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Metal halide perovskites have emerged as highly promising materials for a range of optoelectronic
applications. However, their sensitivity to environmental factors, particularly air moisture, presents
significant challenges for both reliable research and commercialization. Moisture-induced degradation is
a major issue due to the ionic nature of perovskites, which significantly impacts their luminescent
properties. Despite extensive research efforts focusing on device applications, a comprehensive
understanding of the degradation mechanisms in perovskites remains limited, largely due to their
intrinsic ionic characteristics. In this work, we perform an in-depth analysis of the degradation process in
perovskite nanocrystals (NCs) synthesized with varying reaction times, exploring the correlation between
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exhibit greater stability in ambient air, attributed to their lower surface-to-volume ratio. These insights
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offer a deeper understanding of the relationship between perovskite NC degradation and their optical

rsc.li/rsc-advances performance, contributing to advancements in the field of perovskite-based light-emitting technologies.

Open Access Article. Published on 10 December 2024. Downloaded on 4/4/2026 4:09:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

1. Introduction

Metal halide perovskites (MHPs) have garnered significant
attention for their exceptional and tunable optoelectronic
properties, positioning them as highly promising material
platforms for applications, such as solar cells, light-emitting
diodes (LEDs), and lasers.*™" Extensive research efforts have
focused on enhancing the optoelectronic performance of MHPs
by leveraging their intrinsic ionic nature. Notably, the band gap
of MHPs can be easily tuned through the selection of tailored
ionic compositions, a capability that has been explored since
the early stages of MHP research.'®'>"* For instance, Jeon et al.
introduced formamidinium cation and bromide anion (Br")
into the prototypical methylammonium lead iodide (CH;NH;-
Pbl;) perovskite structure, achieving record-breaking photon-to-
electron power conversion efficiency and improved stability in
solar cells.** Currently defect-passivated MHPs are regarded as
some of the most cost-effective and efficient photovoltaic
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materials, with applications in both standalone commercial
devices and as top cells in tandem photovoltaics.>**

In light-emitting applications, room-temperature operating
LEDs and optically pumped lasers were first reported in 2014 by
research groups from Cambridge and Valencia.'*™® The
following year, Kim et al demonstrated organic-inorganic
hybrid perovskite LEDs featuring a sharp green emission (full
width at the half maximum, FWHM = 20 nm) using CH;NH;-
PbBr; as the light-emissive layer. This work achieved high
luminance and device efficiency, marking a significant mile-
stone in the development of perovskite LEDs. They further
realized multi-coloured LEDs by substituting Br~ ions with I~
ionsand Cl™ ions (CH;NH;PbCLBr,I;_,_,), successfully covering
the entire visible spectrum.” In a subsequent achievement by
the same research group, highly efficient, bright, and stable
perovskite LEDs were demonstrated, achieving a maximum
brightness of ~470 000 cd m 2, a maximum external quantum
efficiency of 28.9%, and a half-lifetime of 520 h at 1000 cd m >
(with an estimated half-lifetime >30 000 h at 100 cd m™~>).% These
performance metrics meet commercial standards for display
technology, and even greater efficiencies can be achieved when
integrating these perovskite LEDs into tandem structures with
traditional organic LEDs.®

It is possible that this superiority in efficiency may be attributed
to mobile ions within MHP films, which assist in charge extraction
or injection in optoelectronic devices.>**>* When an electrical bias
is applied, these mobile ions redistribute to minimize the electric
field within the perovskite layers, accumulating at the interfaces
with neighbouring layers. This ion accumulation enhances the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electric field near the interface and reduces charge-injection
barriers, thus increasing the injection current in LEDs. However,
this also leads to instability in humid environments due to the
strong interaction between highly polar H,O molecules and the
ions that within MHPs.” The strength of the H,O-ion interaction
results in degradation or re-crystallization of MHPs. While defect-
induced ion migration can be mitigated through defect passiv-
ation, a thorough understanding of the degradation process in
MHPs is essential for developing effective passivation strategies.>”
In light of this, here we perform a detailed analysis of the degra-
dation process of perovskite nanocrystals (NCs) under ambient
conditions. For this study, CsPbBr; NCs are employed due to their
photoluminescent (PL) properties, which allow for the detection of
intensity changes and size-dependent shifts in the PL peak. This
enables the evaluation of degradation by correlating the PL char-
acteristics of CsPbBr; NCs and correlated with visual observations
from transmission electron microscopy (TEM) results.

2. Experimental details
2.1 Synthesis

CsPbBr; NCs with oleyl amine and oleic acid (OA) as capping
ligands were fabricated by using hot injection method. To
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Fig. 1 Schematic illustration of fabrication process and expected
influence from humidity exposure.
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prepare the Cs-oleate solution, 391 mg of Cs,CO;, 1.27 mL of
OA, and 18.73 mL of 1-octadecene (ODE) were added to
a 100 mL three-necked flask. The mixture was placed under
vacuum at 120 °C for 1 h and then heated at 160 °C under
N, flow.

In a separate three-necked flask, 149 mg of PbBr, and 24 mL
of ODE were placed under vacuum at 120 °C for 1 h and then
1 mL of OA and 3 mL of oleyl amine were injected into the three-
necked flask at this temperature. Once the PbBr, salt was fully
dissolved, the temperature was raised to 180 °C, and 2 mL of
preheated Cs-oleate stock solution was rapidly injected into the
PbBr, solution. Subsequently, the samples were obtained
varying the reaction time. The crude solution was purified using
tert-butanol and dispersed in toluene for further characteriza-
tion. Prior to the subsequent measurements, CsPbBr; NC
samples are aged at room temperature and 45% relative
humidity for varying durations.

2.2 Characterization

PL spectra were obtained by using inverted optical microscope
(Nikon Eclipse Ti) with a 100x objective lens (NA x0.9, Nikon).
A hyperspectral imager (Photon etc., IM000240001) was placed
in front of the EMCCD (iXon3, DU-897E-C00-# BV), and the
sample was excited using a 405 nm laser. Time-resolved pho-
toluminescence (TRPL) measurements were conducted using
the second harmonic generation at 400 nm from a mode-locked
Ti:Sapphire laser (Chameleon Ultra II, Coherent). To study
exciton dynamics, the excitation pulse frequency was reduced to
a repetition rate of 1 MHz using a pulse picker (9200 series,
Coherent Inc.), with a pulse duration of 200 fs. The emitted
fluorescence was focused into the entrance slit of a 300 mm
spectrograph (Acton SpectraPro 2300i, Princeton Instruments),
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Fig.2 Steady state photoluminescence (PL) properties of the CsPbBrz nanocrystals (NCs). PL spectra upon aging time of (a) P1, (b) P2, and (c) P3.
(d—f) Contour plot of PL spectra with respect to the aging time with highlighted PL peaks.
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which provides a spectral resolution of approximately 1 nm.
Photoluminescence decay was then precisely monitored using
a picosecond streak camera (C11200, Hamamatsu Photonics).
The crystalline structure and morphology of the CsPbBr;
NCs were investigated by using a FETEM (Tecnai G2, F30 S-
Twin, 300 keV, Thermo Fisher Scientific, Waltham, MA, USA).

3 Results and discussions

To investigate the effect of moisture-induced degradation,
CsPbBr; NCs are synthesized with different reaction times: 5
seconds (P1), 10 minutes (P2), and 60 minutes (P3). After the
synthetic process, the products are spin-coated on grids for
further study using TEM as depicted in Fig. 1. It is noteworthy
that the finder grids enable visual confirmation of the degra-
dation of CsPbBr; NC samples over time by ensuring ident spot
of imaging. The PL properties of each pristine CsPbBr; NCs are
shown in Fig. S1 (ESI).t The PL peaks of the freshly prepared P1,
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P2, and P3 are located at 519, 522, and 527 nm respectively,
confirming a clear size dependent quantum confinement effect.
This will be discussed further with the obtained TEM images,
which demonstrate a clear difference in the NCs size.

With these CsPbBr; NCs, firstly the PL property upon
degradation is investigated. By collecting the signal of lumi-
nescence over 5 days, a clear trend in the PL spectra is observed,
as shown in Fig. 2a—c. The intensity of the initial PL peak (Peak
1) of P1 is decreased below half of the initial intensity within 1
day, however the intensity of Peak 1 remained better with the
samples synthesized with prolonged reaction time (Fig. S2,
ESIf). Interestingly, another PL peak (Peak 2) in the lower
wavelength-regime is detected in both P2 and P3 (Peak 2 of P1 is
magnified in Fig. S3, ESIT). Peak 2 of P1 is detected at approx-
imately 480 nm after 2 days, exhibiting a relatively weak inten-
sity. Meanwhile, the secondary PL peaks from P2 and P3
undergo a gradual blue shift, resulting in a broadening of the
emission spectrum, as illustrated in Fig. 2d-f. Since perovskite

Fig.3 TEM images of (a) fresh reference P1, (b) P1 exposed for 2 days, and (c) P1 exposed for 5 days. TEM images of (d) fresh reference P2, (e) P2
exposed for 2 days, and (f) P2 exposed for 5 days. TEM images of (g) fresh reference P3, (h) P3 exposed for 2 days, and (i) P3 exposed for 5 days.
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light-emitters are emerging as promising candidates for
meeting Rec. 2020 standards in ultra-high-definition display
technology, maintaining sharp emission spectra is highly
desirable.>**** Thus, it is possible to comment that clarifying
the origin of this spectrum-broadening is a crucial step for
preventing it and finally realizing perovskite display with high
colour gamut.

Recent literature suggests two plausible scenarios to explain
the independent, blue-shifted photoluminescence peak (Peak
2): (i) decomposed perovskites form precursors that self-
confine, leading to a quantum confinement effect, or (ii) the
presence of H,O promotes the formation of the blue-emissive
two-dimensional byproduct, CsPb,Brs.”* Since both scenarios
explain the blue emission observed after degradation, addi-
tional insight into this phenomenon is required. To investigate
further, we performed TEM imaging, tracked over 5 days. As
shown in the images, degradation is visually confirmed
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according to the following timeline for each sample: Fig. 3a
pristine P1 - 3b after 2 days - 3c after 5 days, 3d pristine P2 - 3e
after 2 days - 3f after 5 days, and 3g pristine P3 - 3h after 2 days
- 3i after 5 days. Comparing the fresh reference samples, the
initial size of perovskite NCs are in a good agreement with the
trend of PL spectra as mentioned, assuming quantum
confinement effect. As the air-exposure time increases, several
black dots appear, particularly in P1, which has relatively
smaller crystal size, showing rapid formation of these black dots
within the first 2 days. This might be explained by the high
surface-to-volume ratio that reinforces exposure to humid air.
However, there is no clear difference in the image of P1 after 5
days, despite the rapid decrease in PL intensity (as shown
above), which saturates after 4 days. The correlation between
the TEM images and PL measurement results suggests that the
decomposition to CsBr + PbBr, may suppress further degrada-
tion of CsPbBr; NCs. In 2014, Chen et al. reported a comparable

Z = [001]

Z =[001] Z = [001]
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“(200) |
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.

Z =[001] Z= [001]

Fig. 4 Selected area electron diffraction (SAED) patterns of (a) fresh reference P1, (b) P1 exposed for 2 days, and (c) P1 exposed for 5 days. SAED
patterns of (d) fresh reference P2, (e) P2 exposed for 2 days, and (f) P2 exposed for 5 days. SAED patterns of (g) fresh reference P3, (h) P3 exposed

for 2 days, and (i) P3 exposed for 5 days.
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trend for CH3NH;Pbl;, specifically self-induced passivation.>®
They proposed a method for effectively passivating CH;NH;Pbl;
films. It has been shown that the presence of Pbl, species in the
grain boundaries upon thermal degradation led to a successful
passivation that controls the carrier behaviour along the het-
erojunctions, since Pbl, species has wider band gap.

Similarly, decomposition induced formation of PbBr, might
protect CsPbBr; NCs against moisture in air. To confirm this
phenomenon and verify the presence of PbBr,, a series of
studies using selected area electron diffraction (SAED) patterns
is performed as shown in Fig. 4. P1-P3 exhibit (100), (110),
(200), and (220) signals, purely from CsPbBr; in the SAED
results right after fabrication. However, with increasing expo-
sure to humid air, the samples begin to show (012), (121), (202),
and (232) signals from PbBr,.

By this clear result, it is verified that the blue emission of PL
spectra originated from PbBr,, yet not related to 2D CsPb,Brs. In
addition, supporting experimental and theoretical studies by
Fausia et al. reveal that H,O molecules catalyse the decompo-
sition of CsPbBr; into PbBr, and CsBr through a two-step
mechanism involving “surface adsorption” and “subsequent
intercalation”.?” Initially, water molecules adsorb on the (100)
surface of CsPbBr; where the hydroxyl groups interact with the
exposed Cs and Pb atoms. This adsorption weakens the struc-
tural integrity of the perovskite, facilitating the penetration of
water molecules into the crystal lattice. Theoretical insights
presented in this study reveal that intercalated water molecules
form strong interactions with Cs and Pb atoms, leading to
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lattice compression and a significant volume contraction of
approximately 6.57%. This process disrupts the Cs-Br ionic
interactions, which play a vital role in maintaining the struc-
tural stability of the perovskite. The redistribution of charges
caused by water intercalation eventually leads to the dissocia-
tion of CsPbBr; into its degradation-products. Pearson's hard-
soft acid-base theory further explains this mechanism, as Cs"
and Pb** cations preferentially form stable salts with bromide
ions, which accelerates the decomposition in a moisture-rich
environment. This anticipation is in the same vein as the
result of PL spectra and TEM images. It is highly plausible that
the intercalated H,O molecules degrade CsPbBr; NCs from
inside and separate into smaller NCs, resulting in additional
blue shifted PL peaks and dots in electron microscopic images.
Notably, the results with P1 after 5 days in Fig. 4c do not
demonstrate PbBr,-related signals but only from CsPbBr;,
which might stem from the CsPbBr; produced by moisture-
assisted reaction of decomposed precursors.”® This demon-
strates a crucial difference between selected inorganic CsPbBr;
perovskite material and organic-inorganic metal halide perov-
skites. For instance, methylammonium-based MHPs (CH,-
NH;PbX; X = halide anions) permanently lose gas phase
products during decomposition, such as “CH;NH, + HX pair” or
“CH3X + NH; pair”.”® Thus, methylammonium-based MHPs
might require excess methylammonium halide components,
which causes difficulty in observation of blue-shifted PL from
smaller perovskites in stoichiometrically synthesized system
such as perovskite NCs.
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For a further investigation elucidating the impact of degra-
dation and PbBr,-formation on recombination dynamics, TRPL
spectra are obtained for the air-exposed CsPbBr; NCs. By col-
lecting TRPL signals for 5 days, a consistent trend is confirmed.
As air-exposure time increase, the lifetime decreases for P1, P2,
and P3, as shown in Fig. 5a-c. The shortening of PL lifetime is
usually attributed to an increase in non-radiative recombina-
tion pathway.” The TRPL results are deconvoluted using a bi-
exponential decay model, described as follows:

I = Cyexp(—t/ty) + Cyexp(—t/ts)
Tave = (1717 + Cr)(Cr1y + Cota)

Here, “I” represents the intensity of emission, and C; and C, are
the amplitudes associated with the decay components. The
shorter (fast) lifetime (7,) corresponds to excitonic recombina-
tion, which includes contributions from defect or trap states,
while the longer (slow) lifetime 7, corresponds to radiative
recombination and ¢ denotes the time variable.*® The PL life-
times and fractional intensities of CsPbBr; NCs before and after
air exposure are summarized at Table S1 (ESIt). Fig. 5d—e show
the average exciton lifetime (7,,,) and the relative weight frac-
tions (RWFs, C;/C,) over the air-exposure time. It is clearly
shown that average PL lifetime decreases, and the RWFs
increase with prolonged air-exposure. The increase in RWFs
suggests a rise in the number of non-radiative pathways,
leading to the quenching of PL intensity. Recent literature
attributes this increase in non-radiative recombination path-
ways to the formation of surface defects, typically associated
with the decomposition of CsPbBr; NCs into CsBr and
PbBr,.***" The decomposition observed in our TEM measure-
ments strongly supports this interpretation.

4 Conclusions

In summary, the degradation of perovskite NCs was visually
confirmed using TEM and closely correlated with the PL prop-
erties of inorganic perovskite NCs synthesized with varying
reaction times. Through a comprehensive series of measure-
ments, it was established that the low surface-to-volume ratio of
the NCs, along with the presence of surrounding PbBr,, plays
a key role in preventing perovskite decomposition. This work is
especially significant as it highlights the importance of carefully
designing additive engineering and other techniques aimed at
improving perovskite quality. Such approaches must consider
critical factors, including the formation energy of the final
product and the specific types of defects present.
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