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Interfacial alloying between lead halide
perovskite crystals and hybrid glasses

Xuemei Li1, Wengang Huang1, Andraž Krajnc 2, Yuwei Yang3, Atul Shukla 4,
Jaeho Lee 1, Mehri Ghasemi5, Isaac Martens 6, Bun Chan 7,
Dominique Appadoo8, Peng Chen9, Xiaoming Wen 5, Julian A. Steele4,9,
Haira G. Hackbarth3, Qiang Sun10,11, Gregor Mali 2, Rijia Lin1,
Nicholas M. Bedford3, Vicki Chen1,12, Anthony K. Cheetham 13,
Luiz H. G. Tizei 14, Sean M. Collins 15, Lianzhou Wang 1,9 & Jingwei Hou 1

The stellar optoelectronic properties of metal halide perovskites provide
enormous promise for next-generation optical devices with excellent con-
version efficiencies and lower manufacturing costs. However, there is a long-
standing ambiguity as to whether the perovskite surface/interface (e.g. struc-
ture, charge transfer or source of off-target recombination) or bulk properties
are the more determining factor in device performance. Here we fabricate an
array of CsPbI3 crystal and hybrid glass composites by sintering and globally
visualise the property-performance landscape. Our findings reveal that the
interface is the primary determinant of the crystal phases, optoelectronic
quality, and stability of CsPbI3. In particular, the presence of a diffusion
“alloying” layer is discovered to be critical for passivating surface traps, and
beneficially altering the energy landscape of crystal phases. However, high-
temperature sintering results in the promotion of a non-stoichiometric per-
ovskite and excess traps at the interface, despite the short-range structure of
halide is retained within the alloying layer. By shedding light on functional
hetero-interfaces, our research offers the key factors for engineering high-
performance perovskite devices.

Lead halide perovskites feature exceptional optoelectronic properties
such as high light-to-energy conversion, emission colour purity, and
photoluminescence quantum yield. These characteristicsmake them a
popular candidate for next-generation semiconductingmaterials to be

used within solar panels, sensors, and light-emitting diodes (LEDs)1–3.
Great effort has been spent in uncovering themechanistic aspects that
contribute to their exceptional performance and finding the origin of
their large absorption coefficients, low exciton binding energies, and
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long carrier diffusion lengths and lifetimes4–6. Although immense
effort has been devoted to device development, a practical application
of perovskites is still hampered by their low stability in multiple
aspects7,8. For instance, in addition to being susceptible to light, polar
solvents and oxygen, the hybrid perovskite formamidinium lead
iodide (FAPbI3), which is popular in solar energy conversion, is sus-
ceptible to cation sublimation9,10. Although inorganic perovskites like
CsPbI3 overcome thermal stability issues, polymorphism remains a key
challenge, where the optoelectronically active α-, β- and γ-phases exist
exclusively at elevated temperatures (>250 °C), with the inactive δ-
phase being thermodynamically favoured at ambient temperatures6,11.

One common strategy for addressing these challenges associated
with pureperovskite compounds is to composite themwith secondary
components12,13. Within this context, organic ligands, polymers, inor-
ganic zeolites and glasses, and recently metal–organic frameworks
(MOFs) have all been studied, with each type having its own advan-
tages, and simultaneously disadvantages14–18. Understanding the
behaviour and function of the interface inside the composites is cri-
tical. Such knowledge will further aid in the development of more
efficient and stable devices: perovskites are typically sandwiched
between electron and hole transport layers in LEDs and solar panel
systems, and the properties of these interfaces can be critical to device
performance19. Surface traps have long been a source of confusion and
usually detrimental to the performance and stability of perovskites20,
even though they are typically considered as defect-tolerant
materials21. On the other hand, chemical disorder can also capture
diffusing carriers over micrometre-length scales, resulting in radiative
recombination, outcompeting the capture of carriers in more elec-
tronically disordered and trap-rich regions22. However, studying both
positive and negative effects from the interface remains a difficult task
since most high-performing composites are not sufficiently stable to
keep their original properties/functions against prolonged exposure
to handling and inspection23,24. Other composites may lack a distinct
chemical and/or physical contrast between two phases, reducing the
capacity to extract important interfacial information25.

MOF hybrid glass perovskite composites offer a unique oppor-
tunity to pinpoint the interface. The rich structural, chemical, and
physical features, as well as the contrasts across phases, allow for the
controlled isolation and investigation of the interfaces in composites
and the establishment of property-performance correlation. In parti-
cular, these high performing composites are stable for characterisa-
tion by electron, synchrotron X-ray, and Terahertz beams and storage
under ambient conditions26. Herein, we fabricated a series of hybrid
glassy perovskite composites via sintering, anduncovered theoriginof
their exceptional performance. The atomic-level chemical and struc-
tural profile of the CsPbI3 and hybrid glass composite are mapped
using a combination of advanced characterisations, revealing the
controllable formation of interdiffusion alloying layer during sintering.
The layer stabilises CsPbI3 optoelectronic phases and passivates its
trap states. On the other hand, alloying can create non-stoichiometric
perovskite regions and quenches photoluminescence after high-
temperature sintering, despite the preservation of short-range rigid
halide structures in the nanometre-thick alloying layer (Fig. 1a).

Results
Fabrication of composites
The crystal-glass composites were fabricatedwith pre-formed agZIF-62
(ag refers to amorphous glass) [Zn(Im)1.95(bIm)0.05] (Im: imidazolate
and bIm: benzimidazolate) and mechanochemically produced CsPbI3
powders, with detailed procedures in Supplementary Information.
Given the polymorphism nature of CsPbI3, computational chemistry
(at the xTB level) was applied to investigate its energyprofiles. First, we
calculated the energies of pure α (cubic) and δ (orthorhombic) CsPbI3
with periodic boundary conditions, finding that the δ-phase was more
stable by 18 kJmol–1 perCsPbI3 unit. This is qualitatively consistentwith

experimental observations andprovides a degreeof confidence for the
use of xTB for further investigations. We then used several molecular
cluster models to evaluate the energetics of surface formation to
reveal the energy landscape of the CsPbI3 within composites. Figure 1b
shows two of the representative products between a fragment of the
CsPbI3 surface and an agZIF-62 fragment. They were two of the most
stable structures that we identified, with ligand exchange at the
interface. The generation of the interfacial α-phase product was more
exothermic than that of the δ-phase product. At the xTB level, the
reaction energies were −1224 (α) and −1033 (δ) kJ mol–1. The difference
was sufficient to overcome the inherent stability of the δ-phase over
the α-phase (18 kJmol–1 per CsPbI3 unit, and thus by ~150kJmol–1 for
the surface models with 8 or 9 units). The calculation results indicate
the interfacial bond favours the formation of optoelectronically active
phases of CsPbI3 within composite.

An arrayof compositeswas then fabricatedwithdifferent agZIF-62
and CsPbI3 ratios and sintering temperatures. ZIF-62 glass, instead of
ZIF-62 crystal, was implemented to promote the formation of adaptive
interfaces within the composites, given its higher enthalpy and lower
temperature required to access the viscous flowing state27. The com-
posite samples were hereby referred to as (CsPbI3)(agZIF-62) (X/Y)
(prior to sintering) and (CsPbI3)X(agZIF-62)Y (after sintering), where X
and Y are the percentage mass of each component, with X values
ranging from 1 to 85. Sintering pure CsPbI3 at temperatures greater
than 320 °C transformed the non-perovskite δ-phase into an optoe-
lectronically active cubic perovskite α-phase, which returned to an
inactive δ-phase during returning to ambient (Supplementary
Fig. 1)6,28. Ex situ X-ray diffraction (XRD) revealed that the CsPbI3
structureswithin the compositeswere highlydependent on its fraction
and the sintering temperature (Fig. 1c and Supplementary Fig. 2). Prior
to sintering, the powder mixtures exhibited poor crystallinity as
expected for the mechanochemically synthesised CsPbI3. Following
the sintering process, CsPbI3 crystallinity enhanced with several pha-
ses emerged on top of two agZIF-62 broad peaks (centred near 15 and
35°). Higher sintering temperatures and lower CsPbI3 loading, in gen-
eral, can better preserve the CsPbI3 perovskite phase. Figure 1d and
Supplementary Fig. 3 shows a summary of the relative proportion of
active γ-CsPbI3 phase within the composites. After sintering at 350 °C,
(CsPbI3)0.4(agZIF-62)0.6 can achieve nearly complete preservation of
the γ-phase, and further increase of the CsPbI3 loading resulted in a
mixed active γ- and inactive δ-phases. In situ XRDwas used to track the
sintering-induced phase changes in (CsPbI3)(agZIF-62)(40/60) (Sup-
plementary Fig. 4), showing the emergence of active phase CsPbI3
from 150 °C, which was substantially lower than the intrinsic phase
transition temperature of pure CsPbI3 near equilibrium (320 °C). Fur-
ther heating improved the crystallinity and the proportion of per-
ovskite crystal formed. High resolution in situ synchrotron powder
XRD further proved the phase evolutions are highly dependent on the
loading of the perovskites, where the optoelectronically active phase
can not be effectively preserved within composite when the CsPbI3
loading is higher than 40% (Supplementary Fig. 5). After sintering, the
composite showed a smooth and continuous surface morphology,
with clear phase contrast under scanning electron microscope (SEM,
Supplementary Fig. 6).

Stable optical performance
The composites exhibited characteristic red-emitting PL under UV
excitation, originated from the stable formations of active γ-CsPbI3
phase (Supplementary Fig. 7), with their relative intensity of emissions
charted in Supplementary Fig. 8. The overall PLmaximumwas realised
by (CsPbI3)0.25(agZIF-62)0.75 at 275 °C sintering. The corresponding
maximum intensity of the PL emission from composites with different
CsPbI3 loadings occurred at different sintering temperatures: gen-
erally, samples with greater CsPbI3 loadings achieved their PL maxima
at a lower temperature: e.g. (CsPbI3)0.01(agZIF-62)0.99 showed a PL
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maximum for sintering at 300 °C whereas (CsPbI3)0.85(agZIF-62)0.15
showed a PL maximum for sintering at 225 °C. Similar behaviour was
also identified for the PL quantum yield (PLQY), with the highest PLQY
of 81.3% for (CsPbI3)0.05(agZIF-62)0.95 at 275 °C sintering (Fig. 2a). This
value is greater than the majority of previously reported CsPbI3

29–33.
With increased CsPbI3 loading, the PL peak red-shifted first and then
blue-shifted (Supplementary Fig. 9), which was paralleled by similar
changes in the γ-phase absorption edge shown in the UV–Vis absorp-
tion spectra (Supplementary Fig. 10). The composites demonstrated
photostability under continuous excitation, showing negligible shifts
in the peak position and variation in intensity during the test (Fig. 2b).

Scanning transmission electron microscopy (STEM) based cath-
odoluminescence (CL) further demonstrated that the CsPbI3
nanometre-scale particles were indeed the source of the light emitted,
and the luminescence properties of the composite exhibited different
characteristics at the bulk nanocrystals and the interface regions
(Fig. 2c–f). The emission spectra from these particles peaked at around
710 nm (Fig. 2e), and the inter-particle emission peak wavelength var-
ied in the +/−5 nm range based on a Gaussian model fitting of the

dataset (Supplementary Figs. 11–12). In this field of view, selected to
highlight a wide distribution of particles while still resolving individual
grains, the variation of the emission intensity was not directly related
to the size of the particles, indicating the quantum confinement was
not the main contributor to the strong light emission. The width
parameter σ of the Gaussian fitted to the emission spectra had a ten-
dency for larger value at the edge of the particles (Fig. 2f). Histograms
of the fitted coefficients for the data acquired across a relatively large
(6.9 µm2) projected surface showed that the sample was quite homo-
geneous (Supplementary Fig. 12). In addition, correlations between
emission peak centre wavelength with its width and intensity were
observed (2D histograms in Supplementary Fig. 12). It is worth men-
tioning that to achieve single particle emission profile STEM lamellae
samples were prepared by focused ion beam (FIB), which is known to
be prone to damaging perovskites and to quenching CL emission.
Some nanocrystals visible in the STEM image, particularly those at the
surfaces of the lamella, are accordingly not expected to show strong
emission. However, the FIB lamellae emitted light at the same wave-
length and with the same emission spectral shape as those powder

Fig. 1 | Fabrication of (CsPbI3)X(agZIF-62)Y composites. a Schematic diagram of
the CsPbI3 phase transition and evolution of the interfacial atomic structures dur-
ing sintering. Arrows indicate the progress of sintering. b Schematic diagram of the
DFT calculation for composites with different CsPbI3 crystal phases. c Ex situ XRD

patternof (CsPbI3)X(agZIF-62)Y composites sintered at 350 °C. X-ray λ: 1.5406Å.d γ-
phase CsPbI3 proportion within of different (CsPbI3)X(agZIF-62)Y composites, as
retrieved from Rietveld refinement of the XRD profiles.
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samples prepared by crushing the composite using a mortar and a
pestle, confirming the strong stabilisation effects within the
composites.

The PL emission properties from pure perovskites are closely
related to their underlying crystal structures and trap states. Enhanced
crystallinity should reduce bulk and surface defects, suppressing non-
radiative exciton recombination and enhancing PL emission34,35. The
data presented here, on the other hand, clearly illustrates the presence
of additional prominent effects within the composites, such as the fact
that a higher sintering temperature (e.g., >300 °C) enhances crystal-
linity of the active CsPbI3 but dramatically reduces the PL for all
composites. The PL spectra of (CsPbI3)0.40(agZIF-62)0.60 is plotted on a
log scale against photon energy to elucidate the nature of the trap
states for the composites (Fig. 2g and Supplementary Fig. 13). PL
emissions consist of a primaryGaussian-typepeakand can contain tails
on the low-energy shoulders usually being associated with the for-
mation of near-edge traps36. For the case of CsPbI3 perovskite, the
lower-energy Urbach tail is typically associated with disorder at the
crystal surface37,38.The Urbach tail slopes for composites remained
generally unchanged as sintering temperature increased, demon-
strating that the defects at the crystal surface can be well passivated
even at the early stages of sintering. This is consistentwith thefittingof
PL spectra with a two-Gaussian function (Supplementary Figs. 14, 15)39,
in which the lowenergypeaks contributed only aminor tomodest part
of the overall intensity.

Composite property evolution during sintering
Differential scanning calorimetry (DSC) can reveal overall information
on the thermodynamic and kinetic phase transitions, interfacial
interactions and particle aggregations during sintering. DSC curves of
pure CsPbI3 and agZIF-62 were relatively featureless except for their
phase transition (δ- to α-CsPbI3, ca. 320 °C) and Tg (agZIF-62, ca.
290 °C) (Supplementary Fig. 1 and Supplementary Fig. 16a). In con-
trast, a broad endothermal peak for the composites began to develop

at temperatures as low as 110 °C (Fig. 3a) during the first heating ramp
(with negligible weight loss, Supplementary Fig. 16b), and the cooling
and 2nd heating ramp were featureless, except for the Tg. The endo-
thermal enthalpy of the composite (ca. from 110 to 190 °C) was much
greater and wider than the phase transition enthalpy of the corre-
spondingCsPbI3. Furthermore, the Tg of the composite decreasedwith
higher CsPbI3 loading, implying that the compositing increased
entropy and changed the chemical composition of the agZIF-62 phase
(Fig. 3b and Supplementary Fig. 17).

Particle coarsening and the evolution of a diffusion layer at the
interface were identified via the synchrotron X-ray small angle scat-
tering (SAXS) on (CsPbI3)0.1(agZIF-62)0.9 composites (Fig. 3c and Sup-
plementary Fig. 18). Within the measured scattering vector (q) range,
higher temperature sintering coarsened small CsPbI3 particles parti-
cularly when temperature approached the Tg (275 °C), where the vis-
cous flow rates ofMOF liquid facilitated the diffusion of the perovskite
particles. This also suggested the DSC endothermic feature at ca.
110–190 °C was predominately attributed to phase transition and
interfacial interaction, instead of particle coarsening. Further analysis
of the SAXS with the Porod’s plot (Fig. 3d) showed higher sintering
temperature led to more significant positive deviation from the Por-
od’s law40, i.e., limq4I(q)=Kwhen q→∞, where q is the scattering vector,
I(q) is the scattering intensity and K is the Porod constant. The Porod’s
law describes a system with sharp phase boundary with clear contrast
of electron density. The positive deviation may originate in the micro-
fluctuations of electron density within the sample, indicating the
evolution of a diffusion layer along with sintering.

The development of interfacial bonding within the composites
was studied with in situ temperature-resolved synchrotron terahertz
(THz) FarIR vibrational spectroscopy (Supplementary Fig. 19). The
primary characteristics of (CsPbI3)(agZIF-62)(10/90) can be attributed
to Zn-N stretching (ca. 300 cm−1) and the aromatic ring deformation
(ca. 670 cm−1) (Supplementary Fig. 20)41. Additional features (ca. 135
and 275 cm−1) associated with Zn-I formation emerged from ca. 110 °C
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Fig. 2 | Light emission profile of the composites. a PLQY of different
(CsPbI3)X(agZIF-62)Y composites. b Evolution of PL spectra under constant laser
excitation (440nm with 82mW/cm2) for (CsPbI3)0.05(agZIF-62)0.95. c High angle
annular dark field (HAADF) image, d integrated CL intensity map around the main

emission peak at 710 nmand e selectedCL spectra in the regions of interestmarked
in (c) and (d) panel. f represents the Gaussian fitted σ (nm) values. Scale bar,
200 nm. g PL spectra for (CsPbI3)0.40(agZIF-62)0.60 composite shown in log scale.
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(concurrent with the endothermal feature in DSC), visible in the 2nd
derivative of the in situ spectra (Fig. 3e). With further increase of the
sintering temperature, the Zn-I features gradually intensified and
remained substantially invariant after cooling. Similar behaviour was
found in other composite samples (Supplementary Figs. 21–24), and
the variation of bonding environment was confirmed by X-ray photo-
electron spectroscopy (XPS) (Supplementary Figs. 25–26).

Element specific atomic-scale structures at the interface
Solid state nuclear magnetic resonance (SS-NMR) spectroscopy can
shed a clear picture on the Cs chemical environment evolution. It
identified a nice interplay between different perovskite phases and the
greatest proportional contribution of interfacial Cs occurred at 250 °C
sintering, correlating with the fluctuation in PL intensity against dif-
ferent sintering temperature. The disordered nature of the glassy
matrix was confirmed by the broad 1H and 13C NMR spectra (Supple-
mentary Fig. 27)42. In the 133Cs NMR spectra (Fig. 4a), for the sample
without sintering, the narrow peaks at ca. 260 ppm and 280 ppmwere
attributed to δ-CsPbI3 and CsI, respectively. The broad, low-amplitude
signals extending between 0 and ca. 350 ppm were attributed to
poorly crystalline, highly defective CsPbI3, as expected for mechan-
ochemically synthesised perovskites26. After sintering, the broad con-
tributions and CsI peaks diminished, and the major signals stemmed
from γ-CsPbI3. Notably, the asymmetric ‘shoulder’ of the γ-CsPbI3
peaks (belowca. 160ppm, Fig. 4a)was related to the γ-CsPbI3 impacted
by the chemical environment at the interface, directly in contact with
glassymatrix, forminggradient interdiffusionandmodifiedbonding at
the interface. In addition, 1H-133Cs cross-polarization magic angle

spinning (CPMAS) NMR showed a non-negligible cross-polarization
transfer between the protons of agZIF-62 and the “shoulder-peak” of γ-
CsPbI3 at the interface (Fig. 4b), pointing to close proximity between
the imidazole ligands and Cs atoms. This interfacial Cs contribution
was the most substantial for the composite sintered at 250 °C, and
gradually decreased along with higher sintering temperature and
particle coarsening, showing similar tendency to the variation of PL
intensity against different sintering temperatures.

Extended X-ray absorption fine structure (EXAFS) and wavelet
transforms (WTs) were performed on to explore the change of Zn and
Pb coordination environments through sintering (Supplementary
Figs. 28–29), and to identify the change of the first layer structure for
these atoms. Wavelet transformation (WT) provides complementary
information to FT (Fourier transform)-EXAFS, which can help differ-
entiate different coordinating pairs at similar atomic distances. EXAFS
spectra and wavelet transform contours of the Zn K edge (Fig. 4c–e
and Supplementary Fig. 29) revealed both samples exhibited main
peaks at theR spacedistanceof ca. 1.5 Å, corresponding to thedistance
of Zn-N pairs. The local environment of the Zn prior to sintering was
identical in the crystalline ZIF-6243, indicating Zn atomsmaintains their
tetrahedral configuration within the composites. After sintering, the
emerging peak at ca. 2.7 Å can be assigned to Zn-I, in good agreement
with the THz results, which are assigned to Zn ions taking the place of
VCs (Cs vacancy), as it has the lowest transition level among all kind of
defects44. Change to the Pb local environmentweremorepronounced,
particularly considering the evolution of disparate crystal structures
(Fig. 4f–h and Supplementary Fig. 30). The peaks prior to sintering
located at ca. 1.7 Å and 2.8 Å can be assigned to Pb-O and Pb-I,
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1st up-scan
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Onset: 268°C
Mid: 281°C

Tg

175°C
200°C
225°C
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225°C
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275°C
300°C
325°C

25°C
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110°C
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d e

Fig. 3 | Evolutionof interfacial interactionduring the sintering. aDSC results for
(CsPbI3)(agZIF-62)(10/90). Data was collected under constant flowing nitrogen
protection (20mL/min). The temperature ramping rate for the first up-scan was
20 °C /min, and the ramping ratewas 10 °C /minduring theDSCcooling and second
up-scan. b Glass transition temperature, Tg, of the composites as a function of

CsPbI3 loading. c Particle size evolution for (CsPbI3)0.1(agZIF-62)0.9 composites
sintered at different temperature. d Change of the Porod’s plot of the corre-
sponding SAXS patterns. e Second derivative of temperature-resolved in situ THz
FarIR spectra for (CsPbI3)(agZIF-62)(10/90) composites.
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respectively45. The presence of Pb-O is attributed to the surface oxi-
dation through high energy ball milling synthesis. Crystallisation of
CsPbI3 during sintering eliminate the Pb-Obonding and, therefore, Pb-I
became more dominating after sintering (Fitting parameters shown in
Supplementary Table 1). In addition, the emerging peak at ca. 1.4 Å and
2.5 Å can be attributed to Pb-N and Pb-Zn pairs formed at the inter-
faces. The formation of new atom pairs was supported by the X-ray
adsorption near-edge structure (XANES) of the Pb L3-edge spectra
(Supplementary Figs. 28–29), which exhibit a shift toward lower
energy after sintering, due to the higher electronegativity of N and Pb

over Zn. The microscopic mechanism of ZIF melting involves the
breaking and reformation of Zn-N bonds, which permits Pb ions to
form coordinate with imidazolate-termination sites, resulting in new
Pb-N bonds. Meanwhile, while a minor portion of Pb ions interacted
with Zn-termination or Zn ion replaces VI (I vacancy) from the diffused
alloying layer forming Pb-Zn46. Furthermore, all of the peak intensities
in the (CsPbI3)0.25(agZIF-62)0.75 EXAFS plot are higher than those of
(CsPbI3)0.40(agZIF-62)0.60, indicating that the (CsPbI3)0.40(agZIF-62)0.60
contains more defective sites, which is consistent with corresponding
their PLQY results (2.17% vs 1.23%).

(CsPbl
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Fig. 4 | Structure of the interface. a 133Cs MAS NMR spectra of (CsPbI3)0.25(agZIF-
62)0.75 composites sintered at 200, 250, 300, and 350 °C. b 1H−133Cs CPMAS NMR
spectra of (CsPbI3)0.25(agZIF-62)0.75 sintered at 250 and 350 °C. c–e Extended X-ray
absorption fine structure (EXAFS) signal and the full-range wavelet transform (WT)

representation for the Zn K edge of (CsPbI3)0.40(agZIF-62)0.60 composites.
f–h Extended X-ray absorption fine structure (EXAFS) signal and the full-range
wavelet transform (WT) representation for the Pb L3 edge of (CsPbI3)0.40(agZIF-
62)0.60 composites. Composites were sintered at 350 °C.
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Annular dark-field scanning transmission electron microscopy
(ADF-STEM) identified the emergence of interdiffusion alloying layers
after high temperature sintering. FIB milling was first used to extract a
ca. 10 nm thick lamella from a piece of (CsPbI3)0.1(agZIF-62)0.9 sintered
at 350 °C to expose individual LHP grains (Supplementary Fig. 31). The
sample showed pronounced atomic number contrast between two
phases. In STEM, electron energy loss spectroscopy (EELS) provides a
sensitive method for analysing the chemical environment using trans-
mitted sub-nanometre electron probes47. Although we cannot rule out
entirely contributions from FIB milling-induced modifications to the
sample, after 350 °C sintering, an EELS line scan across the interface
quantifies an excess quantity of I outside the CsPbI3 (Fig. 5a, b and
Supplementary Fig. 32), while such a behaviour was not observed at
275 °C sintering (Supplementary Fig. 33). The atomic structure and
spatial variation in elemental composition was further corroborated by
ADF-STEM imaging and STEM-based energy dispersive spectroscopy
(STEM-EDS) (Supplementary Figs. 34–35), showing an abrupt termina-
tionof the crystals surroundedby anon-crystalline boundary consistent
with prior diffraction experiments26 and a similar extent of I outside of
the CsPbI3 crystals. The gradual diffusion of heavier I atoms towards the
glassy phase at high temperature aligns with the micro-fluctuation in
electron density as demonstrated in SAXS, and the gradual intensified
Zn-I THz features up on sintering. The diffusion of Cs, in comparison,
has not reached beyond nanometre range from the perovskite grain.

Atomic pair distribution functions (PDFs), a technique which
unavoidably measures the average structure of the whole system. In
this work, two physical features aid us to differ the interface from the
bulk; (i) a relatively high surface to volume ratio in the target crystal
beneficially weights interface-related signals, and (ii) there exists clear
contrast between the short-range fine structure existing at the alloying
layer compared to the long-range ordering in the bulk, with the
alloying layer being heavily disordered, deviating from the prominent
periodic fine structure found in the bulk. This analysis identified the
interfacial diffusion layers mainly contained Pb-I, Cs-I and Pb-N atomic
pairs with only short-range orders. Ex-situ synchrotron X-ray total
scattering measurements were performed on a series of composites
sintered at 350 °C. The PDF, obtained by Fourier transform, showed
the short-to-long range fine structure of the composites (Fig. 5c).
Rietveld analysis of the composite (CsPbI3)0.50(agZIF-62)0.50 was per-
formed with desolvated ZIF-62, γ- and δ-CsPbI3 reference structures.
We found that ZIF structure was only maintained in the short-range
order. Good fittingwas achieved in themedium and long-range (Rwp of
11 % in the range of 15−50Å), with 13.7 wt% of γ-CsPbI3 and 30.1 wt% of
δ-CsPbI3 being identified. The difference pattern in the short-range
suggested the structural distortion originated from the surface of the
crystalline phases, with the main feature being assigned to Pb-I (ca.
3.2 Å). This is an indication of presence of discrete, rigid and slightly
distorted Pb-I octahedra within the diffusion alloying layer. These

20 nm
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P7

a

P7
P6
P5
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P3
P2
P1

Cs

Ib
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Experimental
Fitted
Difference

Parameters fitted
ZIF: 56.0 wt%
γ-phase: 13.7 wt%
δ-phase: 30.1 wt%
Rw: 0.2747

Fig. 5 | Chemistry and structure of the alloying layer at the interface. a ADF-
STEM image of (CsPbI3)0.1(agZIF-62)0.9 composites sintered at 350 °C. b EELS core
loss spectra acquired from the marked points shown in TEM image with back-
ground subtracted. c, d Atomic pair distribution functions for (CsPbI3)0.50(agZIF-

62)0.50 composites sintered at 350 °C. Pair distribution function D(r) calculated via
Fourier transform of the X-ray total scattering function. Panel (d) is the enlarged
fitted data in the r range of 1.5−12 Å.
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difference features are highly composition- and sintering temperature
dependent, showing more contribution from these amorphous per-
ovskite components at higher sintering temperatures, or from com-
posites with larger expected interfaces (Supplementary Figs. 36–37).
These observations further confirm the amorphous structures are
originated from the interface, instead of the amorphous regions of the
bulk perovskites.

Discussion
This study identified thepresenceof interfacial alloying layersbetween
perovskite and hybrid glass phases, which were mainly consisted of
amorphous Pb-I structures. Different behaviours were observed for
different atoms during the alloying: high temperature sintering pro-
moted the crystallisation for Cs to form bulk perovskites, possible
through a fluxingmechanism. In comparison, the diffusion of the I into
the glassy phases was significant (can reach up to ca. 10 nm away from
the CsPbI3 grain), together with the preservation of Pb-I octahedron
structure within the diffused alloying layer.

This work also unveiled the complex performance—property
relationship within the CsPbI3 glass composites. We identified that the
optoelectronic performance of CsPbI3 composites was predominately
determined by the interface, instead of the bulk particle crystallinity.
The interfacial alloying favoured the formationof activeCsPbI3 phases,
stabilised the optoelectronic performance and, more importantly,
effectively passivated the trap states. Nevertheless, it can also be det-
rimental to light emission: for all composites with varying CsPbI3
loadings, the maximum PL intensity was obtained by sintering at a
temperature at the corresponding Tg. Above the Tg, glass enters a
viscous flowing state, leading to faster diffusion and generate non-
stochiometric perovskite near the interface. Though the coarsening
can promote the overall crystallinity, the diffusion of Pb-I away from
CsPbI3 can lead to non-radiative recombination and quenching of PL.
The principle can be expanded to other ABX perovskite systems
because they share a common optoelectronic backbone of metal-
halide orbitals.

This study has notable implications for the fundamental under-
standing of defect formation and control in perovskite materials and
the design of halide perovskite devices through interfacial engineer-
ing. It exemplified that how the interface can passivate and then gen-
erate defects. The investigation of this multimodal system has
provided significant progress in comprehending the fundamental
processes and interfacial atomic level structures, shedding light onto
governing the performance of perovskite materials in practical appli-
cations such as solar panels, LEDs and sensing devices. In particular,
the notable stability under UV irradiation and relatively high tem-
perature allows these composites to be further processed by an
ultrafast laser. The composites generated a localised liquid phase as a
result of the intense thermal accumulation, which can be used to
fabricate optical products by three-dimensional printing. The whole
process can be adjusted by optimising the pulse duration, repetition
rate, and pulse energy as well as ultrafast-laser irradiation time. Fur-
thermore, some advanced fabrication methods like chemical vapour
deposition and atomic layer deposition, are promising to reduce the
thickness of MOF glass to nano-metre size, making these composites
more compatible with planar in device components. It is important to
keep in mind that when using these composites in real-world appli-
cations, the material’s limitations should never be disregarded. For
instance, the ZIF glass is prone to chemical attack by acid and strong
chelating agents’ chemical attacks and can begin to decompose at a
temperature of 600 °C. This indicates that when facing thementioned
problem in the design of practical devices, composites may require
further encapsulation. Our findings indicate that prioritising the
attainment of bulk crystal perfection may not necessarily lead to the
most advantageous outcomes for improving the performance of this
particular class of semiconductors. Rather, further research efforts

should be focused on interfacial engineering, with consideration of
different diffusion behaviour for different perovskite components.

Methods
Preparation of crystal ZIF-62 and agZIF-62
Crystalline ZIF-62 was synthesised by hydrothermal methods. For ZIF-
62-bim0.05 solvothermal reactions, 1.2 g Zn(NO3)2, 891mg imidazole
and 12mg benzimidazole were dissolved in 90mLN,N-dimethylfor-
mamide (DMF), thewhole solutionwas transferred in a 120 °C oven for
5 days. Off-stoichiometry ZIF-62 was used in this work to lower Tg.
After cooling to room temperature, the solution was centrifugated to
get crystal solid. To remove the unreacted precursors, a three-time
washing-redispersion cycle inDMFwas applied. After that, the product
was dried in a 150 °C oven overnight48.

ZIF-62 glass (agZIF-62) was obtained by heating crystal ZIF-62 in a
tube furnace with a ramping rate of 20 °C/min. Once the temperature
reached 450 °C, the whole tube was immediately removed from the
furnace andquenched in liquidnitrogen. Thewhole processwasunder
argon protection until the sample cooled down to room temperature.

Fabrication of CsPbI3 perovskite
Inorganic lead halide perovskite (CsPbI3) was prepared by a solvent-
free mechanochemical process. A total amount of 400mg stochio-
metric mixture, which was composed of CsI (144.17mg) and PbI2
(255.83mg), aswell as zirconiumoxide balls (16 g) were added to a ball
milling jar, then the ball milling was performed with a planetary ball
milling machine at 800 RPM for 1 h. After that, the solid product was
recovered, and then stored under ambient conditions prior to further
testing.

Preparation of (CsPbI3)x(agZIF-62)Y
Powder (CsPbI3)x(agZIF-62)Y samples were prepared by mixing a total
200mg of CsPbI3 and agZIF-62 via ball milling (16 g balls) at 800RPM
for 1 h, here X and Y refer to mass ratios. For example, 20mg CsPbI3
perovskite mixed with 180mg agZIF-62, the resultant mixtures were
referred to as (CsPbI3)0.1(agZIF-62)0.9, where 0.1 and 0.9 are the mass
percentage of each component. For all samples in this search, X values
changed from 0.01 to 0.85. The fabricated powder mixture samples
were transferred to a tube furnace for thermal treatment and
quenching process, which was similar to the ZIF glass preparation
process. The thermal treatment temperature ranged from 150
to 350 °C.

Scanning electron microscopy (SEM)
The surface morphologies and atomic density information near the
surface were investigated with a high-resolution scanning electron
microscope, JEOL JSM-7100F, under both secondary electron and
backscattering mode (15.0 kV acceleration voltage). All samples were
dried under an 80 °C vacuum oven for eight hours, followed by a
surface platinum coating. All samples were applied brief plasma sur-
face cleaning before SEM analysis.

Focused ion beam scanning electron microscopy (FIB-SEM)
An FEI SCIOS focused ion beam scanning electron microscope (FIB/
SEM) dual beam system was employed to generate TEM lamella. The
area of interest on the sample surface was coatedwith a 1 µmthick layer
of platinum to shield it from ion bombardment damage. Subsequently,
applying a Ga ion beam current ranging from 3 to 30nA at an accel-
eration voltage of 30 kV, a thin slice of the material was removed per-
pendicularly to the sample surface by milling two trenches on both
sides. After being detached from the sample matrix, the thin segment
was bonded on a TEM half-grid after being mounted to the EazyLift
Micromanipulator. Following post-thinning with a significantly reduced
ion beam current (from0.3 nA down to 30pA), low voltage polishing at
grazing incidence was used to complete the cleaning process.
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Powder X-ray diffraction (XRD) analysis
Room temperature powder XRD analysis was collected with a
Bruker D8 Advance MKII diffractometer using Cu Kα radiation with
divergent (Bragg-Brentano) geometries. The 2θ range was 5 to 50°,
with a step size of 0.02° and a step rate of 10 s. The temperature
resolved in situ powder XRDwas performed by RigakuMiniflex 600
Benchtop X-Ray Diffractometer equipped with Anton Paar XRD900
furnace with nitrogen protection. The ramping rate was 20°C/min,
with the 2θ range of 5–50°, a step size of 0.05° and a step rate of
10 s. The measurement was performed under constant flow of
nitrogen.

Synchrotron powder XRD analysis
In situ synchrotron x-ray powder diffraction data was collected at
PETRA III beamline P21.1 at the Deutsches Elektronen-Synchrotron
(DESY), Hamburg, Germany. For high-resolution XRD, a defocused
x-ray beam (101 keV, λ = 0.10173 Å) was applied, with detector distance
of 1950 mm. During the measurement, a steady flow of nitrogen was
introduced into a 1.3mm quartz capillary containing the sample. The
sample was heated with LinkamTS1500 at a ramping rate of 20 °C/min
to 350 °C and cooled back to room temperature after an isotherm
stage for ~100 s at the highest temperature. To keep the phase frac-
tions constant, the diffraction intensities were normalised to the
integrated signal at high angles.

Thermogravimetric and calorimetric analysis
Thermogravimetric analysis (TGA) was conducted using a Mettler
Toledo. The sample was placed in an alumina crucible and heated at
a ramping rate of 20 °C/min under flowing (20mL/min) Ar
environment.

Mettler Toledo differential scanning calorimetry (DSC) 1 STARe
system was used to determine the calorimetric features. For each
measurement, ca. 10mg sample was loaded into an aluminium cruci-
ble and heated under a flowing Ar (20mL/min) environment. To
determine the melting (Tm) and thermal decomposition (Td) and
crystal phase transaction temperatures, samples were heated at a
ramping rate of 20 °C/min to the targeted temperature. To determine
the glass transition temperature (Tg), samples were heated above their
melting temperature at 20 °C/min, and then cooled back to 40 °C at
10 °C/min, and then ramped up at a rate of 10 °C/min in the second
upscan.

UV–Vis absorption
To determine the bandgap (Eg) changes of crystal ZIF-62, agZIF-62,
powder mixture and (agZIF/perovskites) composite pellets, UV–Vis
absorption spectroscopy was carried out using a Jasco V-650 UV–Vis
spectrophotometer across a wavelength range of 400 nm to
800 nm. The bandgap was determined according to the equation of
Eg = 1240/λg, where λg refers to the adsorption wavelength of dif-
ferent samples.

Photoluminescence measurements (PL)
Photoluminescence (PL) and time-resolved fluorescence emission
spectra were collected at room temperature on an Edinburgh Instru-
ment FLSP-900 fluorescence spectrophotometer. The steady PL
spectraweremeasuredwith amonochromatized Xe lamp light source,
while the time-resolvedPL (TRPL) decaysweremeasuredwith a 375 nm
pulsed diode laser excitation source. Photoluminescence quantum
yield (PLQY) of the samples were measured using FS5 fluorescence
spectrometer (Edinburgh Instruments). Absolute PLQYmeasurements
were performed in a pre-calibrated integrating sphere. The samples
were excited at 440nm. The photostability was measured with con-
stant laser excitation. The excitation spot was near-perfect circular
(beam passed through the circular iris) with diameter ~0.8mm. The
excitation wavelength was 440nm.

Synchrotron Tera-Hz Far-Infrared (THz/Far-IR) absorption
spectroscopy
THz/Far-IR absorption spectrawere acquiredusing aBruker IFS 125/HR
Fourier Transform (FT) spectrometer at the Australian Synchrotron’s
THz/Far-IR beamline. To increase the signal-to-noise ratio, the bol-
ometer was kept in cryogenicmodewith liquid helium, and a 6m thick
Multilayer Mylar beamsplitter was utilised.

Attenuated total reflection (ATR) was used for the measurement.
Pressure was used to hold samples in place on the surface of the dia-
mond crystal window. The ATR heating stage was used to capture
temperature resolved in situ spectra, and the sample was held under
flowing Ar (about 20mL/min). For data processing, the Extended ATR
correction algorithms in the OPUS 8.0 programme were used, along
with the NumPy module v1.15 and Python v3.5, for spectral data cor-
rection and peak fitting49.

X-ray absorption spectroscopy and pair distribution function
XAS measurements at the Zn K-edge and Pb L-edge were performed at
the 10-ID-B at APS beamline of Argonne National Laboratory. Data was
collected from 100eV below the Zn K-edge to∼600eV above the edge,
and 100eV below the Pb L-edge to ∼800 eV above the edge. Samples
were loaded into 0.0395″ inner diameter thin-walled Kapton X-ray
capillaries and examined in fluorescence mode. Data processing and
subsequent modelling was performed using the Demeter XAS software
package. Zn K-edge and Pb L-edge EXAFS fitting was performed by
background normalization, k2 weighting, and Fourier transform. The
Zn-N andZn-C shells from the reportedZIF-62 structurewere employed
for the fitting of Zn K-edge. And the Pb-O, Pb-I, Pb-Zn shells were
obtained from the DFT modelling of Pb3O4, CsPbI3, and ZnPb3

50–52.
The distance and peak broadening were calibrated using CeO2

NIST SRM 674b. Data were radially integrated in pyFAI without
absorption correction, while PDFs were calculated with GSAS-II, and fit
using PDFgui. PDFs were fit from 1.5 to 50Å using previously deter-
mined single crystal structures for the ZIF, γ-, and δ-phase CsPbI3. The
refined lattice parameters of the CsPbI3 were a = 8.832, b = 12.485,
c = 8.651 and 10.457, b = 4.795, c = 17.773 for the γ and δ phases
respectively.

For comparison, higher Qmax (25 Å−1) data was obtained from
beamline 11-ID-B at theAdvancedPhotonSource at 58.6 keV for sample
containing 40wt% CsPbI3. While larger Qmax at shorter detector dis-
tances theoretically enhances the resolution of the PDF, in this case the
sharp reflections of the crystalline CsPbI3 phases become under-
sampled, leading to comparable PDF information. The beamsensitivity
of the ZIF complicates the acquisition of high-resolution analyser
crystal datasets.

Transmission electron microscopy (TEM)
Electron energy loss spectroscopy (EELS) was acquired using a Hitachi
HF5000 scanning transmission electron microscope (STEM) at the
University of Queensland equipped with a Quantum ER Gatan Imaging
Filter (GIF) and operated at 200 kV. EELS data were acquired using a
dispersion of 0.5 eV/channel in dual EELS mode to obtain zero loss
peak and core loss edge information in tandem for each probe posi-
tion. Collection and convergence semi-angles were recorded as 29
mrad and 32 mrad, respectively.

EELS data were processed using HyperSpy53, an open-source
Python package for electron microscopy. First, the zero loss peak
centring at 0 eV was checked. Background subtraction was carried out
by power law fitting between 580 and 620 eV. Following background
removal, spectrawere cropped from 580eV, the lowest energy used in
the background fitting window before the IM45 edge with a first onset
expected at 619 eV energy loss54. Spectra without background sub-
traction were normalised by dividing by each spectrum by the total
integrated core loss intensity (to remove effects from differences in
total inelastic scattering).
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Cathodoluminescence (CL) in a STEM
Scanning transmission electron microscopy (STEM) imaging and CL
spectroscopy were performed on a modified Nion Hermes200 oper-
ated with 100 keV kinetic energy electrons. With this microscope, a
subnanometer electron beam can be generated for high spatial reso-
lution imaging and spectroscopy55. High angle annular dark field
(HAADF) images have an intensity which is proportional to the pro-
jected atomic number along the electron beam trajectory. Therefore,
the heavier CsPbI3 particles appear brighter in the lighter MOF. CL was
performedwith aMönch system fromAttolightfittedwith a diffraction
grating 150 grooves per millimetre (0.34 nm dispersion on the spec-
trometer used), which gives a wavelength resolution of about 1 nm at
600 nm56. The optical spectrometer was calibrated using an Ar-Hg
lamp. The sample was kept at around 150K using a liquid nitrogen
cooled sample holder (HennyZ).

Additional ADF-STEM and STEM-based X-ray energy dispersive
spectroscopy (STEM-EDS) were acquired using an FEI Titan3 Themis
(Thermo Fisher) equipped with a high-brightness ‘X-FEG’ electron
source and a four-quadrant (0.7 sr) Super-X EDS detector (Bruker) and
operated at 300 kV.

X-ray photoelectron spectroscopy (XPS)
XPS data was acquired at room temperature on a Kratos AXIS Supra
Plus XPS system which uses a dual monochromated Al Kα/Ag Lα X-ray
source. At pass energies of 160 and 20 eV, the survey and high-
resolution spectra of vacuum-dried samples were recorded, respec-
tively. During sample analysis, the chamber’s basal pressure was
between 10–9 and 10–8 Torr. Duplicate scans were processed, and a
single area on each sample was analysed. The software CasaXPS was
employed to execute peak fitting on the high-resolution data. Charge
correction was performed on all high-resolution scans to the C-C peak
at 284.6 eV.

Synchrotron X-ray small angle-angle scattering (SAXS)
Ex situ X-ray scattering data were gathered at the SAXS/WAXS beam-
line of the Australian Synchrotron. The detector was calibrated using
silver behenate standards on theDectris PILATUS3X 2M. The intensity
was normalised via an integrated diode beamstop. The X-ray beam
energy was fixed at 11.001 keV. Using the in-house Scatterbrain pro-
gramme, the obtained data were condensed to a single dimension.
After fitting the SAXS data with the McSAS software using a basic
Monte Carlo simulation, the size distribution profile was extracted57. A
spherical model was fitted to the data.

Solid-state NMR
Solid-state NMR measurements were performed using a 1.6mm HXY
FastMAS probe on a 600MHz Varian NMR system, with a sample
spinning frequency set at 20 kHz. For the 133CsMASNMR spectra, a 1μs
excitation pulse, 1200 scans, and a repetition delay of 60 s were uti-
lized, while the 1H MAS NMR spectra were obtained using a 1.5 μs
excitation pulse, 8 scans, and a repetition delay of 5 s.

In the 1H-13C CPMAS experiments, a cross-polarization (CP) block
of 4ms, and signal acquisition with high-power XiX proton decoupling
were used, with a repetition delay of 1 s and a total of 6000 scans
collected. The length of the CP block in the 1H-133Cs CPMAS experiment
was 4ms, with a repetition delay of 0.6 s and 120,000 scans collected.
The Larmor frequencies for 1H, 13C, and 133Cs were 599.36MHz,
150.71MHz, and 78.61MHz, respectively. The 1H and 13C spectral axes
were referenced relative to the signals of tetramethylsilane, and the
133Cs axis relative to the signal of caesium nitrate.

Computational details
Standard computational chemistry calculations were carried out using
theGaussian 1658 andAMS-DFTB59. For the theoretical study of infrared

spectroscopy, we use a model system of a tetrahedral complex
between a Zn2+ cation surrounded by imidazole and iodide anions.
Geometries and vibrational frequencies of these molecular models
were obtained with the B3LYP method60 in conjunction with the
6–31 +G(d,p)61 basis set. Modelling of bulk PbCsI3 and the MOF
materials, as well as the surface-cluster systems,were carried out using
theXTB1method62. For bulkmaterials, the geometrieswere taken from
the crystal structures. For the cluster systems, we used constrained
optimization with the PbCsI3 component being fixed at crystal-
structure geometries.

Data availability
All data sets generated during the current study are encompassed
within the published article or the accompanying Supplementary
Information. Source data are provided with this paper.
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