O)4 node. By all metrics (Figure 4), after the 20
ps MD simulation, the ZrL3@MAPbI3 exhibits increased
structural stability upon exposure to water over its unfunction-
alized counterpart UMCM-309a@MAPbI3.
In summary, we present a comprehensive investigation of

both the excitation dynamics and structural properties of the
hybrid UMCM-309a@MAPbI3 and ZrL3@MAPbI3 systems.
Our work highlights the necessity of both band alignment and
favorable chemical properties of the interfaced framework for
its efficient performance as an EEL or HEL. We demonstrate
that charge extraction happens on time scales between 2.39
and 2.67 faster to the ZrL3 MOF owing to increased overlap of
states near the CB edge and, more importantly, increased
electronegativity of the thiol-functionalized ligand compared to
that present in UMCM-309a. The subpicosecond charge
extraction and subsequent relaxation of electrons to the CB
edge were found to result in optically inactive transitions
between the CB and VBM. This demonstrates that in addition
to rapid charge extraction, the extraction layers can serve to
mitigate radiative recombination by introduction of optically
inactive states near the band edge. Furthermore, assessment of
the structural stability of both MOF−perovskite systems in the
presence of explicit solvation indicates the importance of high
surface coverage of the host framework. The MAPbI3 system
interfaced with the less porous ZrL3 MOF was, by all metrics,
exhibiting increased stability over the more porous UMCM-
309a system after 20 ps of MD simulation under the

Figure 4. Octahedral distortion parameters over time: (a) Σ representing distortions of I−Pb−I bond angles, (b) Λ2 representing diagonal
dislocations of the Pb cation within the octahedra, (c) Δ representing deviations of the Pb−I bond lengths from the average, and (d) Pb cation
displacement over the 20 ps MD trajectory with explicit solvation of the ZrL3@MAPbI3 and UMCM-309a@MAPbI3 systems. Moving averages are
defined as the averages of the previous 20 MD steps.
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consideration of an explicit solvent. This work provides
valuable insights for the future design of hybrid MOF−
perovskites which aim to facilitate rapid charge extraction while
simultaneously conferring increased stability to the perovskite
subsystem. Our results suggest that future efforts should focus
on favorable band alignment between the two subsystems, high
surface coverage of the MOF capping layer, and the presence
of electronegative functional groups on the MOF ligand if the
MOF is aimed to serve as an EEL.
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