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ABSTRACT: We report an on-chip light-incorporated in situ transmission
electron microscopy (LI2ST) approach for probing metal halide perovskites
(MHPs) at the nanoscale, realizing the real-time, site-specific tracking of the
light-triggered structure transformation. This in situ platform is based on a
specifically designed microelectromechanical systems (MEMS) chip that
offers the capability of light illumination with adjustable intensity and
tailorable multiwavelength. The excellent operational reliability of the
platform allows for the continuous observation of nanoscale regions of
interest, recording the morphological and structural evolutions of
perovskite grains and grain boundaries. A proof-of-concept demonstration
shows a polycrystalline MHP film undergoing decomposition upon
continuous light illumination. Counterintuitively, the decomposition starts
and expands within the intragrain regions rather than at the grain
boundaries. This work demonstrates an unprecedented ability to reveal light-triggered structural-phase variation for
illuminating the dynamic behaviors of MHPs with implications for various energy applications.

As a new class of light-responsive or light-sensitive
materials, metal halide perovskites (MHPs) have
demonstrated their promise in numerous optoelec-

tronic device applications.1−3 The standard MHPs exhibit 3D
crystallographic structures with a general formula of ABX3,
where A is cesium, MA+, or FA+, B is Pb2+, and X is I−, Br−, or
Cl−. The isotropic long-range ordering and the extended
inorganic octahedra framework endow 3D perovskites with
excellent carrier-transport properties, making them suitable for
photovoltaic applications. Thus, the power conversion
efficiencies (PCEs) of perovskite-based solar cells (PSCs)
have rapidly climbed to 25.7%.4,5 With the research on MHPs
popularized by the photovoltaic (PV) field, this materials'
family has been extended to embrace other perovskite and
perovskite-like members of various crystallographic dimension-
alities (2D, 1D, and 0D), eventually leading to an enormous
number of materials with versatile light-responsive character-
istics and thus raising much interest beyond the PV
community.6 In particular, the self-trapped excitons resulting
from the low electronic dimensionality in these expanded
MHP materials contribute to extraordinary emissive behavior
under photon excitation and show great potential in light-
emitting device applications.7,8 For all its promise, the active
interaction of MHPs with light has been both a blessing and a
curse, because while light unleashes materials’ functions, it can

also trigger materials’ transformation and degradation,
frequently influencing device performance and stability.9 In
this regard, a fundamental investigation of light-responsive
behaviors becomes critical to exploit the full potential of MHPs
so that rational engineering strategies can be developed for
device improvements.
In situ probes are of vital necessity in this context, as

visualizing the sequence of materials' changes provides a
landscape for the exploration of the mechanism.10 Atomic
force microscopy (AFM) and synchrotron/laboratory X-ray
diffraction are popular methods exploited for studying light
responses in MHPs, as these measurements are performed
mostly in non-vacuum and open environments where light can
be incorporated easily.11,12 Still, AFM and X-ray probes are
limited to revealing either morphological or statistical phase
information, calling for the use of analytical transmission
electron microscopy (TEM). TEM can simultaneously provide
both morphological and phase information, and more
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importantly, unlock an extremely high spatial resolution (from
the atomic to nanometer scales).13−15 The recent development
of TEM characterization for MHPs has been proven successful
with regard to the unprecedented local structure/phase
information and insightful knowledge achieved.16−20 Never-
theless, it remains an utmost challenge to incorporate a light
component into TEM characterization, which has only been
tried in only a handful of studies for non-MHP materials
systems.21−24 Generally, commercially available in situ TEM
platform setups can provide controls only on temperature,25−27

atmosphere,28 liquid,29,30 and electrical bias,31,32 restricting the
study of any light effects on the transformation and
degradation of MHPs.33,34

In this Letter, we develop an on-chip light-incorporated in
situ TEM (LI2ST) methodology which can enable us to
visualize light-triggered processes in MHPs. The development
includes two significant parts, entailing the TEM instrumental
innovation and MHP specimen preparation, as schematically
illustrated in Figure 1. For the former, we fabricated a silicon-
based microelectromechanical systems (MEMS) chip with
gold contacts for driving the multi-colored light-emitting diode
(LED) light source and one square hole for mounting the
TEM sample grid (Figure 1a−c). We first mounted a multi-
colored RGB LED on a chip using thermally conductive
silicone and then connected the LED electrodes with four
outer gold contacts on the chip with conductive Ag paste. The
schematic circuit diagram of the multi-colored LED is shown
in Figure S1 in the Supporting Information. For the latter, the
copper grid covered by the MHP specimen (thermally
evaporated, as schematically illustrated in Figure 1d) was
loaded onto the square hole located at the center of the chip.
Note that spin-coating is an alternative method for depositing
the MHP film specimen, while thermal evaporation offers
better integrity and thickness uniformity of the sample on the
grid.16 We chose CsPbBr3 for the demonstration of the light
effects, because CsPbBr3 is proven to exhibit excellent
tolerance to electron doses.35,36 The as-prepared MHP forms
a typical polycrystalline film with near-full coverage and good
phase purity (Figure 1e,f). The dominating crystallographic

phase is in the orthorhombic Pbmn space group, which is
further attested by the selected area electron diffraction
(SAED) patterns of randomly chosen MHP grains (Figure
1g). To enhance the specimen stability under TEM
observation, we further deposited a 10 nm C60 layer on top
of the MHP film. Then, we cut the carbon grid into an
appropriate size and mounted it to exactly cover the square
hole on the LED-incorporated MEMS chip. Here we also
connected the copper grid with the inner two gold contacts on
the MEMS chip with conductive Ag paste (Figure S2a),
offering a ground connection of the MHP specimen through
the TEM holder to avoid charge accumulation under electron
doses.
We highlight three unique features of our LI2ST design.

First, the wavelength of light illumination is adjustable by using
multi-colored LEDs to meet the experimental requirements
(Figure S2b,c). Second, the light intensity is tunable via
controlling the flowing current of the LED at forward bias.
Third, the LED-MEMS chips are recyclable by simply
removing the copper grid and re-mounting a new one, which
leads to acost-effective in situ TEM solution.
We then performed a validation test on the LI2ST

operational reliability. In the light-on state, the silicon substrate
and the supporting carbon film on the copper grid could
strongly absorb the light, generating a significant amount of
heat. According to a previous study,37 the power absorbed by
the silicon substrate is expected to be below 10 W·m−2, for a
total of 150 W·m−2 light intensity in a similar chip
configuration. For the amorphous carbon supporting film,
considering the relatively low conductivity (2.2 W·m−1·K−1), a
notable thermal expansion is not expected under our specific
illumination condition.38 Although the copper grid framework
exhibits a much higher thermal conductivity of 387 W·m−1·
K−1, considering the limited size of the sample area (0.25
mm2), the heat generated from the absorbed light will not
cause a substantial linear expansion. As such, Figure 2a,b shows
a negligible drift in the TEM imaging when the MHP film
sample is studied in the TEM chamber for 60 min in the light-
off state. Once the LED is on with an approximate light

Figure 1. Illustration of on-chip LI2ST for perovskite studies. a, Schematic illustration of the LI2ST holder. b, Photograph showing the LI2ST
holder in the light-on state. c, Schematic illustration of the LED-MEMS chip design. d, Schematic illustration of the MHP film deposition
onto the grid via thermal evaporation. e, Low-magnification TEM image of the as-deposited MHP. f, XRD pattern of the MHP. g, SAED
patterns of two different perovskite grains along the typical zone axis. The scale bar is 1 nm−1.
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intensity of 600 W·m−2, the sample imaging will reach a steady
state in ∼5 min. Based on Figure 2c,d, the drifting rate of the
MHP sample is still as low as 2.8 nm·min−1 within the 60 min
of the observation test. This level of stability is expected to be
sufficient for acquiring high-resolution scanning transmission
electron microscopy (STEM) images and SAED patterns.
We then applied LI2ST to track the morphology and phase

evolutions of CsPbBr3 grains (Figure 3). Since CsPbBr3 has an
optical bandgap of 2.3 eV, we chose a blue light (450 nm

wavelength) to study the light effects. To ensure that any
observed changes are induced by light rather than the electron
beam, we set an imaging dose rate of 10 e·nm−2·s−1, and
further, the electron beam was blanked except for the TEM
image and SAED pattern acquisition. As seen in Figure 3a, the
observed CsPbBr3 film consists of compact grains of ∼500 nm
size and well-defined grain boundaries. Figure 3b presents the
initial SAED pattern taken from two adjacent MHP grains, as
marked by the white circle in the light-off state. The SAED
pattern confirms the orthorhombic crystallographic structure
of CsPbBr3 observed along the [112] zone axis. There are no
notable changes after 60 min (Figure 3c) and 120 min (Figure
3d). The tracked TEM images do not reveal any significant
morphological changes over time (Figure S3). This confirms
that the low-dose electron beam in our experiment will lead to
slight damage to the CsPbBr3 grains within 120 min under our
observation conditions. Therefore, we adopted the same
experimental setting but switched to the light-on state (Figure
3e). The flowing current of the LED at forward bias was set to
15 mA, with a total input power of ∼55 mW, leading to ∼450
W·m−2 illumination intensity. We acquired the initial SAED
pattern from another two adjacent CsPbBr3 grains (marked by
a white circle in Figure 3e), and the patterns exhibit the
consistent orthorhombic phase with a [100] zone axis (Figure
3f). After light illumination for 60 min, an additional diffraction
spot emerges in the pattern taken from the same region, as
indicated by the blue circle in Figure 3g. After 120 min of
illumination, such additional diffraction spots become more
populated (Figure 3h), which indicates the formation of new
phases triggered by light illumination. We carefully calibrated
the evolved new patterns, and the generated phase can
probably be assigned to PbBr2 (Figure S5).
Since we could acquire little atomic information on CsPbBr3

grains to resolve the microstructural change using LI2ST in
conjunction with a regular TEM (Figure S4), we performed an
ex situ high-resolution STEM observation using aberration-
corrected STEM to unravel structural details correlated to the

Figure 2. Operational reliability validation of LI2ST. a, b, TEM
images acquired in the light-off state at 0 and 60 min, respectively.
c, d, TEM images acquired at 0 and 60 min in the light-on state,
respectively.

Figure 3. LI2ST study of the perovskite film. a, TEM image of perovskite film in the light-off state. b−d, SAED patterns in the light-off state
for 0, 60, and 120 min, respectively. e, TEM image of perovskite film in the light-on state. f−h, SAED patterns in the light-on state for 0, 60,
and 120 min, respectively.
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SAED evolution. We formed the MHP sample specimen using
a method identical to that for the in situ experiment, following
which we illuminated the sample on the LED-MEMS chip with
identical light conditions (Figure 4a). To avoid any electron
beam-induced damage, the beam current of the electron probe
for high-resolution STEM imaging was reduced to 4 pA. By
viewing MHPs with continuous light illumination for different
time durations (Figure 4b−e), the dynamic process of the
light-triggered perovskite transformation can be resolved. As
seen in Figure 4b, the crystal structure of the pristine MHP
sample before light illumination is consistent with the
orthorhombic CsPbBr3 observed along the [111] zone axis,
containing little impurities. After 2 h of illumination, some
nanoclusters (in brighter contrast in the scanning transmission
electron microscopy−high-angle annular dark field (STEM-
HAADF) image) start to emerge (Figure 4c), attributed to the
generation of PbBr2. These PbBr2 nanoclusters are mostly
distributed in the intragrain regions rather than at grain
boundaries (Figure S6). With the illumination extended for 12
h, such nanoclusters grew much larger (Figure 4d,e),
suggesting that the perovskite degradation is triggered by the
localized expansion of PbBr2 nanoclusters, as illustrated in
Figure 4a. By plotting the average size of intragrain PbBr2
nanoclusters as a function of the illumination time (Figure S6),
we found that the PbBr2 expansion undergoes an acceleration
within the investigated period of light illumination. Further-
more, based on the geometrical phase analysis (GPA) in Figure
4g, the formation of intragrain PbBr2 nanoclusters results in
heterogeneous lattice distortion and spatial strain accumulation
(Figures 4f,g). This can influence the MHP stability, possibly
being responsible for the observed degradation acceleration.
It is counter-intuitive to observe that the light-induced

perovskite degradation starts in the intragrain region, although
it is difficult to conclude the exact geometric location of these
generated phases (either inside or on top of the grain) without

tomographic imaging. Generally, the decomposition of
polycrystalline MHP thin films is popularly believed to be
initialized at grain boundaries in other environmental
conditions, such as moisture and oxygen.39 Therefore, we
propose a different microstructural mechanism for light-
induced MHP degradation. It was confirmed by Kim et al.40

that a large tunable photoeffect on ion conduction exists in
MHPs. Once an MHP film is exposed to light, it absorbs
photons and generates excitons that dissociate into free charge
carriers. Along with the augmentation of the electronic carrier
concentration, the halide ion conductivity also increases
rapidly. As shown in Figure 5, under illumination, Br−
combines with a positively charged hole (h+) to form neutral
bromine (Br0), i.e., Br− + h+ → Br0, which can be irreversibly
extracted by the high vacuum in TEM. This can create a non-
stoichiometry that eventually exceeds the equilibrium homo-
geneity range of CsPbBr3, causing the observed photo-

Figure 4. Ex situ STEM observation of the light effects on the perovskite film. a, Schematic illustration showing the light-triggered MHP
degradation initialization and expansion in the intragrain region. b−d, STEM-HAADF images of the MHP sample after 0, 2, and 12 h
illumination in a condition equivalent to the LI2ST case, respectively, showing the intragrain nucleation and growth of PbBr2 impurity
clusters (marked using white arrows). e, High-resolution STEM-HAADF image of the PbBr2 impurity cluster in d. f, Atomic-resolution
STEM-HAADF image of a single intragrain PbBr2 impurity nanocluster in the sample with 2 h illumination. g, Corresponding in-plane strain
εxx distribution of f generated by GPA analysis.

Figure 5. Proposed mechanisms for the observed intragrain-
dominated photodecomposition.
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decomposition.40 Such photodecomposition prefers to occur in
the intragrain region, because the lifetimes of photogenerated
electron−hole carriers are much shorter due to the severe non-
radiative recombination in the grain boundary region, reducing
the possibility for reaction of Br− and h+. Figure 5
schematically illustrates this difference. In addition, the
photothermal effects can lead to strain accumulation in the
intragrain region, while the flexible atomic arrangement in the
grain boundary region can better accommodate lattice
distortion and strain evolution. Once the degradation occurs
in the intragrain region, as illustrated in Figure 4a, its
propagation will be relatively localized, which is different
from the case of grain boundary-dominated degradation with a
3D propagation network.39

In closing, LI2ST provides a broadly applicable, highly
flexible solution for high-resolution in situ S/TEM character-
izations under adjustable light illumination conditions without
any specific modifications to commercial in situ TEM hold
systems. The unique LED-MEMS chip design is suitable for
integrating versatile commercial TEM grids, enabling us to
investigate a broad range of light-responsive and light-sensitive
samples. Also importantly, we can use LI2ST to investigate
perovskite solar cell device specimens fabricated using a
focused-ion beam, which will allow us to measure light-driven
microstructural dynamics in real devices and correlate it with
the widely concerning device stability issue. A thorough
understanding of all these fundamental sciences, enabled by
LI2ST, will provide us with a comprehensive understanding of
structure−property−performance characteristics and will lead
to the development of light-responsive materials-based
technologies.
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