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Confinement of MACI guest in 2D ZIF-8 triggers
interface and bulk passivation for efficient
and UV-stable perovskite solar cells¥
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The rational passivation of the defects at the buried interface plays a significant role in reducing energy
loss and improving the photovoltaic performance of perovskite solar cells (PSCs). Herein, we have
applied a metal-organic framework (MOF)-based host—guest system consisting of zeolitic imidazolate
framework-8 (ZIF-8) nanosheets confined with methylammonium chloride (MACI) to modify the SnO,/
perovskite interface. The MACl@ZIF-8 not only effectively reduces the oxygen vacancies on SnO,, but
also binds with the uncoordinated Pb?* and halogen ions at the bottom of the perovskite layer.
Moreover, the loaded MACL guest plays the role of both crystalline seeds involved in the formation of
ZIF-8@perovskite heterojunctions and organic cation vacancy passivators. Thus, the simultaneous
passivation of the buried interface and bulk phase of the perovskite is realized, and the photovoltaic
performance of devices is enhanced considerably with an optimal efficiency of 22.10%. The introduction
of MACLl@ZIF-8 also allows the device to achieve excellent moisture stability due to better crystallinity
and fewer phase defects. In particular, the UV shielding characteristic of the imidazole ligands in ZIF-8
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1. Introduction

After only one decade of development, perovskite solar cells
(PSCs) have already achieved a tremendous certified efficiency
of 25.7%." Yet, the power conversion efficiency (PCE) and long-
term stability of the devices are still worthy of the efforts to
meet the requirements for commercialization. To obtain a
higher PCE that gets closer to the theoretical Shockley-Queisser
limit efficiency (30.5%)> and better stability, many strategies
have been used to passivate the defects present at the interfaces
of the electron transport layer (ETL)/perovskite and perovskite/
hole transport layer (HTL) and in the bulk phase of perovskites,
including interfacial engineering,®* additive engineering,>®
and solvent engineering.”® Among them, it is significant and
necessary for PSCs to reduce the trap density at the buried
interface because the defect centers could lead to severe carrier
accumulation and non-radiative recombination.”'® The defects
on the surface of SnO, and at the bottom of perovskite seriously
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results in a significant increase in the UV resistance capability.

hamper device performance. More specifically, oxygen vacancies,
hydroxyl groups, and unsaturated coordinated metal atoms
commonly exist on the SnO, surface.""> For the bottom surface
of the perovskite, sub-micro-scale extended defects, contact-
induced reconstruction and inhomogeneity of halide lead are
regularly present.’*'* These deep-level defects are very vulnerable
and can induce interfacial reactions and open-circuit voltage loss
by becoming non-radiative recombination centers.*>'®

In the typical organic-inorganic halide perovskite, the ther-
mally unstable MA" tends to partially evaporate and escape
during the annealing process of the film. This could induce
component stoichiometry imbalance and bulk phase
defects."”*® Thus, many cation vacancies are left and result in
the unfavorable transfer of photogenerated carriers. Therefore,
cation vacancy compensation for MA-based perovskite becomes
an effective way to enhance device performance.

Bimolecular or host-guest passivation systems have been
explored to achieve dual passivation of the buried interface and
the bulk phase simultaneously. Zhu et al. developed a depth-
dependent manipulation strategy to modulate both the inter-
face defects and bulk defects by two kinds of molecules. Since
different sizes exhibit different permeabilities in the perovskite
layer, the defects at different locations can be passivated."®
Gritzel et al. also designed a host-guest method by employing
dibenzo-21-crown-7 (DB21C7)-loaded Cs" to form a well-defined
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host-guest complex, thus delivering Cs" ions into the interior
while modulating the perovskite. This provides a local nanoscale
doping gradient that supports photoinduced charge separation
while passivating surface and bulk defects, stabilizing the per-
ovskite phase through synergistic effects of the host, guest and
host-guest complexes.”® The defects at the buried interface and in
the bulk phase are prone to inducing severe carrier recombination
and both the PCE and long-term stability suffer from outside
environmental factors, which result in poor photovoltaic perfor-
mance. Therefore, a robust and functionalized modifier that
meets multiple passivation requirements is essential.

Metal-organic frameworks (MOFs) are a class of crystalline
inorganic-organic hybrid materials that have a wide range
of special characteristics.>’ Their multimodal porosity and
open architecture enable effective mass transmission. MOFs
also exhibit outstanding chemical and physical stability, lead-
ing to a wide range of applications in biology,** sensing,** and
catalysis.”* There have been some explorations of MOFs in the
field of PSCs. Nevertheless, these studies mainly focused on
three-dimensional (3D) MOFs, which were used as scaffolds or
modifiers.”>?® The relatively large size and insulation, which
are characteristic of 3D MOFs, impede their application in
PSCs. As two-dimensional (2D) materials, 2D MOFs are a series
of materials that possess regular porous structures with large
specific surface area,”” thus attracting much attention due to
their excellent properties such as tunable structure, rich active
sites, and outstanding physical and chemical stability.>®>°
In particular, 2D MOFs provide more exposed active sites than
3D MOFs, which enable them to be used to improve device
performance more effectively.**>* Jen et al. reported a thiol-
functionalized 2D conjugated MOF as an electron-extraction
layer at the perovskite/cathode interface to capture the leaked
Pb>" from the degraded perovskite by forming water-insoluble
solids; thus, excellent stability of devices was obtained and the
harmful effect on the environment was suppressed.** Therefore,
2D MOFs have sufficient capabilities and unique advantages in
the field of photovoltaics.

In this study, we synthesized 2D zeolitic imidazolate frame-
work-8 (ZIF-8) nanosheets by a unique mixed solvent method
and then embedded methylammonium chloride (MACI) into
the framework. The as-obtained MACI@ZIF-8 was applied as a
modifier to passivate the buried interface between SnO, and the
perovskite layer, which realized excellent dual-defect passivation in
both the buried interface and the bulk phase of the perovskite.
With the reduced non-radiative recombination and enhanced
electron transportation, the champion efficiency of the PSCs was
boosted from 19.61% to 22.10%. In addition, the UV-resistant
characteristics and crystallization-regulated roles of ZIF-8 empow-
ered the devices with improved UV and humidity stability.

2. Results and discussion

Fig. 1(a) shows the synthetic process of MACI@ZIF-8. The
framework of ZIF-8 is composed of the Zn ion as the node
and 2-MIM as the backbone, and MACI seeds are confined into
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the pores of ZIF-8 by post-treatment, leading to a host-guest
system. In this structure, the guest MACI seeds could produce
hydrogen bonds with the ZIF-8 host. Specifically, the N atoms
on the MACI had hydrogen-bond interactions with the N-H
groups on the ZIF-8 framework.*** Moreover, to synthesize 2D
ZIF-8, a mixed solvent (DMF and ethanol) method was devel-
oped to obtain uniformly sized ZIF-8 nanosheets (Fig. 1(b))
because the DMF-ethanol (aprotic-protic mixed solvent) pro-
vides an isomeric 2D coordination system. The steric effect of
DMF also impedes the aggregated growth of 2D products.*”
After the embedment of MACI, the morphology of MACI@ZIF-8
showed no obvious change (Fig. 1(c)), while the dynamic light
scattering (DLS) results exhibited a smaller size distribution
(Fig. 1(d)). It is possible that the intermolecular hydrogen
interactions between MACI@ZIF-8 and DMF molecules in the
form of C=0- - -H-N make a better dispersion.

XRD tests were performed to characterize the crystallinity
and purity of the prepared ZIF-8 and MACI@ZIF-8. Fig. 1(e)
shows the main diffraction peaks located at 7.3°, 10.4°, 12.7°,
and 18.1° corresponding to the (011), (002), (112), and (222)
planes of ZIF-8. Both samples exhibited excellent crystallinity
and the structure of ZIF-8 did not change much after loading
MACI, which also proves the excellent structure stability of
MACI@?ZIF-8. The FTIR results in Fig. S1 (ESIt) also confirmed
the high purity of ZIF-8 and MACI@ZIF-8,%° and no significant
changes in the FTIR peaks of the products were observed after
loading MACI. To verify that MACI seeds successfully occupied
the holes of ZIF-8, the specific surface areas of ZIF-8 and
MACI@?ZIF-8 were measured. As shown in Fig. 1(f), the specific
surface area of MACI@ZIF-8 is 166.75 m> g~ ', which is signifi-
cantly lower than 1014.95 m> g~ of pristine ZIF-8, indicating
that most pores of ZIF-8 are occupied by MACI. The pore size
distribution curves also confirmed the disappearance of the
pores (Fig. 1(g)).

MACI@ZIF-8 was redispersed in DMF and spin-coated on
the SnO, ETLs. Fig. 2(a) and (b) demonstrate the surface SEM
images of SnO, films without and with MACI@ZIF-8. Both films
exhibited compact and pinhole-free morphologies. Notably,
the MACI@ZIF-8-modified SnO, film is more uniform and
smoother. To determine the uniformity of MACI@ZIF-8 on
SnO,, we used EDS to analyze the distribution of the elements.
As shown in Fig. 2(c), the EDS mappings of Zn, N, and Cl
further identified the uniform distribution of MACI@ZIF-8 on
SnO,. The cross-sectional SEM image of MACI@ZIF-8-modified
SnO, also exhibited a smoother surface than pristine SnO,
(Fig. 2(d) and (e)). The root mean square (RMS) of the SnO,
ETLs was reduced from 5.96 to 4.83 nm according to the AFM
measurements (Fig. 2(f) and (g)). The transmittance of ZIF-8
and MACI@ZIF-8-modified SnO, slightly increased in compar-
ison to unmodified SnO,, as revealed by ultraviolet-visible
(UV-vis) spectroscopy (Fig. S2, ESIt). We hypothesize that the
increased transmittance is due to the even distribution of
MACI@ZIF-8, which induces possible optical coupling in the
MACI@ZIF-8/Sn0O, layer.?” In typical planar PSCs, the PCE of
the device is directly influenced by the transmittance, which
has a close relationship to the number of photogenerated
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Fig. 1 (a) lllustration of the synthetic process of MACI@ZIF-8. The SEM images of (b) pristine ZIF-8 and (c) MACl@ZIF-8. (d) DLS curves of ZIF-8 and
MACIl@ZIF-8 dispersants. (e) XRD patterns of ZIF-8 and MACl@ZIF-8. (f) N, adsorption/desorption isotherm and (g) pore size distribution.

carriers produced by the active perovskite layer. Additionally,
the contact angle of MACI@ZIF-8-modified SnO, film is 39.9°
(Fig. 2(i)), which is smaller than 49.4° for the pristine SnO,
(Fig. 2(h)). This change could be attributed to the smoother
surface and more hydrophilic sites exposed on ZIF-8. Reason-
ably, the smaller contact angle would facilitate the spreading of
the perovskite precursor solution and the subsequent growth of
the crystals.

Fig. 3(a) schematically demonstrates the interaction between
SnO, and ZIF-8. The presence of uncoordinated N and Zn atoms
at the edges of the ZIF-8 framework allows them to passivate the
defective sites on the SnO, surface®®* To verify the speculation,
the chemical states were investigated by XPS. As Fig. 3(b) shows,
the Sn 3d peaks of MACI@ZIF-8-modified SnO, shifted to lower
binding energy, while the -NH characteristic peak in the N 1s XPS
spectrum was reduced from 45% to 36% (Fig. 3(d)). Therefore, we
can infer that the electrons were transferred from the N atoms in
MACI@ZIF-8 to the Sn atoms in SnO,,*° which indicates that the
N atoms in the imidazole of ZIF-8 chemically interacted with the
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Sn atoms in SnO, to form Sn-N bonds.*" Thus, it is favorable to
reduce the number of dangling Sn bonds on the surface of SnO,.
Besides, the O 1s spectra are also divided into two peaks by
deconvolution (Fig. 3(c)), where the larger binding energy peak
corresponds to the vacancy oxygen and the lower one corresponds
to the lattice oxygen of SnO,. The fraction of oxygen vacancy
was reduced from 54% to 38% after MACI@ZIF-8 modification
(Table S1, ESIt), indicating that the oxygen vacancies on SnO,
were effectively passivated.’” Thus, the MACI@ZIF-8 modification
effectively eliminates trap states on SnO, and thereby creates
fewer barriers for electron transportation.

The energy levels of pristine SnO, and MACI@ZIF-8-modified
SnO, ETLs were investigated by ultraviolet photoemission spectro-
scopy (UPS). The valence band (Eyg), conduction band (Ecg), and
Fermi level (Ex) were derived from the results of UV-vis and UPS
spectra (Fig. S3, ESIt). The E of the ETL decreased from 3.82 eV
to 3.42 eV, which indicated that the ETL was more n-type and
was conducive to electron transfer.** Besides, the Ecy of MACI@
ZIF-8-modified SnO, moved up to a higher energy level of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Top-view and cross-sectional SEM images of (a), (d) SnO; and (b), (e) MACI@ZIF-8/SnO,. (c) EDS mappings of Zn, N, and Cl elements across
MACI@ZIF-8/SnO,. AFM images of (f) SnO, and (g) MACI@ZIF-8/SnO,. The contact angles of (h) SnO, and (i) MACl@ZIF-8/SnO,.
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Fig. 3 (a) Schematic diagram of the interaction between ZIF-8 and SnO,. (b) and (c) Sn 3d and O 1s XPS spectra of SnO, and MACI@ZIF-8/SnO5. (d) N 1s
XPS spectra of MACl@ZIF-8 and MACl@ZIF-8/SnO,. (e) Energy level diagram of the PSCs. (f) Current—voltage curves of the different ETLs sandwiched

between Au and FTO.

—4.01 eV, which was closer to the —3.93 eV of the perovskite
layer (Fig. 3(e)). Then, the perovskite/SnO, interface achieved a
favorable energy level alignment which led to less energy loss.
Furthermore, the conductivity of MACI@ZIF-8/SnO, was calcu-
lated from the I-V curves under a dark environment (Fig. 3(f)). The
equation ¢ = d/AR, where d is the thickness of the ETL, R is the
resistance, and A is the active area, is used to determine the
conductivities (¢) of different ETLs.** Consequently, the ¢ of
SnO,, ZIF-8/Sn0, and MACI@ZIF-8/SnO, are 6.67 x 10> S cm

This journal is © The Royal Society of Chemistry 2023

7.54 x 107> Scm™ " and 8.89 x 107> S cm™ ', respectively. Hence,
MACI@ZIF-8-modified SnO, exhibited the best conductivity. From
the results of the energy level discussed above, the greater n-type
character of MACI@ZIF-8 is conducive to electron transfer and
electronic conductivity.** Therefore, the extraction and transfer of
electrons from the perovskite layer to the ETL showed remarkable
improvement.

Here, we adopted the triple-cation mixed perovskite
((FA0.83MA0.17)0.95CS0.0sPb(10.83Bro.17)3) as the light-absorbing
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Fig. 4 (a)—(c) Top-view and (d)—(f) cross-sectional SEM images of perovskite films based on SnO,, ZIF-8/SnO, and MACI@ZIF-8/SnO,, respectively. The

insets are grain size distributions.

layer. With the buried interface passivated by 2D MACI@ZIF-8,
the perovskite film demonstrated optimized crystallinity and
larger grain size than the control sample. As shown in Fig. 4(a)-(c),
the perovskite grains on ZIF-8 or MACI@ZIF-8-modified SnO,
are larger and more compact than that on pristine SnO,. The
corresponding cross-sectional SEM images (Fig. 4(d)-(f)) also
clearly demonstrate that the modified perovskite films have
better crystallinity, especially for the perovskite based on MACI@
ZIF-8/Sn0O,, which shows larger grain sizes. The improved crystal-
linity could be attributed to the following. The surface of the
substrate is smoother after 2D MACI@ZIF-8 modification, which
is more conducive to the uniform growth of perovskite films with
larger grain sizes.*® (ii) The pre-buried MACI guest in the ZIF-8
host could first react with Pbl,/PbBr, in the perovskite precursor
solution and form perovskite seeds during the spin-coating
process, which is conducive to the oriented growth of perovskite
crystals.*® (iii) MACI could form the FAI-MABr-CsI-MACI-PbI,~
PbBr,-DMSO intermediate phase during the solution process,
expanding the time window for perovskite crystal growth and thus
yielding larger grains;*” accordingly, the MACI@ZIF-8-modified
perovskite films show stronger light absorption (Fig. S4, ESIf).
MACI@ZIF-8 modification provides a smoother surface and
slightly improves the transmittance of pristine SnO,. More
importantly, MACI@ZIF-8 modification results in high-quality
perovskite films with better crystallinity and a purer phase.
Thus, the absorption intensity of the perovskite layer based on
MACI@ZIF-8-modified SnO, is enhanced.

To further verify the crystallinity of the perovskite layer after
the buried interface modification, XRD patterns of the perovskite
films were obtained (Fig. S5, ESIT). The intensity of the main peak
of the perovskite film based on MACI@ZIF-8/SnO, was strength-
ened as compared to that of pristine SnO,. More importantly, the
intensity of the Pbl, diffraction peak of the ZIF-8 and MACI@ZIF-
8-modified perovskite films were greatly reduced as compared to
that of the pristine SnO,. This finding shows that 2D ZIF-8 may
significantly suppress the impurity phase in perovskite film by
reducing the amount of residual Pbl, at the buried interface.*®

6734 | J Mater. Chem. C, 2023, 11, 6730-6740

Based on the above findings, we investigated the photo-
voltaic performances of PSCs with and without MACI@ZIF-8
modification. The device had a planar n-i-p heterostructure
of FTO/SnO,/perovskite/Spiro-OMeTAD/Au. As schematically
illustrated in Fig. 5(a), MACI@ZIF-8 acts as an interlayer with
the effect of multi-passivation. On the one hand, the N and Zn
in ZIF-8 could heal the uncoordinated Pb>* and halogen ions
at the bottom of the perovskite layer.*®*° The XPS peak shift of
Pb 4f and I 3d in Fig. S6 (ESIt) indicated the interactions. On
the other hand, the MA" released from ZIF-8 could compen-
sate for the cationic vacancies. The J-V curves of champion
devices are shown in Fig. 5(b), the optimal MACI@ZIF-8-
modified device achieved an impressive PCE of 22.10% with
a high FF of 79.10%, Voc of 1.16 V, and Js¢ of 24.07 mA cm ™ 2.
As a comparison, the control device showed a relatively lower
PCE of 19.61% with FF of 77.15%, Voc of 1.10 V, and Jsc of
23.52 mA cm 2. Significantly, Voc was obviously enhanced
after passivating by MACI@ZIF-8, because MACI@ZIF-8 at the
buried interface made good contact between the perovskite
layer and the SnO, layer, which in turn accelerated electron
extraction and led to suppressed carrier recombination.
It should also be noted that the Cl1™ carried by the 2D modifier
could diffuse to the bulk phase of the perovskite during the
annealing process, which plays an effective role in regulating
perovskite crystallization and passivating the bulk defects.>*>"
To verify the light conversion capability of different devices,
the external quantum efficiency (EQE) spectra were obtained.
As shown in Fig. S7 (ESIt), the integrated jgc values of the
control device, and devices with ZIF-8 and with MACI@ZIF-8
were 23.16, 23.31 and 23.59 mA cm ™ 2, matching well with the
Jsc values obtained from the J-V curves. The EQE of the ZIF-8
device slightly increased as compared to the control, while the
MACI@ZIF-8 device showed the highest EQE values, espe-
cially in the 400-600 nm range, resulting in an integrated
Jsc enhancement. The increased EQE agrees well with the
enhanced light absorption mentioned above. Thus, more
photogenerated carriers will be generated when the incident

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Schematic illustration of the defect passivation mechanism. (b) Champion J-V curves of PSCs based on SnO, and MACl@ZIF-8-modified

SnOs. (c) Steady PCE out-puts at the MPP. (d) Statistical distributions of device parameters; M@Z is the abbreviation of MACl@ZIF-8.

light is absorbed by the active layer, facilitating the creation of
a larger current density.

The steady PCE out-puts at maximum power point (MPP)
were measured as shown in Fig. 5(c). With the optimized buried
interface and passivated perovskite bulk phase, the PCE of the
MACI@ZIF-8 device maintained nearly 21.35%, which is higher
as compared to 18.58% for the control device. The statistical
distributions of the performance parameters, including Vo,

Jsc, FF, and PCE, are shown in Fig. 5(d). The average value of
each parameter increased and showed excellent reproducibility
after the passivation of MACI@ZIF-8.

With the improved device performance, we further deter-
mined the mechanism of defect passivation at the buried
interface and perovskite phase. Fig. 6(a) shows the dark j-V
curves of devices with and without passivation. The MACI@
ZIF-8-modified device exhibited reduced dark current, which
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Fig. 6

(a) Dark J-V curves and (b) Nyquist plots of the PSCs. (c) Dark current—voltage curves of electron-only devices with the structure of FTO/SnO,/

perovskite/PCBM/Au. (d) Steady-state PL and (e) TRPL spectra of perovskite films based on different ETLs. (f) Mott—Schottky plots.
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proved that the device has less energy loss during operation.>
Electrochemical impedance spectroscopy (EIS) was conducted
under dark conditions to investigate the charge transfer
kinetics within the device. The resultant Nyquist plots are
shown in Fig. 6(b), and the series resistance (R;) and recombi-
nation resistance (R..) were obtained via an equivalent circuit
model.>*>* The fitting results showed that the R.. of the
MACI@ZIF-8-modified device was 8.5 kQ, which is larger as
compared to 2.5 kQ of the control device. This demonstrates
that the MACI@ZIF-8-modified devices could effectively sup-
press non-radiative recombination while also being more con-
ducive to charge transfer,”® which highly matched the results of
the dark J-V. It was further confirmed that the modification of
the buried interface by MACI@ZIF-8 accelerated the electron
transfer.”>® To evaluate the trap density of the perovskite films
on different ETLs, we performed space-charge limited current
(SCLC) measurements by employing the electron-only structure
of FTO/SnO,/perovskite/PCBM/Ag. Fig. 6(c) shows the current
of devices under applied bias voltage in the dark. The trap-state
density was calculated via the equation Vig, = eNtd*/2eqe.’”
From the SCLC curves, it was observed that the Vg, of the
device after introducing MACI@ZIF-8 decreased from 0.46 V to
0.30 V, and the calculated trap density of the MACI@ZIF-8-
modified device was 5.26 x 10"® cm™®, which is a significantly
reduced trap-state density as compared to the control device of
9.31 x 10" cm™>. This could be attributed to the advantages of
dual-passivation of the host-guest system. The non-radiative
recombination centers in the perovskite layer and at the buried
interface were significantly reduced and faster charge trans-
portation was realized. It is well known that the photovoltage of
a solar cell is directly related to its internal luminescence
ability.”® Here, we qualitatively demonstrate the reduction in
trap density by recording the difference in luminescence per-
formances of the two devices using a photophysical charac-
terization method.>® As shown in Fig. S8 (ESIt), the device
without MACI@ZIF-8 showed a localized uneven luminescence
under applied current and a weak maximum luminescence
intensity, while the MACI@ZIF-8-based device showed a uni-
form and more stable electroluminescence, which suggests that
the non-radiative recombination in the modified device is
suppressed.

Fig. 6(d) shows the steady-state photoluminescence (PL)
spectra. The PL peak intensity of the modified film is lower
as compared to that of the control sample, which indicates that
the introduction of MACI@ZIF-8 into the buried interface
facilitates the reduced number of non-radiative recombination
centers as well as higher electron mobility. In general, the
uncoordinated defects are regarded as recombination centers
and induce severe energy loss at the buried interface. The time-
resolved photoluminescence (TRPL) decay measurement was
also conducted to investigate the dynamics of photogenerated
carriers. Fig. 6(e) shows the fitted results with the bi-
exponential decay function. The decay curves are categorized
into two decay parts, namely, a fast decay (t,) related to the non-
radiative recombination at the interface and a slow decay (t,)
related to the radiative recombination in the perovskite bulk.®®
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The main fitted data are shown in Table S2 (ESIt). The average
carrier lifetime can be calculated by the following equation:

Tave = EAiTiz/Z AT,

The average lifetimes of 150 ns and 51 ns were obtained for the
control sample and modified perovskite film, demonstrating
the strengthened ability of the extraction and transportation of
electrons.®” Furthermore, to study the mechanism of the acceler-
ated electron transportation, the built-in potential (V,;) was deter-
mined by Mott-Schottky measurement and the plots are shown in
Fig. 6(f). It can be calculated via the following equation:

1/C* = 2(Vyi — V)/A’qeeoNy,

where C represents the capacitance of the charge depletion
layer, A is the area of the back electrode, g is the elementary
charge, Ny is the carrier density, and ¢ and ¢, represent the
dielectric constant and vacuum dielectric constant, respec-
tively. With the MACI@ZIF-8 modification, the device demon-
strated an increased V;,; from 0.93 V to 1.02 V and increased Ny
from 1.58 x 10" cm™ to 1.85 x 10"® em™?, which provided a
strengthened charge driving force. Due to the more n-type ETL
contributed to the extra built-in field, an enhanced V;; was
obtained.®®> The V},; not only facilitates photogenerated carrier
separation and collection but also contributes to the Voc.>
Thus, the increased V;; is also attributed to the enhancement of
Voc, which causes less energy 1oss.*

The long-term stability performance was also investigated.
In general, ZIF-8 could absorb the photons whose energies were
lower than its bandgap due to the low-energy absorption
property of the 2-MIM ligand.®*®® Therefore, the UV absorption
characteristic of ZIF-8 prevented the decomposition of the
perovskite layer, induced by UV radiation, as illustrated in
Fig. 7(a). With the shielding of the MACI@ZIF-8 layer, the
perovskite film maintained a high absorption capability after
200 hours of UV irradiation, whereas the perovskite film with-
out MACI@ZIF-8 exhibited severe UV-induced deterioration
with an obvious characteristic absorption edge of PbI,
(Fig. 7(b)). Fig. 7(c) and (e) show the SEM images of perovskite
films aged for 100 h without and with the MACI@ZIF-8 layer.
There was obvious phase degradation as compared to the
passivated sample. To more visually monitor the decomposi-
tion process, the perovskite films were stored in air at a relative
humidity of around 65%. Fig. 7(d) shows the photographs of
the surface morphological changes of the samples. After sto-
rage for 800 h, the control perovskite film became completely
yellow, while the perovskite film with MACI@ZIF-8 maintained
a much slower rate of decomposition. The corresponding XRD
patterns of perovskite films aged for 100 h maintained good
crystallinity (Fig. 7(f)). In agreement with the photograph, the
perovskite film without MACI@ZIF-8 showed a stronger peak of
Pbl,. In comparison, the perovskite film with MACI@ZIF-8
passivation exhibited an almost invariable Pbl, peak, indicat-
ing the excellent stability of passivated perovskite film crystals
under the attack of moisture. The perovskite films with greater
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Fig. 7 (a) Schematical illustration of the UV shielding effect of the MACI@ZIF-8 layer. (b) Absorbance spectra of perovskite films after UV irradiation. SEM

images of humidity aged (RH = 65%) perovskite films (c) without and (e) with MACl@ZIF-8. (d) Photographs of the perovskite films after aging. (f) XRD
patterns of the aged perovskite films. (g) UV stability and (h) humidity stability of devices based on different ETLs without encapsulation.

crystallinity and larger grains are more resistant to moisture
and have better long-term stability.*®

Finally, the photovoltaic performance evolution versus time
was investigated. As Fig. 7(g) shows, the device with MACI@ZIF-
8 can maintain 86% of its original efficiency after 500 hours
under UV light exposure. Nevertheless, the efficiency of the
control group was below 60% under the same conditions.
Moreover, the stability of unencapsulated devices, when
exposed to humidity, was tested and the results are shown in
Fig. 7(h). The efficiency of the device with MACI@ZIF-8 main-
tained more than 90% of the original efficiency after 500 h of
storage, while the control device only kept less than 60% of its
primary efficiency. The enhanced stability can be ascribed to
better perovskite crystallinity with a reduced trap state, making
the overall device less prone to moisture degradation.®’

3. Conclusion

We have developed a dual-passivated strategy to reduce the trap
density of both the buried interface and perovskite bulk by
incorporating a MOF-based host-guest system. Thanks to the
robust 2D ZIF-8 and the deep passivation of MACI during the
annealing process, the N and Zn in the ZIF-8 host could
passivate the uncoordinated Pb** and I /Br~ at the bottom of
the perovskite layer, as well as facilitate van der Waals interactions

This journal is © The Royal Society of Chemistry 2023

with the SnO,. Moreover, the MACI guest could provide MA" to
compensate for cation vacancies in the perovskite layer. There-
fore, the MACI@ZIF-8 played a bi-functional passivation role in
not only optimizing the buried interfacial contact but also healing
the defects of the perovskite bulk phase. As a result, significantly
enhanced device performance was obtained and a champion PCE
of 22.10% was achieved. Simultaneously, due to the anti-UV
characteristic of ZIF-8 and dual-passivation of the host-guest
groups, the UV and humidity stability of devices were more
prominent than in the pristine devices. Consequently, the MOF-
confined MACI in our study provides an innovative perspective
and effective method for passivating the buried interface and even
other aspects of device defect management.
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