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Template Pore Size and A-Site Cation Management Dictate
Luminescence Efficiency, Stability, and Wavelength in

Confined Perovskite Nanostructures

Viviana C. P. da Costa, Kyle Frohna, Samuel D. Stranks, and Jeffery L. Coffer*

A-site cation composition is a useful lever in optimizing the photophysical
properties and stability of metal halide perovskites (MHPs). Independent of
this, straightforward preparative routes to MHP nanostructures that employ a
single solid-state template with modest thermal requirements are also in
demand. Here both strategies are employed in the fabrication and evaluation
of luminescence properties of mixed formamidinium/cesium (Cs FA,_, PbBr;)
and methylammonium/cesium (Cs,MA, _,PbBr;) nanostructures formed
within confining mesoporous silica of 4 and 7 nm average pore diameters.
Use of such small-pore oxide-terminated templates produce perovskite
nanostructures in the strongly confined regime, with broadly tunable
emission from green to sky blue. It is found that the smallest nanostructures
that are formamidinium rich exhibit the largest photoluminescence quantum
efficiency values, but such values diminish by more than 50% in a 10 day
period. In contrast, the same nanostructures formed within a 7 nm porous
template retain their efficiency values over the same time window. The likely
origins of this size-dependent behavior are discussed in terms of
pore-size-dependent capillary forces. Such routes may ultimately lead to
improved light-emitting diode designs composed of controlled
quantum-confined perovskites of greater intrinsic stability than other emitters

1. Introduction

The performance of light-emitting diodes
(LEDs) composed of metal halide perovskite
(MHP) active emitters continues to im-
prove, based on careful refinements in
emissive layer composition, structure, and
improved carrier injection across inject-
ing interfaces.'?] For the first two cate-
gories, A-site cation compositional manage-
ment can be employed to alter the structure
and dynamics of metal halide octahedral
tilt conformation in the lattice, with con-
sequences for perovskite photophysics and
phase stability.>*] A recent review empha-
sizes the important role of thermally acti-
vated motion of A-site cations coupled with
associated BX*~ octahedra and their inter-
actions with perovskite charge carriers.]
Some of the most emissive LEDs and effi-
cient photovoltaics employ perovskite com-
positions that are in rich in formamidinium
(FA)!%] along with a small amount of cesium

such as ligand-based colloidal nanocrystals.
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(Cs);"Istrongly emissive LEDs have been
achieved using methylammonium (MA)-
rich compositions with a small amount of
Cs as well.l'*]

Complementing the above emphasis on photoluminescence
quantum efficiency (PLQE), emission color tunability is also pos-
sible in these perovskites based on quantum-confinement effects.
Within the quantum-confined regime, three distinct subregimes
have been identified for the lead bromide (PbBr,)-based per-
ovskite phases (strong, medium, and weak), with the most sen-
sitive shifts in size-dependent emission maxima falling within
the strongly confined regime.l'!l The desire to prepare structures
emitting in the blue region is especially in demand,!'?] as the nec-
essary bandgap in lead halide perovskite films requires bromide—
chloride-containing phases that are often unstable; films com-
prised of quantum dots of this composition are also typically less
emissive than their solution analogs.['*?13-15] Therefore, meth-
ods which template the creation of perovskite quantum dots in
the smallest size regime, while ideally adding long-term chemical
and physical stability to the perovskite,!'%!7] are clearly desired.

In this work, we describe the fabrication of a series of
lead bromide perovskite nanostructures with mixed for-
mamidinium/cesium (Cs,FA,_,PbBr;) and methylammo-
nium/cesium (Cs,MA,_,PbBr;) compositions, with perovskite
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Table 1. Lead bromide perovskite nanostructures formed within meso-
porous silica templates.

Increasing Cs* content — for both 4.0 (+0.5) nm and 7.1 (+0.5) nm templates

MAPbBr;  MAjoCsq10PbBr;  MAgg5Csg15PbBrs  MAj 15Csgg5PbBrs  CsPbBry
FAPbBr; FA 90CS0.10PbBr3 - -

dimension templated by a mesoporous silica (SiO,) host.[181]
The goal here is to create new straightforward routes to quantum-
confined metal halide perovskites templated by mesoporous
solids with the highest possible quantum efficiencies. For these
templates, extremely small pore diameters (7 and 4 nm) are nec-
essary to achieve nanostructures in the strong quantum-confined
regime. The oxide-terminated host also provides a passivating
moiety for surface defects(?*25] and some physical protection
against moisture and environmental degradation. Interestingly,
it is found that the smallest sub 4 nm nanostructures composed
of Csy,0FA,q PbBr; possess extremely strong emission, with
PLQE values exceeding 70%. Such values are metastable, how-
ever, degrading to 30% within a 10 day period, consistent with
the literature for this composition.l”! Significantly, in contrast,
the emission for Cs;;,FA, 4oPbBr; created in 7 nm mesoporous
silica templates produces a stable structural “sweet spot” with
PLQE values being maintained in the 30% range during the
same time interval. Analogous methylammonium-containing
compositions retain similar trends, albeit with lower absolute
emission intensity. The likely origins of this size-dependent
behavior are discussed in terms of capillary force-induced out-
diffusion of perovskite, along with implications for devices of
comparable composition.

2. Results

Previous work from our group and others has established the
ability of mesoporous silica,?**”] mesoporous silicon,!?! and
porous silicon nanotubes!®-32l to direct the feature size of
nanoscale metal halide perovskites MAPbX, (X = Br and I),
whereby the necessary precursors are carefully infiltrated into
a given porous matrix, excess precursor solution removed, and
the structure annealed under modest thermal conditions. In this
work, we exploit this methodology to create mixed A-site lead bro-
mide compositions using the precursors cesium bromide (CsBr)
and formamidinium bromide (FABr) or methylammonium bro-
mide (MABT) in necessary stoichiometric ratios during the above
process. In general, precursor solutions of 200 mm concentration
are added to milligram quantities of mesoporous SiO, powder at
slightly elevated temperatures (65-70 °C) to facilitate impregna-
tion, followed by centrifugation, removal of excess supernatant,
and heating the resultant powder at 95 °C to crystallize the de-
sired perovskite. The process is visually outlined in Figure S1
(Supporting Information), and the family of structures prepared
by this process in this study is listed in Table 1.

2.1. Structural Characterization

The resultant products have been structurally characterized
by multiple methods, principally transmission electron mi-
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croscopy (TEM) and powder X-ray diffraction (XRD). Figure 1
presents TEM images of Cs,;sMA 4 PbBr; (Figure 1a,b) and
Csy19FA( o PbBr; (Figure 1c,d) formed inside the porous struc-
ture of mesoporous silica of 4 and 7 nm average diameters, re-
spectively. For all perovskite compositions, TEM images reveal
the presence of spherical perovskite nanostructures with a mean
diameter less than the given template pore size. For example,
Csy10MA, oo PbBr; nanostructures formed inside a 7 nm tem-
plate exhibit a mean diameter of 5.7 (+2.2) nm, while the 4 nm
pore silica houses 2.7 (+0.7) nm structures. Corresponding val-
ues for Cs; FA( 4oPbBr; are 4.5 (+1.3) nm and 2.4 (+0.5) nm for
the 7 and 4 nm templates, respectively. Associated histograms for
these particle sizes are provided in Figure S2 (Supporting Infor-
mation). Selected nanocrystals typically exhibit lattice spacings
associated with the (002) reflection of FA-containing phases!’! or
the (200) plane of MA-rich structures**! (Figure 1d (inset); Figure
S2, Supporting Information).

Powder X-ray diffraction measurements provide necessary
phase information for these structures along with a Halder—
Wagner-type analysist®}l of XRD line shape, providing par-
ticle size information for selected nanostructures. Figure 2
shows the evolution of diffraction patterns with A-site com-
position. The observed pattern for CsPbBr; is consistent with
the established orthorhombic phase (space group Pnma),3+3]
while for FAPbBr; and MAPbBr, the proper description is cu-
bic (Pm3m).13*3¢-38] The Cs-rich composition Cs,gsMA, ;sPbBr,
shows an orthorhombic-like phase pattern with regard to the
number of peaks, associated 26 values and their relative inten-
sities.

Analysis of the X-ray data using the Halder—-Wagner model
provides a complementary assessment of average particle size
for selected perovskites. For the example of perovskite nanos-
tructures confined within a 7 nm mesopore, an average value
of 8.0 (x1.5) nm is extracted for Cs;gsMA,;sPbBr;, while
Csy19MA, 4, PbBr; yields 6.0 (+1.9) nm, both in reasonable agree-
ment with corresponding TEM analyses (within a nanometer or
less). Similar examples are found for perovskite nanostructures
formed within 4 nm pores; for MAPbBr; and FAPbBr;, aver-
age particle sizes of 2.8 (+0.4) and 3.6 (+0.7) nm, respectively,
are found. Representative Halder—-Wagner plots for the above are
provided in Figure S3 (Supporting Information).

2.2. Photoluminescence Properties

We begin this section with the question of size control and asso-
ciated emission wavelength of a given perovskite. We vary both
the composition of the A-site of the perovskite as well as the lower
limit of mesoporous silica pore diameter to 4 nm, thereby signif-
icantly shifting the associated emission maximum into the sky
blue region (CIE-X: 0.0234, Y: 0.413).

This effect is exemplified by a comparison of emission
maxima for the homogeneous A-site compositions FAPbBr;,
MAPbBr;, and CsPbBr; formed within 4 and 7 nm pore di-
ameter mesoporous silica, along with a bulk reference sample
(Table 2; Figure S3, Supporting Information). Here the overall
blueshift in PL maximum from bulk to the smallest nanostruc-
ture formed (within the 4 nm mesoporous template) is 193
meV for FAPbBr;, ~198 meV for MAPbBr;, and ~148 meV for
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Cso.10FAo.s0PbBr3

7 nm SiO; template

Figure 1. TEM images of Csj15MA(gsPbBr; in a) 4 nm and b) 7 nm pore diameter templates and Csg 19FAq 9oPbBr3 in ¢) 4 nm and d) 7 nm pore

templates.
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Figure 2. X-ray diffraction spectra for the series of Cs,FA,_,PbBr; and

Cs,MA,_,PbBr; nanostructures formed within mesoporous silica with a
7 nm pore diameter.
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Table 2. Emission maxima wavelength (nm) for FAPbB,;, MAPbBr;, and
CsPbBr; as a function of perovskite crystal size (1., = 370 nm).

Perovskite composition 4nm 7nm Bulk

FAPbB, 3 499 + 1.4 529 +2.5 541+ 0.6
MAPbBr; 495 + 0.7 519+ 1.2 538 +£2.2
CsPbBr; 494 + 0.5 513 +0.7 525+ 1.4

CsPbBr;. The mixed A-site compositions thus follow a similar
trend, exemplified by the PL spectra of Cs,;,MA,,,PbBr; and
Csy19FA, 4oPbBr; shown as a function of size in Figure 3.

It should be noted that for a given template size, the emission
maximum is only subtly affected by A-site ratios of Cs to MA or
Cs to FA in the corresponding perovskite; the range of PL max for
structures formed within the 4 nm template is ~28 meV, while
for the 7 nm template it is somewhat larger at 69 meV (Figure
S4, Supporting Information).

The most significant influence of A-site composition is mani-
fested in the PLQE (Figure 4), evaluated under a steady-state exci-
tation density of 18 mW cm~2 at 405 nm. Three important trends
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Figure 3. Room-temperature PL spectra for Csy 19FAq 9oPbBr3 and Csg 1gMA( 9oPbBr; as a function of template size (4 vs 7 nm vs bulk). The presence
of the lower energy peak in the Csg 10MA( goPbBr; bulk sample, as well as in bulk CsPbBr; and MAPbBr; (Figure S3, Supporting Information), infers

some degree of phase heterogeneity in the nontemplated samples.
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Figure 4. PLQE values for selected nanoscale

Cs,FA,_,PbBr;/Cs,MA;_,PbBr; perovskites formed within 4 and 7
nm pore mesoporous silica templates. All samples were exposed to
vacuum immediately before measurement and otherwise stored in a
desiccator.
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are observed. First, for those perovskites with comparable com-
position, structures formed within the 4 nm template demon-
strate PLQE values more than twice than those housed within the
7 nm pore silica (at a minimum); for example, Cs,,;,FA ooPbBr;
formed within the 4 nm pore template exhibits a PLQE value
of 76%, while the same composition structure formed within
the 7 nm porous template is ~34%. Second, for perovskites of
comparable A-site ratio of organo-ammonium:cesium and tem-
plate pore size, swapping methylammonium for formamidinium
with results in a significantly larger PLQE for the FA-containing
species (e.g., PLQE of Cs ,FA,  PbBr; > Cs,MA,_ PbBr;). For
example, Csg,;,FA;q,PbBr; formed within the 7 nm template
possesses a PLQE value of 34%, while Cs,;,MA,,,PbBr; also
formed within this same mesoporous silica with 7 nm pores
yields a substantially less emissive perovskite with a PLQE of
~13%.

Investigations of fluence dependence on these samples in the
18-630 mW cm~? range reveal highest PLQE values at lower flu-
ences, then dropping off slightly before leveling off (for example,
30% vs 25% for Cs,,oFA,q,PbBr;; Figure S6, Supporting Infor-
mation). Thus, even at such low fluences, it appears that the traps
are saturated; similar trends have been observed for nanocrys-
tals whereby PL intensity as a function of carrier concentration
presents a linear or slightly sublinear response, suggesting the
PLQE is essentially constant.*”]

For the Cs,MA,_,PbBr, series, incorporation of excess Cs (x
> 0.2) results in a marked reduction in PLQE, as evidenced in
the 4 nm pore template results. At x = 0.10 or 0.15, PLQE values
of ~#40% are obtained, while at the other extreme x = 0.85 the
value drops to roughly half, ~20%. Such a reduction is likely as-
sociated with increased energy transfer to trap states and rougher
surface morphology (with defects).”] Third, and significantly, it
must be emphasized that the PLQE values for Cs,, ;,MA, o, PbBr;,
and Cs;,oFA, 4oPbBr; formed within a 4 nm mesoporous silica
template are metastable. For example, for samples exposed to
vacuum immediately before measurement (and otherwise stored
in a desiccator), the ~#76% PLQE value for Cs,;,FA;q,PbBr;
formed within 4 nm mesoporous silica degrades somewhat to
28%—still a significant value—within a 10 day period, consistent
with the behavior of octylamine/oleic acid-stabilized 10 nm FA-
rich lead bromide perovskite nanocrystals (including those with
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Table 3. Changes in PLQE values for selected perovskites as a function of sample ageing.

Perovskite composition Template (SiO,) pore diameter PLQE [%]
[nm]
Fresh sample 10 days Aged sample
Cs.10FAG.90PbBr3 4 75.8 27.9
7 33.7 29.7
Cs9.10MAg 90PbBr3 4 39.1 15.2
7 12.9 14.8

this composition) observed previously in the literature.”l This
known limited stability (36 h) of PLQE values for selected ligand-
stabilized formamidinium-rich lead bromide perovskite nanos-
tructures was a significant consideration in our selecting a 10 day
observation window for tracking the stability of these new tem-
plated perovskite nanostructures.

Such a behavior is not restricted to FA-containing composi-
tions. Small nanocrystals of Cs, ;,MA, o, PbBr; formed within the
4 nm templates behave similarly, diminishing from an initial
value of 39% to 15% at the same time interval (Table 3).

Significantly, in contrast to the above loss of PLQE for the
above 4 nm perovskite nanostructures, the perovskite emission
created in 7 nm mesoporous silica templates produces rela-
tively stable PLQE values remaining essentially unchanged dur-
ing the same time interval. In particular, the PLQE value of
Csy10MA, oo PbBr; remains in the 15% range after ~10 days age-
ing, and while that of Cs,, ;,FA, oo PbBr; stays ~30% (Table 3).

3. Discussion

Nanoporous template infiltration of precursor solutions com-
posed of proper stoichiometric ratios of MABr (or FABr), CsBr,
and PbBr, in N,N-dimethylformamide (DMF), followed by a
modest thermal anneal (90 °C for ~60 min), is a straightfor-
ward way to create dispersed nanocrystals of metal halide per-
ovskites of mixed A-site cations such as Cs;;(MA,PbBr; and
Csg10FA 0o PbBr;. Mesoporous silica is an ideal template for this
purpose, as it provides oxide moieties that can passivate defects
of the perovskite, and importantly, is available in ultrasmall pore
diameters that can restrict the dimensions of the resultant per-
ovskite well into the quantum-confined regime.

Discussion of perovskite photophysics mandates the need for
clear phase identification. Powder XRD diffraction provides such
detail. Cs-rich structures exhibit an orthorhombic-type unit cell,
with FA- and MA-based compositions possessing a cubic lattice.
The incorporation of small amounts of Cs into lead halide per-
ovskite compositions is firmly established to bring marked phase
stability to the structure.l*] It is also likely that the excess sur-
face energy brought about by the reduced size of the nanocrystals
plays a role in stabilizing a given phase.[*!]

The sizes of perovskite nanostructures generated by use of
these mesoporous silica templates fall clearly into the strongly
confined region, producing bright sky blue emission (CIE-X:
0.0234,Y: 0.413) for the smallest nanostructures formed within
the 4 nm templates, in contrast to the limited blueshifts in the
emission maxima of the perovskite when mesoporous templates
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in the 7-18 nm pore range are used and emission remains in the
green range.!2¢]

For the single identity A-site perovskites (i.e., FAPbBr;,
MAPDBr;, and CsPbBr;) itis clear that the emission maximum of
the Cs derivative is the most blueshifted for a given size, consis-
tent with the greatest tilt angle of the [PbBr,*] octahedra. Recent
computational studies by Mannino et al. indicate that while the
bandgap of an XPbBr, sample can increase by either an isotropic
volume expansion or by the tilting of [PbBr*"], octahedral tilting
takes a primary role in shaping the bandgap value for these three
perovskites.[34]

Likely the most noteworthy point of interest in these mea-
surements lies with respect to PLQE values as a function of A-
site composition and template pore diameter. The fact that the
Csg10FA( 9o PbBr; system is the most emissive of the composi-
tions evaluated here is consistent with previous work by Zhang
et al., which noted, for the series of Cs, FA,_,PbBr; (x = 0-0.6),
that the x = 0.1 possesses the largest PLQE, with an initial value
of 73%.U7! Cs-rich FAPbBr; nanocrystal(NC) emitter-based LEDs
have also been reported to possess PLQE values above 60%.°!
This enhanced PL in both our templated perovskite nanocrystals
and the ligand-passivated lead bromide NCs reported earlier is
most readily explained by confined systems exhibiting increased
radiative rates, but contributions from increased radiative life-
time to the observed steady-state PL intensity through defect re-
duction are also possible.”] Such FA-rich systems lack long-term
stability with regard to PL intensity,; however.”] Tthe PLQE of the
NC composition reported by Zhang et al. degrades to 41% within
36 h. This specific degradation is associated with carrying out the
above measurements in moist air and subsequent formation of
perovskite degradation products.

In our structures, the time-based evolution of the PL of the
metastable Cs;,FA,q,PbBr; compositions formed within the
4 nm mesopores is consistent with out diffusion of the perovskite
from the pores (Figure 5) and onto the outer surface of silica. For
samples exposed to vacuum immediately before measurement
(and otherwise stored in a desiccator), a longer wavelength shoul-
der appears in the PL spectrum over time, consistent with the out
diffusion of the perovskite nanostructures from the silica pore,
or selective diffusion of Cs-rich material from the porous matrix.
This evolution of the emission spectrum of the perovskite embed-
ded in a porous matrix from pore-confined to free film has been
observed previously in the case of MAPbI; located in a porous
silicon matrix, the driving force for the process in this case be-
ing the hydrophobic porous Si surface.?®! Careful analysis of se-
lected samples in this category by high-resolution TEM (HRTEM)
does show some perovskite material outside of the pore and is

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD BAIIR1D) 8|qeot|dde a3 Aq pausenoh ae ssppie YO ‘88N J0 Sajni 1oy ArIq1T 8UIIUO AB|IAN UO (SUORIPUOD-PUR-SWLBH WD A8 |IMA 1] U1 UO//:SdNY) SUONIPUOD Pue WS | 3U188S *[£202/0T/6T] Uo AriqiTauliuo AB11M Mo L AiseAlun uensLyO sexe | A 5/202202 WOPe/Z00T 0T/10p/wod A8 Areig1jpujuo//sdny wouy pspeojumod ‘ST ‘€202 ‘TL0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Normalized PL (a.u.)

0.0

T T T T T
460 480 500 520 540
Wavelength (nm)

Figure 5. PL spectra of freshly prepared Csg19FAgqoPbBrs (solid black
line) and stored under vacuum for 10 days (dashed black line).

consistent with this conclusion, but it cannot be excluded with
absolute certainty that the specific isolated nanosized feature ob-
served was not originally formed outside of the pore.

In contrast, the PLQE for perovskites formed within the
slightly larger 7 nm mesopores does not change significantly dur-
ing the same period. This is likely a consequence of a relative
“sweet spot” of stability in the 7 nm pore. Given the inverse rela-
tionship between capillary pressure exerted by a given nanopore
and pore diameter,!*?] the capillary force exerted on a loaded per-
ovskite nanocrystal is roughly 50% higher for the smaller 4 nm
nanopore than the 7 nm analog. The application of extended vac-
uum likely induces movement of the perovskite and its subse-
quent environmental degradation. Such an effect is strongly de-
pendent on the initial relative location of the perovskite nanos-
tructure within the porous framework.

For the 7 nm pore template, the phase stabilization influence
of Cs incorporation into the FA and MA framework is also more
evident in the PLQE values when the A-site Cs content is at 10
at%. It is anticipated that the incorporation of Cs into a given
perovskite alters the degree of lead bromide octahedral tilt, as the
XRD pattern for Cs, FA,_, PbBr; more closely resembles a cubic
(rather than orthorhombic) phase and thus the volume contrac-
tion with Cs incorporation to be of lesser importance here.3*]

4. Conclusion

The results shown here illustrate the ability to create highly emis-
sive perovskite nanostructures through a straightforward prepar-
ative route with size directed by passivating mesoporous silica
templates. Similar to technologically relevant thin films, the op-
timal luminescence efficiency in these nanostructures is gener-
ated in mixtures of cesium and formamidinium at the A-site.
The challenges associated with fabricating ultrasmall (<8 nm)
perovskite nanocrystals in such pores are evident. The semi-
conductor nanostructure must be housed relatively deep within
the pores to avoid desorption and ultimately degradation, chal-
lenging for 4 nm pores, easier for 7 nm ones. Carrying out de-
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tailed time-resolved measurements in the near term may assist
in answering fundamental questions of these mixed A-cation per-
ovskites regarding similar PLQE of the aged samples (despite the
different pore sizes). Packaging such structures into functional
LED platforms may provide some additional stability, and such
experiments are planned for the near future. Other device plat-
forms are possible with this configuration (e.g., scintillators and
detectors) and warrant serious consideration. However, funda-
mentally a need also exists for the assessment of the properties of
the quantum dots away from these mesoporous templates, and
this remains a future goal.

5. Experimental Section

Materials: Lead bromide (>98%), methylammonium bromide (98%),
formamidinium bromide (>99%, anhydrous), cesium bromide (99.99%),
DMF (>99.7%), dimethyl sulfoxide (DMSO, >99.5% anhydrous), and
mesoporous silica powder (dpore % 7.1 1M, dpge ~ 4 M) were purchased
from Sigma—Aldrich. All of the above chemicals were used without further
purification.

Preparation of Perovskite Precursor Solutions: Lead bromide perovskites
of pure cations, APbBr; with A = MAY, FA*, or Cs™, were prepared by
mixing, at room temperature, equimolar amounts (200 mm) of DMF or
DMSO solutions of ABr + PbBr,. More complex perovskite precursor solu-
tions, with mixed cations, were also prepared, namely Csg ;oMA, goPbBr3,
Csg.1sMAg g5PbBr3, CsggsMAg 15PbBry, and Csg19FAggoPbBrs. These
complex solutions were prepared using the same procedure as above but
with different molar concentrations. For instance, Csg 15 MA g5 PbBr; was
prepared using DMSO solutions of 30 mm CsBr + 30 mm MABr + 200 mm
PbBr,. All solutions were sonicated for 5-10 min, followed by vortex stir-
ring, to ensure complete dissolution and mixing. The prepared transpar-
ent solution was used as was for the preparation of the silicon-perovskite-
based materials as well as bulk perovskite structures.

Preparation of Perovskite Bulk Structures: Perovskite bulk structures
were prepared by placing ~0.1 mL of perovskite precursor solution on a
piece of fluorine-doped tin oxide (FTO) glass. The sample on the FTO glass
was then heated for 30 min at 95 °C. Characterization was performed on
freshly prepared samples and aged samples kept in a desiccator.

Preparation of Silicon Perovskite-Containing Materials: In a given experi-
ment, 1 mL of perovskite precursor solution at 200 mm PbZ* concentration
was added to 10 mg of mesoporous SiO, powder. This mixture was then
heated at 65-70 °C under stirring for 4 h for complete impregnation of the
precursor solution within the SiO, mesoporous structure. Afterward, the
mixture was centrifuged for ~3 min. The supernatant liquid was removed
using a micropipette, and the remaining SiO, powder was collected us-
ing a spatula. The as-obtained powder was then sandwiched between two
microscope glass plates and heated at 95 °C for 40 min. The resulting
perovskite-impregnated powder was then placed under vacuum for 2 days
for complete solvent removal. The freshly obtained materials were then
characterized. After initial characterization, the prepared materials were
stored and aged in a desiccator and used for further analyses. For PLQE
measurements specifically, the ability of mesoporous solids to rapidly ad-
sorb atmospheric species, and the established passivating role of oxygen
for perovskite PL intensity, led to store these samples under a modest vac-
uum (1073 Torr) where ample oxygen was still present, but moisture was
relatively excluded. This treatment was confirmed empirically to yield the
highest intensity PL spectra.

Material Characterization: TEM images were obtained using a JEOL
JEM-2100, operating at an acceleration potential of 200 kV. Field emis-
sion scanning electron microscopy (FE-SEM) was also used for compli-
mentary imaging through the use of a JEOL-JSM-7100F. Powder XRD data
were collected using a Rigaku SmartLab SE with a HyPix detector using
Cu Ka radiation with a step size of 0.01° and a scan speed of 0.80° min~"
in the 10°-80° 26 range. Steady-state PL spectroscopy was measured on
samples mounted with carbon tape using a Nikon Optiphot Fluorescence
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microscope with an Hg lamp and excitation filter centered at 370 nm and
interfaced to an Ocean Optics spectrometer. PLQE was measured accord-
ing to published procedures[“*! using an integrated sphere from Newport
using a laser excitation wavelength of 405 nm at a steady-state excitation
density of 18 mW cm™2. For a given sample, PLQE was measured in air
after samples were exposed to a modest (1072 Torr) vacuum overnight
to minimize the impact of oxygen in these measurements; samples were
kept in a desiccator when not being evaluated.
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Supporting Information is available from the Wiley Online Library or from
the author.
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