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Facile Tailoring of Metal-Organic Frameworks for Förster
Resonance Energy Transfer-Driven Enhancement in
Perovskite Photovoltaics

Xiao Liang, Hai-lun Xia, Jin Xiang, Fei Wang, Jing Ma,* Xianfang Zhou, Hao Wang,
Xiao-Yuan Liu,* Quanyao Zhu,* Haoran Lin, Jun Pan, Mingjian Yuan, Gang Li,*
and Hanlin Hu*

Förster resonance energy transfer (FRET) has demonstrated its potential to
enhance the light energy utilization ratio of perovskite solar cells by
interacting with metal-organic frameworks (MOFs) and perovskite layers.
However, comprehensive investigations into how MOF design and synthesis
impact FRET in perovskite systems are scarce. In this work, nanoscale
HIAM-type Zr-MOF (HIAM-4023, HIAM-4024, and HIAM-4025) is
meticulously tailored to evaluate FRET’s existence and its influence on the
perovskite photoactive layer. Through precise adjustments of amino groups
and acceptor units in the organic linker, HIAM-MOFs are synthesized with the
same topology, but distinct photoluminescence (PL) emission properties.
Significant FRET is observed between HIAM-4023/HIAM-4024 and the
perovskite, confirmed by spectral overlap, fluorescence lifetime decay, and
calculated distances between HIAM-4023/HIAM-4024 and the perovskite.
Conversely, the spectral overlap between the PL emission of HIAM-4025 and
the perovskite’s absorption spectrum is relatively minimal, impeding the
energy transfer from HIAM-4025 to the perovskite. Therefore, the
HIAM-4023/HIAM-4024-assisted perovskite devices exhibit enhanced EQE
via FRET processes, whereas the HIAM-4025 demonstrates comparable EQE
to the pristine. Ultimately, the HIAM-4023-assisted perovskite device achieves
an enhanced power conversion efficiency (PCE) of 24.22% compared with
pristine devices (PCE of 22.06%) and remarkable long-term stability under
ambient conditions and continuous light illumination.
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1. Introduction

Typically, energy transfer between a donor
and an acceptor involves three distinct
modes: 1) Förster resonance energy trans-
fer (FRET), 2) nanosurface energy transfer
(NSET), and 3) nanovolume energy trans-
fer (NVET).[1,2] FRET is a nonradiative pro-
cess wherein energy is transferred from
a donor material to a proximal appropri-
ate acceptor material through dipole–dipole
interactions. The efficiency of FRET de-
pends on the distance between the donor
and acceptor (1–10 nm) and is contin-
gent upon the spectral overlap between the
donor’s emission spectrum and the accep-
tor’s absorption spectrum.[3–12] However,
NSET/NVET does not necessitate spectral
overlap between donor emission and accep-
tor absorption, enabling these processes to
measure distances greater than the typical
Förster distance.[13] The pioneering work
of Yun et al.[14] reported the first success-
ful development of a NSET process uti-
lizing dipole-surface type energy transfer
from molecular dipoles to nano-metal sur-
faces, even at distances up to 22 nm. Lup-
ton et al.[15] discovered energy transfer from
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nanocrystals to single dye molecules that do not rely on the
spectral overlap between donor and acceptor. Instead, it in-
volves a non-resonant excitation energy transfer, implying strong
electron–phonon coupling of the carriers constituting the exci-
ton, as opposed to the dipole-dipole coupling in FRET processes.
Chen et al.[16] highlighted the absorption spectrum of perovskites
overlaps with the PL spectrum of Eu-TCPP MOF, suggesting the
possibility of FRET between Eu-TCPP MOF and perovskite lay-
ers. Similarly, Tan et al.[17] underscored that MOFs serve as excel-
lent platforms for triggering FRET mechanisms. Consequently,
we have summarized the recently reported energy transfer mech-
anisms between MOF and perovskite, as shown in Table S1 (Sup-
porting Information). Upon careful examination, we observe that
FRET typically occurs between MOF and perovskite. Building on
this insight, we delve into the discussion of FRET occurring be-
tween MOF and perovskite, aligning with the established litera-
ture on this subject.

Currently, FRET is used in perovskite photovoltaics, exerting
a significant impact on their photovoltaic performance. It per-
mits the nanoscale monitoring of molecular interactions, sup-
porting an in-depth comprehension of the complex processes
underlying perovskite photovoltaics, as well as the optimization
of device design and engineering strategies for the manufac-
ture of efficient and durable perovskite solar cells (PSCs).[18–21]

FRET is particularly effective in energy transfer among fluo-
rescent species, optimizing light energy absorption and utiliza-
tion within perovskite materials. Through fine-tuning FRET pro-
cesses, the spatial and spectral overlap between energy donor and
acceptor sections can be tailored, thereby maximizing the en-
ergy transfer efficiency.[22,23] This approach facilitates the rational
and precise design of functional materials by integrating diverse
molecular components into perovskite structures.[24,25] Impor-
tantly, researchers recognized the distinctive benefits of MOFs
as mediators and facilitators of FRET processes in perovskite
systems, which offer opportunities for boosting light harvesting
and charge carrier dynamics in perovskite photovoltaics.[26,27] Lee
and co-workers[28] reported that FRET between MOF and per-
ovskite might occur if it has a sufficient PL intensity and quantum
yield, which is helpful for enhancing the resultant photocurrent
of derived devices. Zhou and co-workers[29] discovered that the
In-BTC-assisted PSC indicates a significantly improved photo-
response, which was attributed to the FRET between In-BTC and
perovskite owing to the high overlap between the PL emission
spectrum of In-BTC and the UV–Vis absorption spectrum of per-
ovskite. Dou et al.[30] reported that the excitation peak of the Eu-
MOF overlaps accurately with the perovskite absorption, satisfy-
ing the criteria for efficient FRET from the Eu-MOF to the adja-
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cent perovskite layer. This result suggested that high-energy par-
ticles could be filtered by the Eu-MOF layer, which emits visible-
spectrum photons that are then utilized by the perovskite ab-
sorber below to increase the light energy utilization ratio of the
corresponding PSCs via down-conversion. However, comprehen-
sive studies addressing the influence of MOF design and synthe-
sis on FRET in perovskite systems remain scarce.

In this article, we have synthesized nanoscale (approximately
50–70 nm) HIAM-type Zr-MOF (HIAM-4023, HIAM-4024, and
HIAM-4025) materials (HIAM = Hoffmann Institute of Ad-
vanced Materials; 40 = Zirconium) with tunable emission wave-
lengths via tailoring and synthesizing three distinct organic link-
ers with distinct emission properties and subsequently combin-
ing them with Zr6 clusters. Supplemental Information supplies
detailed synthetic routes for the HIAM-MOF.[31,32] Interestingly,
we observed relevant FRET between HIAM-4023/HIAM-4024,
and the perovskite, as evidenced by pronounced spectral over-
lap, fluorescence lifetime decay, and calculated distances between
HIAM-4023/HIAM-4024, and the perovskite, meeting the pre-
requisites for FRET occurrence. In comparison, the PL emission
spectrum of HIAM-4025 closely overlaps that of the perovskite,
whereas the spectral overlap between its PL emission and the per-
ovskite’s absorption spectrum is relatively limited, impeding ef-
ficient energy transfer from HIAM-4025 to the perovskite. Thus,
the HIAM-4023 and HIAM-4024 assisted perovskite cells exhibit
enhanced EQE via FRET, while the HIAM-4025 shows simi-
lar EQE to the pristine devices. Furthermore, the HIAM-MOF-
assisted perovskite thin films demonstrate superior film quality
and a complete conversion of PbI2 into perovskite material. Even-
tually, the HIAM-4023-assisted photovoltaic device shows a high
PCE of 24.22%, with 9.8% enhancement compared with the pris-
tine device, and the unencapsulated PSCs exhibit enhanced long-
term stability under ambient and continuous light-soaking con-
ditions. This study provides valuable insights into the occurrence
of FRET in perovskite facilitated by MOFs.

2. Results and Discussion

In our investigation, we employed a meticulous approach to
study FRET between HIAM-MOFs with tailored emission wave-
lengths and perovskite material. To achieve this, we designed
distinct linker molecules by adjusting the number of amino
groups and modifying acceptor units in the organic linkers,
thus impacting the emission/absorption properties of the result-
ing MOFs.[31] This led to the synthesis of three HIAM-MOFs:
HIAM-4023, HIAM-4024, and HIAM-4025, with similar topo-
logical structures. The molecular structures of three organic
linkers, 2′-amino-5′-(7-(4,4′′-dicarboxy -[1,1′:3′,1′′-terphenyl]−5′-
yl)benzo[c][1,2,5] thiadiazol-4-yl)-[1,1′:3′,1′′-terphenyl]−4,4′′-
dicarboxylic acid (H4ABTTC) with one amino group, 5′,5′′′′-
(benzo[c][1,2,5] thiadiazole-4,7-diyl)bis(2′-amino-[1,1′:3′,1′′-
terphenyl] −4,4′′-dicarboxylic acid) (H4BTATC) with two amino
groups, and 5′,5′′′′-(naphtho [2,3-c][1,2,5] selenadiazole-4,9-diyl)
bis (2′-amino-[1,1′:3′,1′′-terphenyl] −4,4′′- dicarboxylic acid)
(H4NSATC) with the changed acceptor, were designed and
provided (Figure 1, left and Figure S1, Supporting Information).
The organic linkers H4ABTTC, H4BTATC, and H4NSATC were
employed to react with Zr6 clusters to form the corresponding
MOFs, HIAM-4023, HIAM-4024, and HIAM-4025, respectively
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Figure 1. a) The topological structure of HIAM-MOFs was synthesized via the combination of Zr6 clusters with the organic linkers of H4ABTTC, H4BTATC,
and H4NSATC. b) The powder X-ray diffraction (PXRD) patterns of PCN-808 and prepared HIAM-4023, HIAM-4024, and HIAM-4025. c) The normalized
solid-state photoluminescence (PL) emission spectra of HIAM-4023, HIAM-4024, and HIAM-4025. d) The HOMO–LUMO energy levels of H4ABTTC,
H4BTATC, and H4NSATC were computationally determined.

(Figure 1a). The remaining consistency between the experimen-
tal powder X-ray diffraction (PXRD) patterns of HIAM-MOF
and PCN-808 supports the high phase purity of the synthesized
material and the isoreticular nature (Figure 1b). Moreover,
the powder of HIAM-4024 exhibits photoluminescence (PL)
emissions with a peak maximum at 688 nm, indicating a 12 nm
bathochromic shift relative to HIAM-4023. This red shift in the
emission energy/wavelength confirms the inherent capability
of the amino group to effectively induce red-shift behavior.[33]

To further red-shift the emission wavelength towards a lower
energy range, we incorporated the lower electron density ac-
ceptor group naphtho[2,3-c][1,2,5]selenadiazole into H4BTATC
to form H4NSATC, employing it as the organic linker for the
synthesis of HIAM-4025, which emits with peak maxima at
788 nm (Figure 1c). Additionally, we compared the PL spectra
of HIAM-MOF and its organic ligand, as shown in Figure S2
(Supporting Information). We observed a slight blue shift in
HIAM-4023 compared to its organic ligand, which may be
attributed to a more uniform dispersion of the organic ligand
in the solution, leading to a weakening of 𝜋–𝜋 stacking and
causing the blue shift. However, we observed that the PL flu-
orescence testing of HIAM-4025′s organic ligand exhibited a
weak fluorescence peak, indicating a less precise peak position

and a relatively broad peak. In comparison to its organic ligand,
HIAM-4025 showed a subtle red shift. This phenomenon may
be attributed to the constraints imposed on molecular vibrations
and rotations within the framework after the formation of
the MOF, resulting in a slight red shift in the spectral peak.
The solid-state photoluminescence quantum yields (PLQY) for
HIAM-4023, HIAM-4024, and HIAM-4025 were determined to
be 2.2%, 1.1%, and 0.3%, respectively. Density functional theory
(DFT) calculations were applied to analyze the electronic struc-
tures of these organic linkers, providing theoretical support to
evaluate the influence of amino groups and low electron density
acceptor groups on the emission behavior of the designed linker
(Figure 1d). Upon the introduction of a single amino group to
H4ABTTC, yielding H4BTATC, a gradual increase in LUMO
energies from −2.57 eV to −2.34 eV was observed, while a more
pronounced increase in HOMO energies was noted, rising from
−5.53 eV to −5.17 eV. Consequently, the energy gaps between
the HOMO and LUMO were significantly reduced, decreasing
from 2.96 eV for H4ABTTC to 2.83 eV for H4BTATC. When
replacing the acceptor group benzo[c][1,2,5] thiadiazole with
naphtho [2,3-c][1,2,5] selenadiazole, resulting in the formation
of H4NSATC, a decrease of 0.4 eV in the LUMO energy and
an increase of 0.16 eV in the HOMO energy were observed,
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Figure 2. Scanning electron microscope (SEM), UV–vis absorption spectra, and the normalized solid-state excitation spectrum of a,d,g) HIAM-4023,
b,e,h) HIAM-4024, and c,f,i) HIAM-4025.

leading to a decrease of 2.27 eV in the energy gap for H4NSATC,
consistent with experimental findings.

The morphology of MOFs holds significance in evaluat-
ing their efficacy, particularly concerning perovskite films.[34,35]

Achieving nanoscale morphology in MOFs has become pivotal
for enhancing functionality and optimizing performance.[36,37]

The scanning electron micrographs (SEM) of HIAM-4023,
HIAM-4024, and HIAM-4025 depicted in Figure 2a–c high-
light their nanosized (50-70 nm) and rice-like morphology. Ad-
ditionally, the UV–visible absorption spectra reveal that HIAM-
4023 and HIAM-4024 exhibit comparable absorption patterns,
with the absorption band spanning 200–600 nm. In contrast,
the spectrum of HIAM-4025 exhibits a gradual bathochromic
shift in its spectrum, with the absorption band extending from
200 to 800 nm, in line with their respective emission energies
(Figure 2d–f). The peak values of the PL excitation spectrum were
observed at wavelengths of 546, 552, and 591 nm, corresponding
to the HIAM-4023, HIAM-4024, and HIAM-4025 samples, re-
spectively (Figure 2g–i). Table 1 provides a summary of the struc-
tures, absorption, excitation, emission properties, and quantum
yield of synthesized HIAM-MOFs.

In the investigation of potential energy transfer between the
three HIAM-MOFs and perovskite, it is considered the distinc-
tions between FRET, NSET, and NVET.[38] The choice of FRET
over NSET and NVET is motivated by its unique advantages for
the MOF and perovskite systems.[17,39] First, FRET is particularly
well-suited for describing energy transfer at closer proximity dis-
tances. NSET and NVET often rely on longer for efficient energy
transfer.[40,41] Second, FRET efficiency is strongly spectral over-
lap, allowing for fine-tuning of energy transfer efficiency by de-
signing the spectral overlap of the fluorescent system.[42] Last,

Table 1. Summary of the organic linkers and absorption, excitation, and
emission properties of the MOFs in this work.

organic
linkers

MOFs Emission
wavelength [nm]

Absorption
wavelength [nm]

Excitation
wavelength [nm]

H4ABTTC HIAM-4023 676 200–600 546

H4BTATC HIAM-4024 688 200–600 552

H4NSATC HIAM-4025 788 200–800 591

Adv. Sci. 2024, 11, 2307476 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2307476 (4 of 11)
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Figure 3. Spectral overlap between the PL emission spectrum of HIAM-MOFs and the absorption spectra of perovskite for a) HIAM-4023, b) HIAM-
4024, and c) HIAM-4025. d) The bar chart depicts the average of the final fitted lifetimes from five repetitions of TRPL for each of the six materials. Error
bars represent the standard deviation of five measurements for each film. The external quantum efficiencies (EQE) of the pristine, e) HIAM-4023, f)
HIAM-4024, and g) HIAM-4025-assisted PSCs.

FRET provided a more suitable energy transfer between HIAM-
MOFs and perovskite.[43] Therefore, considering the advantages
of FRET over NSET and NVET, we have chosen FRET as the pri-
mary mechanism to explore the potential occurrence of energy
transfer between the three HIAM-MOFs and perovskite.

To establish the potential occurrence of FRET between the
three HIAM-MOFs and perovskite, a crucial requirement is the
spectral overlap between the PL emission spectrum of HIAM-
MOFs and the absorption spectrum of perovskite.[15,44] This crite-
rion ensures the efficient transfer of energy from the excited state
of the HIAM-MOFs to the perovskite, allowing for the exploration
of energy transfer mechanisms and the evaluation of their influ-
ence on the optoelectronic properties and performance of hybrid
systems. To support the occurrence of the FRET mechanism, we
first performed an in-depth examination of the spectral overlap
between HIAM-MOF and perovskite. Spectral overlap exists be-
tween the excitation spectra of the three HIAM-MOFs and the
absorption spectrum of the perovskite, albeit with varying over-
lap areas (Figure 3a–c). Notably, substantial spectral overlap was

observed between the PL excitation spectra of HIAM-4023 and
HIAM-4024 and the perovskite absorption spectra. However, due
to different acceptor units, HIAM-4025 exhibited a pronounced
shift towards the near-infrared region, resulting in a substantially
reduced overlap between the excitation spectrum of HIAM-4025
and the absorption spectrum of the perovskite. The extent of spec-
tral overlap is quantitatively assessed by the integration of over-
lap (J(𝜆)), as determined by the calculation described in Equa-
tion (1):[45]

J (𝜆) =
∫
∞
0 FD (𝜆) 𝜀A (𝜆) 𝜆4d (𝜆)

∫
∞
0 FD (𝜆) d (𝜆)

(1)

where FD(𝜆) represents the normalized fluorescence intensity

of the HIAM-MOF emission (such as
∞
∫
0

FD(𝜆)d(𝜆)= 1). 𝜖A(𝜆)

represents the molar absorption coefficient of the perovskite
(M−1 cm−1). 𝜆 represents the wavelength of overlap (nm). We
quantified the degree of overlap between the PL excitation spectra

Adv. Sci. 2024, 11, 2307476 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2307476 (5 of 11)
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of HIAM-4023, HIAM-4024, and HIAM-4025 and the perovskite
absorption spectrum employing Equation 1, calculating the over-
lap integral of 6.63 × 1015, 6.50 × 1015, and 3.41 × 1015 M−1 cm−1

nm4 for HIAM-4023, HIAM-4024, and HIAM-4025, respectively.
This result emphasizes the impact of amino group incorporation
and low electron density acceptor units on the PL properties of
HIAM-MOFs, leading to a significant red-shift in the PL excita-
tion peak towards the near-infrared region and a gradual reduc-
tion of the spectral overlap with the perovskite absorption spec-
trum.

Additionally, the measurement of fluorescence lifetimes,
which serves as a reliable indicator of energy transfer and can
be utilized for determining FRET efficiencies, is another cru-
cial component of evaluating the occurrence of FRET between
HIAM-MOFs and perovskites.[46,47] Therefore, we conducted a
comprehensive investigation of the fluorescence lifetimes of
HIAM-MOFs and HIAM-MOF-assisted perovskites using a time-
resolved fluorescence spectrometer. This technique allowed us
to investigate the complex dynamics of fluorescence emission in
the presence of perovskite and to precisely determine the fluo-
rescence lifetimes associated with energy transfer processes be-
tween HIAM-MOFs and perovskites.[48,49] Comparatively, the flu-
orescence lifetimes of the HIAM-4023 and HIAM-4024-assisted
perovskite films decrease in comparison to HIAM-MOFs alone,
indicating effective energy transfer from HIAM-4023 and HIAM-
4024 to the perovskite, thereby improving the photonic utilization
efficiency of the perovskite. In contrast, the HIAM-4025-assisted
perovskite films exhibited a significantly prolonged fluorescence
lifetime, similar to the perovskite. This phenomenon can be at-
tributed to the overlap between the photoluminescence emission
peaks of HIAM-4025 and the perovskite material. Consequently,
our assessment suggests that the occurrence of FRET between
HIAM-4025 and the perovskite is unlikely. The FRET efficacy
serves as the proportion of excited-state energy transferred from
the donor molecule to the acceptor molecule, quantifying the fol-
lowing Equation 2.[50]

EFRET = 1 −
𝜏DA

𝜏D
(2)

where 𝜏D and 𝜏DA represent the fluorescence lifetime of the
HIAM-MOFs with and without the perovskite, respectively. Due
to the uncertainties in TRPL experiments, we conducted five rep-
etitions of TRPL experiments for each material, including HIAM-
4023, HIAM-4024, and HIAM-4025, along with their respective
perovskite-assisted thin films. The fluorescence lifetime decay
curves, fitted lifetimes, and experimental instrument response
function (IRF) can be found in Figure S3 (Supporting Informa-
tion). Subsequently, we performed an analysis of the average
and error bars for the TRPL fitting data of each film. The fi-
nal fitting results are presented in Figure 3d. The average life-
times of HIAM-4023, HIAM-4024 and HIAM-4025 were mea-
sured to be 2.42, 2.11 and 0.97 ns, respectively. Upon the in-
clusion of the perovskite materials, these lifetimes notably de-
creased or increased to 1.26, 1.17 and 7.54 ns, respectively. EFRET
was calculated using Equation 2, yielding an energy transfer effi-
ciency of 48% from HIAM-4023 to the perovskite and 45% from
HIAM-4024 to the perovskite, indicating effective energy transfer
from HIAM-4023 and HIAM-4024 to the perovskite. Addition-

Table 2. Summary of calculated FRET parameters between HIAM-MOF
and perovskite.

R0 [Å] r [Å] E [%]

HIAM-4023: perovskite 24.56 24.80 48

HIAM-4024: perovskite 21.81 22.46 45

HIAM-4025: perovskite 15.77 NA NA

ally, no FRET occurs between HIAM-4025 and the perovskite.
Furthermore, our investigation into HIAM-4023 and HIAM-
4023-assisted perovskite films via femtosecond transient absorp-
tion spectroscopy (fs-TAS) has yielded insightful results, as de-
picted in Figure S4 (Supporting Information). The pseudocolor
representations (Figure S4a,b, Supporting Information) reveal a
pronounced absorption feature near 620 nm for HIAM-4023. De-
tailed temporal analysis, extracted from Figure S4d (Supporting
Information) and displayed in Figure S4c (Supporting Informa-
tion), indicates a time-dependent quenching of the ≈620 nm fluo-
rescence peak, converging back to baseline and signaling a photo-
physical decay pathway. Notably, the perovskite’s absorption peak
around 760 nm exhibits a discernible redshift, which may suggest
an energy transfer from the HIAM-MOF to the perovskite.[51,52]

Selective probing at the ground state bleach peak of 620 nm al-
lowed us to ascertain decay lifetimes (Figure S4d, Supporting
Information), revealing a shortened lifetime within the HIAM-
4023-facilitated perovskite system. This observation aligns with
our TRPL findings and unequivocally supports the occurrence of
an efficient FRET process between the HIAM-4023 and the per-
ovskite.

To further validate the occurrence of FRET, the distance pa-
rameter between HIAM-MOF and the calcium titanium oxide
becomes crucial. Typically, a distance range of 10–100 Å between
the donor and acceptor is required to ensure that energy transfer
can take place between them.[53,54] The donor-acceptor distance
(r) and Förster distance (R0) between HIAM-MOF and perovskite
were calculated in Equations (3) and (4):[55]

R0 = 0.211
(
K2n−4QDJ (𝜆)

)1∕6
(3)

E = 1∕1 +
(
r∕R0

)6
(4)

where Förster distance (R0, in Å) is defined as the separation dis-
tance (R) between a single pair involved in FRET that corresponds
to an energy transfer efficiency of 50%. QD is HIAM-MOFs quan-
tum yield, K2(orientation factor) is the orientation of the transi-
tion dipole moment of the FRET pair and is typically assumed to
be 2/3, and n is the refractive index of the medium (perovskite
n ≈ 2.5).[56,57] We calculated the distances between HIAM-4023
and HIAM-4024 with the perovskite to be 24.80 and 22.46 Å, re-
spectively, satisfying the requirements for FRET to occur. Table 2
supplies an exhaustive summary of the specific parameters char-
acterizing FRET between HIAM-MOFs and perovskite.

Upon the previous discussion, we have confirmed the exis-
tence of FRET between HIAM-4023, HIAM-4024, and perovskite,
leading to increased light energy utilization in the perovskite
films with improved short-circuit current density (Jsc), as evi-
denced by the enhanced external quantum efficiency (EQE) of

Adv. Sci. 2024, 11, 2307476 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2307476 (6 of 11)
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Figure 4. The plan-view SEM and GIWAXS of the a,e) pristine, b,f) HIAM-4023, c,g) HIAM-4024, and d,h) HIAM-4025-assisted perovskite thin films. i)
Radial integration corresponding GIWAXS patterns and j) XRD. k) Steady-state PL and l) TRPL spectra of the pristine, HIAM-MOF-assisted perovskite
films. XPS regional analysis of m) Pb 4f and n) I 3d for pristine and HIAM-4023-assisted PbI2 films.

the perovskite films. Specifically, HIAM-4023 and HIAM-4024
efficiently transfer their energy to the perovskite upon excitation,
substantially increasing light absorption within the photoactive
layer. This correlates with a notable EQE enhancement at approx-
imately 600 nm. Incorporation of HIAM-4023 resulted in EQE in-
creasing from 23.96% to 24.45% (Figure 3e), while HIAM-4024
led to EQE rising from 23.96% to 24.33% (Figure 3f), indicating
relatively lower FRET conversion efficiency. Conversely, HIAM-
4025 did not exhibit Förster-type transfer to the perovskite, result-
ing in comparable EQE values of 23.96% and 24.05% (Figure 3g).
The enhanced EQE curve between 700 and 800 nm for three sam-
ples is attributed to the enhanced crystal quality of the perovskite
film.[30,58]

Subsequently, we performed a thorough analysis of the effect
of HIAM-MOF on both PbI2 and perovskite films. Nanoscale
HIAM-MOF was introduced into the PbI2 solution to enable the
fabrication of HIAM-MOF-assisted PbI2 thin film during the ini-
tial deposition step. The addition of HIAM-MOFs caused a visi-
ble change in the precursor solution’s appearance, transitioning
from clear to turbid with distinct color variations (Figure S5, Sup-
porting Information). The crystalline structure and orientation of
PbI2 film remained unchanged upon the introduction of HIAM-
MOFs, as confirmed by grazing-incidence wide-angle X-ray scat-

tering (GIWAXS) and XRD (Figure S6, Supporting Information).
UV–vis absorption spectra of both pristine and HIAM-MOFs-
modified PbI2 thin films showed no alterations (Figure S8a, Sup-
porting Information). To unveil additional insights into the opti-
cal and electronic properties of pristine and HIAM-MOF-assisted
perovskite film, we employed plan-view SEM to investigate the
morphological impact of HIAM-MOF on the perovskite film
(Figure 4a–d). The incorporation of HIAM-MOF has significantly
increased the perovskite grain size, which may be attributed to
a slower nucleation rate, providing a more controlled and favor-
able growth environment for the perovskite crystals.[59,60] Addi-
tionally, in comparison to the pristine one (Figure 4e), the in-
troduction of HIAM-MOF leads to a significant reduction in
intensity observed for the scattering ring at a low q value of
0.9 Å−1 (PbI2 phase), as clearly demonstrated in the GIWAXS
maps (Figure 4f–h). Figure 4i illustrates the radial integration
curves derived from the corresponding GIWAXS patterns to elu-
cidate this finding in greater detail. The HIAM-MOF-assisted per-
ovskite film demonstrates a distinct scattering ring at q = 1.0 Å−1

and a significantly suppressed scattering ring at q = 0.9 Å−1 in
contrast to the pristine, corroborating the XRD data (Figure 4j).
This concordance between the GIWAXS and XRD data further
validates the effect of HIAM-MOF on the structural properties of

Adv. Sci. 2024, 11, 2307476 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2307476 (7 of 11)
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Figure 5. a) Schematic of PSCs and b) cross-sectional SEM micrographs with a structure of ITO/SnO2/ HIAM-4023-assisted perovskite/PEAI/Spiro-
OMeTAD/Au. c) Trap density (Nt), d) Nyquist plot of the EIS of the PSCs based on pristine, HIAM-4023, HIAM-4024, and HIAM-4025. e) Current
density–voltage (J–V) curves under an AM1.5G solar simulator for devices. f) The stabilized power outputs of the pristine and HIAM-4023-assisted
devices were measured at voltages of 0.90 and 0.96 V in the ambient environment, respectively. g) Normalized PCEs of nonencapsulated devices
exposed to dry conditions (10% relative humidity) in the dark. h) Stability tests of unencapsulated solar cell devices exposed to continuous illumination
(1 sun) near the maximum power point with a white LED lamp at 20±5 °C in a nitrogen atmosphere.

the perovskite film, highlighting its potential for enhanced phase
purity and crystallinity.[61–63] Additionally, to verify the integrity
of HIAM-MOF within the perovskite, an excess of HIAM-MOF
material was introduced into PbI2, and perovskite layers were
prepared. Through XRD analysis (Figure S7, Supporting Infor-
mation), we observed small peaks around 2𝜃 ≈ 2.5° in all three
HIAM-MOF-assisted perovskites, consistent with the XRD peaks
of pure HIAM-MOF in Figure 1b. This suggests that the struc-
ture of HIAM-MOF is not disrupted during the solution process-
ing of perovskite, confirming its integrity within the perovskite
materials. The enhanced UV–vis absorption of perovskite films
with HIAM-MOFs was attributable to the efficient FRET pro-
cess (Figure S8b, Supporting Information). Steady-state photo-
luminescence (PL) (Figure 4k) results exhibited that the incorpo-
ration of HIAM-4023 into the perovskite film increased PL in-
tensity, pointing to effective nonradiative combination suppres-
sion, as confirmed by time-resolved photoluminescence (TRPL)
(Figure 4l). Fitting the experimental data of TRPL with the bi-
exponential function and the fitting parameters are summarized

in Table S2 in Supporting Information. The average carrier lifes-
pan of the HIAM-4023-assisted perovskite film (724.17 ns) was
significantly longer than that of the pristine film (107.1 ns), con-
firming an effective FRET provided by the HIAM-4023. More-
over, X-ray photoelectron spectroscopy (XPS) was employed to
investigate the elemental composition and chemical states of
the pristine and HIAM-MOFs-assisted Pb2 film. The entire, S
2p, and Se 3d XPS spectra survey are given in Figure S9 (Sup-
porting Information). The peak of Pb 4f and I 3d orbitals to-
wards higher binding energies in the HIAM-MOFs-assisted PbI2
film (Figure 4m,n and Figure S10, Supporting Information), in-
dicating interactions occurring between HIAM-MOFs and the
Pb2+ and I− elements with strengthened bonding and charge
redistribution.[64,65]

Subsequently, we investigated PSCs with a standardized con-
figuration of ITO/ SnO2/HIAM-4023-assisted perovskite/PEAI/
Spiro-OMeTAD/Au (Figure 5a), as endorsed by the cross-
sectional SEM micrographs shown in Figure 5b. The pristine
devices demonstrate comparable cross-sectional structures, with

Adv. Sci. 2024, 11, 2307476 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2307476 (8 of 11)
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noticeable differences in the perovskite grain size (Figure S11,
Supporting Information). Trap densities (Nt) of the devices
were quantitatively evaluated using space-charge limited cur-
rent (SCLC) analyses, which were carefully fabricated on hole-
only ITO/PEDOT:PSS/perovskite/spiro-OMeTAD/Au devices, as
shown in Figure 5c and Figure S12 (Supporting Information).
Notably, the Nt values were determined to be 5.58 × 1016

cm−3 for the pristine device, while significantly lower Nt val-
ues of 3.43 × 1015, 4.19 × 1015, and 4.62 × 1015 cm−3 were ob-
tained for the HIAM-4023, HIAM-4024, and HIAM-4025 as-
sisted devices, respectively. The inclusion of HIAM-4023 effec-
tively suppresses the formation of planar trap states, reduces
trap densities, and improves charge carrier transport proper-
ties within the perovskite material. Furthermore, the HIAM-
4023-assisted device demonstrates a significantly elevated built-
in potential of 1.06 V compared with the pristine (0.91 V)
(Figure S13, Supporting Information), providing compelling
evidence that the incorporation of HIAM-4023 effectively en-
hances charge transport and mitigates recombination losses at
the interface.[66] The HIAM-4023-assisted cells have a greater
charge recombination resistance (Rrec) than pristine, HIAM-
4024-assisted, and HIAM-4025-assisted cells, which can be at-
tributed to the low levels of defects in the perovskite layers
(Figure 5d).

The current density–voltage (J–V) profiles for varying concen-
trations of HIAM-4023 are shown in Figure S14 (Supporting In-
formation), with Table S3 (Supporting Information) providing
a comprehensive summary of the photovoltaic parameters. The
HIAM-4023-assisted cell achieves a notable power conversion
efficiency (PCE) of 24.22% (Figure 5e), with a Jsc of 25.16 mA
cm−2, an open-circuit voltage (Voc) of 1.184 V, and a fill fac-
tor (FF) of 81.31%, which is higher than that of the pristine
and other assisted devices (Table S4, Supporting Information).
The enhancements in FF and Voc are attributable to the incor-
poration of HIAM-4023, which improves the crystal quality of
the perovskite film by promoting the formation of larger par-
ticle sizes and suppressing the formation of defect states. The
increase in Jsc is due to FRET between HIAM-4023 and per-
ovskite material, consistent with a previous discussion regard-
ing the enhancement of EQE. The steady-state output powers,
determined at the maximum power point voltages, yield val-
ues of 21.53% and 23.77% for the pristine and HIAM-4023-
assisted devices, respectively (Figure 5f). To evaluate the poten-
tial impact of HIAM-4023-assisted on the long-term durability
of PSCs, a series of stability studies were conducted on un-
encapsulated devices exposed to varying environmental condi-
tions. The HIAM-4023-assisted device revealed remarkable long-
term stability, retaining 78.15% of its original PCE over 1800
h of exposure to dry environments (10% relative humidity). In
contrast, the PCE of the pristine device degraded significantly
by 35.72% under the same circumstances (Figure 5g). Mean-
while, when exposed to constant irradiation of 100 mW cm−2

LED white light with an LED solar simulator (model SLS-LED-
80) for 500 h, the HIAM-4023-assisted cell retained 77.92% of
its initial PCE, while the original device retained only 41.27%
of its initial PCE (Figure 5h). These results demonstrate the
significant stability advantage of the HIAM-4023-assisted de-
vice, confirming its superiority in a variety of environmental
conditions.

3. Conclusion

In summary, we have successfully synthesized nanoscale HIAM-
type Zr-MOF materials (HIAM-4023, HIAM-4024, and HIAM-
4025) with adjustable emission wavelengths by designing distinct
organic linkers. The integration of these linkers with Zr6 clusters
yielded well-defined MOF structures with tunable photolumines-
cence properties. Remarkably, the HIAM-4023 and HIAM-4024-
assisted perovskite cells exhibit enhanced EQE through FRET
processes, while HIAM-4025 demonstrates comparable EQE to
pristine devices. Moreover, the HIAM-MOF-assisted perovskite
thin films exhibit enhanced quality and full PbI2-to-perovskite
conversion. Notably, the HIAM-4023-assisted photovoltaic device
achieves a high PCE of 24.22% compared with pristine cells
(22.06%), demonstrating improved stability under ambient con-
ditions and continuous LED light exposure. The ability to tai-
lor MOF structures with precise control over their composition
and topology offers exciting opportunities for enhancing energy
transfer processes in perovskite-based devices.

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