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To circumvent the issue of halide ion exchange in perovskites, we
have decorated CsPbBr; and CsPbl; nanocrystals with different
sized PbSe nanoparticles and demonstrated that it effectively pre-
vents anion exchange reaction in CsPbBrz/CsPblz nanoheterostruc-
tures (NHSs) as a consequence of halide vacancy passivation by the
more covalent selenide anion.

Heterostructures based on different halide perovskite nano-
crystals (NCs) have attracted a lot of attention in recent years
owing to their use in diverse optoelectronic applications.™°
Importantly, the interface between different perovskite layers
plays an essential role in determining the performance of
optoelectronic devices.''™® However, the ease of halide ion
migration is critical towards fabrication of all perovskite based
tandem optoelectronic devices."”>* When two metal halide
perovskites (MHPs) of different halide composition are brought
in direct contact, rapid diffusion of halide ions occurs, com-
monly referred to as anion exchange reactions, resulting in the
formation of mixed-halide alloys instead of well-defined
interfaces.>>*>*”*® Anion exchange reactions are highly spon-
taneous in nature and originate due to the low thermodynamic
barrier of mixing of different halide ions.***° Moreover, within
MHP NCs, anion exchange reactions are further facilitated by
the removal of halide ions from the perovskite surface under
light exposure and other environmental stresses.*" To suppress
the ion migration in perovskite/perovskite tandem structure, it
is quintessential to effectively passivate the halide vacancies
through appropriate strategies. Notably, several studies in the
literature have described the inhibition of anion exchange
either through perovskite capping or the implementation of
an ion-blocking layer.>>* Buonsanti et al. reported the use
of alumina shell on perovskite surface which leads to the
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prevention of ion migration.>® In a recent study, Blackburn
et al. showcased the effective use of single-layer graphene
inserted between the metal halide perovskite layers to prevent
ion diffusion.*® Kamat and coworkers employed PbSO,-oleate
capping on perovskite, which effectively inhibits ion exchange.?”
Balakrishna’s group inhibited the halide ion exchange in tan-
dem devices via passivating the perovskite’s defects using
polyvinylpyrrolidone®® while Santra’s group prevented the ion
migration at the interfaces of CsPbBr;-CsPbl; using an ultrathin
alumina shell.*® In this context, utilizing metal chalcogenides for
plugging halide vacancies can serve as a potential strategy to
prevent the migration of halide ions due to the highly covalent
nature of the Pb-chalcogen bond that renders it stable. Recently,
a few studies discussed about the passivation of surface defects
of halide perovskites via NHSs formation with PbE (E = S,
Se).**"** These NHSs show excellent performance in photovoltaic
applications owing to their enhanced stability under ambient
conditions.’®** However, to the best of our knowledge, the
utilization of lead chalcogenide passivation to effectively sup-
press halide ion exchange in perovskite/perovskite NHSs has not
been explored yet. Here we demonstrate PbSe nanoparticles
(NPs) decorated over the surface of MHPs greatly passivate the
surface defects of CsPbBr; as well as CsPbI; NCs. As a result of
halide passivation, ion exchange reaction is suppressed signifi-
cantly in PbSe decorated CsPbBr;/CsPbl; NHSs, irrespective of
the size of the PbSe islands. We observe discrete absorption and
photoluminescence (PL) features in PbSe-CsPbBr;/PbSe-CsPbl;
NHSs, as that of isolated CsPbBr; and CsPbl; NCs. Whereas,
in case of pristine CsPbBr;/CsPbl; NHSs without PbSe, rapid
mixing of halides take place. Moreover, we do not observe any
change in the PL emission peaks in PbSe decorated NHSs for
over a period of six months under ambient conditions and even
upon thermal annealing. Furthermore, we have fabricated phos-
phor converted light emitting diodes (pc-LED), which show
warm white luminescence indicating the retention of the
CsPbBr; and CsPbl; structures. Our approach opens possibilities
for designing novel perovskite/perovskite heterostructures,
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Fig. 1 (a) PXRD pattern for pristine CPB, MS-CPB, and SP-CPB along with their reference patterns; (b) TEM images and STEM elemental mapping for
CPB, SP-CPB, and MS-CPB; (c) PL spectra of CPB, SP-CPB, and MS-CPB along with their photographs in day light; inset: comparison of PL stability of

CPB, SP-CPB, and MS-CPB after multiple washings with ethyl acetate.

enabling enhanced control over optoelectronic properties in
various photonic device applications.

CsPbBr;-PbSe NCs were synthesized utilizing in situ colloidal
hot injection methods (i) using MoSe, nanosheets (NSs) and (ii) Se
powder as two different source of selenium precursors, reported
recently from our group.***> Detailed synthesis methodology is
discussed in Experimental Section. For the sake of simplicity,
the NCs synthesized from MoSe, and Se powder are abbreviated
MS-CPB and SP-CPB, respectively. Fig. 1a shows the powder X-ray
diffraction (PXRD) pattern of CsPbBr; (CPB) NCs and SP/MS-CPB
along with the reference pattern for bulk CsPbBr; and PbSe,
which shows the presence of lattice planes corresponding to both
CPB and PbSe in SP/MS-CPB. Transmission electron microscopy
(TEM) images of CPB and SP/MS-CPB are shown in Fig. 1b, and
their size distribution is shown in Fig. S1 in ESI.{ Notably, cubic
morphology of CPB remains intact in SP/MS-CPB NCs, accompa-
nied by the presence of small black dots decorating the surface of
the CPB NCs, attributed to the presence of PbSe NPs.***° 1t is
interesting to note that in case of SP-CPB, larger sized PbSe
islands are formed, while in case of MS-CPB, smaller sized PbSe
islands are formed, as can be seen from the histograms in Fig. S1d
and e (ESIY), respectively. We establish the presence of PbSe in
the SP/MS-CPB through elemental mapping with scanning trans-
mission electron microscopy (STEM)-energy-dispersive X-ray
(EDX) spectroscopy as shown in Fig. 1b.*® A significant increase
in the PL intensity is observed in SP/MS-CPB compared to pristine
NCs as shown in Fig. 1c, suggesting incorporation of PbSe passi-
vates the surface defects of CPB by filling the halide vacancies.*®
Nonetheless, it is a well-known fact that in pristine halide
perovskites, halide vacancies are further created under light
exposure and other environmental stresses, facilitated by the
detachment of surface halide in the form of oleylammonium
halide.*® Since halide vacancies facilitate anion migration, effec-
tive sealing of these vacancies and preventing their further
formation during device operation would significantly impede
halide ion migration. To ensure effective passivation of halide
vacancies in SP/MS-CPB, we subjected the NCs to multiple
washings using the antisolvent ethyl acetate. While the PL
intensity of pristine CPB drops by up to 50% after three washes,
that of SP/MS-CPB only experience a modest reduction of about
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10%, as illustrated in Fig. 1c (inset). This is attributed to the
removal of surface bromide ions in the form of oleylammonium
bromide, which creates more defects in NCs upon washing with
antisolvent.>® The relatively minor reduction in PL intensity
observed in SP/MS-CPB suggests that the surface bromide
remains largely intact indicating PbSe effectively plugs the halide
ion vacancies of CsPbBr; and offers protection from the external
environment under ambient conditions.®> In PbSe decorated
halide perovskite NCs, as the halide vacancies are not created
under harsh experimental conditions, we believe that these
vacancies are unlikely to form during device operation. Using a
similar reaction scheme, we also synthesized PbSe decorated
CsPbl; NCs using MoSe, NSs and selenium powder, which we
are denoting as MS-CPI and SP-CPI, respectively. PXRD pattern
of pure CsPbl; (CPI) NCs and SP/MS-CPI, and their corres-
ponding TEM images are shown in Fig. S2 (ESIt). We now show
the utilization of these PbSe decorated CsPbX; NCs to study the
influence of PbSe decoration on ion migration within CsPbBrs/
CsPbI; (CPB/CPI) NHSs. All the measurements were conducted
on thin films on a glass substrate. For example, to fabricate SP-
CPB/SP-CPI NHSs, we employed spin coating technique as
illustrated in Fig. S3 (ESIf). SP-CPB dissolved in toluene were
spin coated onto a glass substrate followed by thermal annealing
at 60 °C for 10 minutes. Subsequently, a SP-CPI film was
deposited on top of it and annealed to complete the formation
of SP-CPB/SP-CPI NHSs. For long term PL studies, a thin film of
poly methylmethacrylate (PMMA) was spin coated on top of the
heterostructure to protect the CPI from moisture, as it is prone to
degradation under ambient conditions.***° In a similar manner,
we fabricated the MS-CPB/MS-CPI NHSs, in which smaller PbSe
islands are present on the perovskite surface. The PXRD patterns
and their cross-sectional field-emission scanning electron micro-
scopy (FESEM) are given in Fig. S4 and S5 (ESIt). These results
suggest that both the perovskite layers maintain their distinct
stoichiometry, without any halide mixing which would otherwise
lead to the formation of mixed alloys. Optical studies confirm
the protective role of PbSe decoration on perovskite NCs in
sufficiently inhibiting the ion exchange reaction within CPB/
CPI NHSs. Fig. 2a shows the absorption and PL emission for
pristine CPB and CPI NCs exhibiting emission in the green and

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Absorbance and PL spectra of films of CPB, CPI, CPB/CPI and
SP/MS-CPB/CPI NHSs deposited sequentially; (b) and (c) PL of the SP-
CPB/SP-CPI and MS-CPB/MS-CPI NHSs over the course of six months;
evolution of emission peak position with time upon heating at 100 °C of (d)
SP-CPB/SP-CPI; and (e) MS-CPB/MS-CPI NHSs.

red regions, respectively. Upon NHSs formation the absorption
onset and PL emission rapidly merge within 10 minutes - the
time required for thin film preparation - displaying an excitonic
peak at 564 nm and emission centred at 570 nm. This aligns
with expectations when the halides mix together and form
CsPb(Bry 51, 5).'*** On the contrary, in the SP/MS-CPB/CPI NHSs,
distinct absorbance and PL features persist resembling those
of isolated samples. Anion exchange in solution occurs at a
much faster rate though, as seen in Fig. S6 (ESIt). The distinct
absorption and emission features in films provide compelling
evidence that no anion exchange occurs in the presence of PbSe
in the NHSs, irrespective of the size of the PbSe domain.*® The
emission spectra of the PbSe decorated CPB/CPI tandem archi-
tecture were recorded for a period of six months without any
discernible shift in the peaks for the SP/MS-NHSs as shown in
Fig. 2b and c. Their absorption spectra are also unaffected as
shown in Fig. S7 (ESIT). PXRD results shown in Fig. S8 (ESIT) also
support the optical results. This indicates the stability of PbSe
decorated heterostructures towards ion exchange reactions
under ambient conditions. Halide interdiffusion across the SP/
MS-CPB/CPI NHSs was also monitored at higher temperature
(100 °C) by tracking the change in PL spectra with time. The
evolution of PL emissions upon heating at 100 °C are depicted in
Fig. S9a and b (ESIt) for SP-CPB/SP-CPI NHSs and MS-CPB/MS-
CPI NHSs, respectively, and the changes in the emission peaks
with time at 100 °C are shown in the Fig. 2d and e for both SP
and MS based NHSs, respectively indicating no halide mixing.
Heating, however, does have detrimental effects on the perovs-
kite structure as evident from the prolonged heating at 100 °C.
To understand the charge carrier dynamics within SP-CPB/SP-CPI
and MS-CPB/MS-CPI NHSs, we conducted time-resolved photo-
luminescence (TRPL) measurements. All the measurements were
performed on glass substrates. Fig. 3a and b show the decay
dynamics for the emission centred at 518 nm and 695 nm,
respectively. The results are fitted well with triexponential

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 TRPL decay curves of (a) pristine CPB, SP/MS-CPB, and their
corresponding NHSs; (b) pristine CPI, SP/MS-CPI, and their corresponding
NHSs; (c) PL spectra of pc-LED fabricated by stacking SP-CPB and SP-CPI
on 405 nm emitting commercial LED. Inset shows photographs of the LED
without and with applied bias of 3.4 V; (d) CIE plot for LEDs fabricated with
different proportions of SP-CPB:SP-CPI.

components and are summarized in Tables S1 and S2 in ESL¥
Interestingly, the addition of PbSe to CsPbX; NCs has resulted in a
slightly slower PL decay. This effect is ascribed to the surface
defect passivation in the perovskite, resulting from the presence
of PbSe islands. Upon formation of MS/SP-CPB/CPI NHS films,
carriers within CPB exhibit faster decay compared to the pure
sample as seen in Fig. 3a while carriers within CPI, when
incorporated into the heterostructure, demonstrate slightly slower
decay relative to the pure CPI as evidenced from Fig. 3b, suggest-
ing photogenerated carriers can easily be transferred from CPB to
CPI. This is in agreement with the type-I band alignment of CPB/
CPI, enabling the charge carriers to flow from CPB to CPI NCs.*®
Energy is funnelled from the higher band gap CPB to the lower
band gap CPI layers and at the same time retaining the identities
of the two layers. To demonstrate the applicability of these NHSs,
we fabricated proof-of-concept phosphor converted LEDs (pc-
LEDs) with SP-CPB/SP-CPI NHSs.”"*"™*° Both the SP-CPB and
SP-CPI NCs were deposited on top of a commercially available
violet emitting LED (405 nm). On applying voltage of 3.4 V and 0.1
mA current, we observe white light emission from the pc-LED -
the blue part emanating from the LED, green from the SP-CPB
layer while red originates from the SP-CPI layer. The spectrum of
the LED is shown in Fig. 3c. This is made possible because of the
non-mixing of halides, confirming the effectiveness of the PbSe
islands in blocking the halide migration. The amount of the two
NCs can be varied to achieve various shades of white light ranging
between cool white and warm white. The inset in Fig. 3c shows
the photographs of the pc-LEDs in OFF state under day light
and with bias in dark, illustrating warm white emission. The
corresponding CIE chromaticity coordinates diagram is shown in
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Fig. 3d exhibiting the tuning of different hues of white at
different ratios of SP-CPB and SP-CPI represented by CIE
coordinates in Fig. 3d.

In conclusion, we have demonstrated a new approach to
prevent the anion migration at the interface of CsPbBr;/CsPbl;
NHSs via decorating the perovskites with PbSe islands. This is a
consequence of the halide vacancies being populated with the
chalcogenide anion, thus making a stronger, stabler covalent
bonding that prevents migration for months. The stable per-
ovskite NCs enable us to demonstrate pc-LEDs. Further light
energy harvesting applications should also be possible.
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