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ABSTRACT: The equilibrium phase of cesium lead iodide (CsPbl;) is a high density, low
symmetry, yellow crystalline solid below 320°C, above which it transitions to the
optoelectronically functional, black, perovskite phase. Several reports have achieved lowered
phase transition temperature and increased metastability of perovskite-phase CsPbls, and attributed
the effect variably to reduced size, surface-induced strain and/or external additives. While theory
supports that both reduced size and substrate-induced strain can tilt the competition between

surface and bulk energies to favor the perovskite phase, there has not been a study of the relative



influence of size and interfacial interactions on this dynamic. In this study, we selectively varied
crystalline domain size by embedding CsPbl; in open nanoporous titania scaffolds composed of
particles ranging from 20-200nm and measured the influence on phase transition behavior. We
modified the surface of the scaffold using polar, ionizable and non-polar silane self-assembled
monolayers (SAMs) to systematically test the extent to which the chemical identity of the interface
impacts the surface energy contribution to the phase stability in the perovskite-scaffold composite.
While structural and functional consequences were observed for different interfacial chemistries,
there was no significant influence on phase equilibrium, and the disruption of long-range
crystalline order alone was found to be sufficient to depress the phase transition temperature by

more than 250 °C compared to bulk.

Introduction

Over the last several years, the all-inorganic perovskite-phase cesium lead iodide (CsPbl;) has
demonstrated increasing promise as an optoelectronic material, especially for photovoltaic
applications.! Having achieved 19% power conversion efficiency?, it makes an excellent choice
for the absorber layer owing to its compositional stability under environmental stresses, high
absorptivity, suitable band gap (1.73 eV) and high charge carrier lifetime. Despite being
compositionally robust, the perovskite phase of CsPbl; suffers from structural instability under
ambient conditions: the functional, cubic, black oa-phase is the thermodynamically favored
polymorph only at temperatures above 320°C.3- If cooled under controlled conditions, it
undergoes a series of octahedral tilts to form distorted cubic, black, metastable, yet functional, 3
and y phases, until it completely transforms to the non-functional, orthorhombic, yellow -phase
at room temperature.>® The o, § and y polymorphs are collectively known as the 'perovskite' or

simply, 'black' phases.



Stabilization of the functional black phases at lower temperatures has been achieved through
incorporation of small-molecule additives!®!4, synthesis in the colloidal nanocrystal phase!>-!8,
confinement within a nanostructured scaffold!*-2?, stoichiometric tuning? and alloying®*. Universal
to these approaches is the introduction of a barrier, either chemical (additives; colloidal growth)
or physical (scaffolds), that limits the perovskite crystal domain size to the order of 10°-10> nm.
Recent comprehensive reviews are available.?>2¢

Nanodimensionality has been long known to favor polymorphs of lower density and higher
symmetry in crystals whose bonding comprises a mix of ionic and covalent character,?’® such as
perovskites. A general model for this phenomenon is that truncating a crystal reduces the long
range electrostatic attraction, resulting in imbalance between attractive and repulsive forces,
thereby driving lattice expansion®’*°, and favoring low density phases. Density Functional Theory
(DFT) should be capable of quantitatively predicting the relative stability of different phases as a
function of reduced crystal dimensions. To do so, formation energies (energy per formula unit) for
each phase, i, (E,umo, ;), must be calculated from the sum of the bulk crystal formation (E,,;;) and a
term proportional to the surface energy at the boundary of each nanodomain (E,,,). Specifically,
for a cube shaped nanocrystal of length, d, and volume per formula unit, V, the nanocrystal
formation energy (per formula unit) is given by:

E .+ 6d?
f,
Enano,i = Ebulk,i + Sw;l;
Iy

3
(where d /V normalizes the surface energy to the number of formula units).** The relative

stability of a nanocube in the black phase can therefore be calculated as:

(%
AEnano = AEbulk + (7) AEsurf’



where AE represents the energy of a black phase, minus that of the yellow. Multiple DFT studies
have calculated these quantities and found that although AE},,;;, favors the non-perovskite phase,
AEg,, 5 is less unfavorable for the black phases; therefore, they predict a thermodynamically
favored black phase when the cube is sufficiently small. However, the value of d predicted to
confer thermodynamic stability varies over quite a large range, from 5.6 to ~100 nm.!*3° Examples
of spontaneous formation of the perovskite phase of CsPbl;at room temperature are limited to
colloidal nanocrystals with dimensions below 10 nm, in apparent agreement with the more
restrictive lower limit.!”'® Examples of colloidal CsPbl; do not range significantly larger in size,
so experimental tests of the more permissive, 100 nm, predicted limit must be sought for in
polycrystalline thin films and scaffold-limited crystals. In these systems, broadening our
consideration to slightly elevated temperature, crystal domains as large as 100 nm have been
observed to spontaneously adopt the perovskite phase at temperatures as low as 60°C.2* Despite
the breadth of the range of d values, even the more permissive limit does not account for the
observed perovskite-phase stability in scaffold-confined CsPbl; with confinement dimensions as
large as 250 nm.*!

Persistent challenges remain in refining the theory to accurately reflect experimental
observation. Is an experimentally observed phase at equilibrium or present in a metastable state?
What, if any influence can be attributed to specific interfacial contributions to AE,,.r from the
crystal’s surroundings, such as interfacial tension and substrate-induced strain? The theories cited
above calculate AE,,r considering an interface with vacuum, while nanostructuring experiments
universally involve an interface, which may consist of neighboring crystal domains, impurity
inclusions (e.g., surfactants) or a scaffold wall. Hypothetically, for scaffold-supported

nanostructures, AEg,,r could depend strongly on the composition of the scaffold surface. For



example, it is known that on unstructured (planar) substrates that the extrinsic interfacial forces,
specifically substrate-induced strain, can significantly alter the phase equilibrium®. A more
favorable AE . has similarly been evoked to account for enhanced stability imparted to colloidal
nanocrystals by certain surface ligands.!?-!

In this work, we take a highly practical approach to nanostructuring: CsPbl;is coated on porous
Ti0O, nanoparticle scaffolds composed of different particle sizes, thereby limiting the long-range
crystal order to a size determined by the typical pore size of the scaffold. Typical pore sizes of
such scaffolds are slightly smaller than the constituent particles.?> The TiO, scaffold employed is
broadly relevant, as it is a ubiquitous electron transport layer in many standard optoelectronic
device configurations. In comparison to unstructured films, we differentiate between a metastable
perovskite phase that occurs due to the initial nucleation of nanometer sized crystallites that are
transitory as opposed to a durably stable perovskite phase made possible when the pore size of the
scaffold is significantly below 100 nm. To answer whether the chemical identity of the interface
is critical, we systematically varied AEg,,r by functionalizing the scaffold surface with polar,
ionizable and non-polar silane self-assembled monolayers (SAMs) and assessed the influence on
both stability and photophysics. In this manner, we are able to separately ascertain how the range
of the nanocrystalline order and the chemical identity of the interface influence phase-change
thermodynamics and atomic and electronic structure.

Experimental Methods

Materials: Cesium iodide 99.99%, Lead iodide 99.99% (TCI America), anhydrous N-methyl-
2-pyrrolidone (Acros Organics), Titania paste (Reflector & Transparent) (Sigma Aldrich), 3-
aminopropyl trimethoxysilane (Alfa Aesar), 3-cyanopropyl trichlorosilane (Alfa Aesar), N-butyl

trichlorosilane (Alfa Aesar).



TiO,/FTO substrate: 2.5 cm x 7.5 cm FTO glass wafers were sonicated for 30 mins in a 25
vol% solution of Hellmanex in deionized water, followed by triplicate rinses in DI water (5 mins)
and finally in 200 proof ethanol (1 min), also in the sonic bath. Prior to TiO, coating, the FTO
substrates were UV-ozone treated to remove any residual organic matter and enhance the
wettability of the substrate towards the titania paste. The commercial TiO, paste was then doctor
bladed on the FTO substrate to form a film 5 - 10um thick. The film was annealed at 160°C for 30
mins and then calcined at 450°C for 1 hour.

Note: The doctor blading process introduces thickness variation in the TiO, scaffold between
samples as shown by the UV-Vis absorption data (Fig S4) and SEM cross-sectional images (Fig
S5 a,c.e,g). This variation does not yield any variation in CsPbl; phase behavior, and thus scaffold
thickness is not deemed a critical variable.

Silanization: A self-assembled monolayer of silane molecules was deposited on the sintered
TiO,/FTO substrates using a vapor assisted approach in a desiccator connected to a diaphragm
pump. To facilitate the formation of hydroxyl groups on the TiO,, the substrates were UV-o0zone
cleaned for 30 minutes prior to the silanization. A desiccator containing the substrates and a vial
with 10 pL silane was exposed to dynamic vacuum for 1 minute and was then isolated and left at
static vacuum for 1 hour to deposit a silane SAM on the substrates.

CsPbl; precursor solution and deposition: An equimolar precursor solution was prepared by
dissolving 0.5 M cesium iodide and 0.5 M lead iodide in anhydrous N-methyl pyrrolidone (NMP)
at room temperature inside a glove box under N, atmosphere. The precursor solution was then
spin-coated on the TiO,/FTO substrate at 3000 rpm for 2 mins. After the initial 5 secs, a constant
N, flow was applied to the film for the entire duration of the spincoating process to rapidly dry off

solvent and arrest crystallization in the pores. For all optical measurements freshly spincoated



CsPbl; on functionalized TiO, were enclosed inside lens tubes with quartz windows, sealed under
the N, environment of a glovebox.

X-Ray Diffraction patterns (XRD): X-ray diffraction measurements for all samples were
carried out in a Rigaku SmartLab X-ray diffractometer with a Cu anode which emitted a Ka
wavelength of 0.154 nm. All the measurements were performed in open air at ambient temperature.
No encapsulant was used on the samples.

Scanning Electron Microscopy (SEM): Surface morphology of the samples were characterized
using scanning electron microscopy (SEM) images taken in a Zeiss Supra SOVP under high
vacuum at a voltage of 3-5keV.

In situ UV-Vis: UV-Vis measurements were taken on a PerkinElmer LAMBDA 35 UV-Vis
spectrophotometer. The sample cell was inserted into a VT Cell Variable Temperature Cell Holder
(SPECAC LTD) to obtain the temperature dependent absorbance spectra. The temperature of the
cell was increased from 25°C to 80°C at intervals of 5°C over the course of 2 hours.

Photoluminescence studies: Steady-state photoluminescence (ssPL) and transient time-
resolved photoluminescence (trPL) studies of CsPbl; deposited on functionalized TiO, surface
were carried out on a FLS 1000 photoluminescent spectrometer (Edinburg Instruments). Steady
state monochromatized light with an excitation wavelength of 530 nm and an integrating sphere
were used to measure the ssPL emission spectra. Pulsed laser diode excitation of 650 nm and time-

correlated single photon counting were used for trPL decays.

Results and Discussion



Figure 1: Phase behavior of CsPbls/NMP spincoated on glass with increasing annealing temperature. SEM
images along with inset photos of 1 cm? samples, measured at room temperature after annealing to the
indicated temperature for 10-15 min. a) Needle like crystals at room temperature for a yellow film, b)
Needle like morphology largely maintained after heating to 60 °C while film transitions to brown color, ¢)
Evidence of the beginning of grain consolidation by 120 °C, along with transition to a yellow film, d) Large
consolidated domains at 330 °C corresponding with a metastable black film that reverts to yellow on

exposure to air.

The various phases that form at different temperatures and degrees of desolvation can be
distinguished from one another by their observed color, microscopic morphology and, most
directly, by X-ray diffraction. Seeking to study the phase dynamics of the pure CsPbl; solid and
not its various solvent-adducts, we chose to deposit thin films from the solvent N-methyl-2-
pyrrolidone (NMP) for its relatively weak complex with lead.** On a simple, planar, glass substrate,
i.e., in the absence of any confining scaffold, the phase sequence of thin-film CsPbl; exhibits a
striking deviation from the single yellow-to-black equilibrium phase transition observed for bulk
crystals described above. As observed in the inset photos of Fig 1(a-b), the CsPblj is initially a
translucent, pale yellow at room temperature and readily transitions to a translucent, deep brown
by 60-70°C, confirmed to be the perovskite phase by XRD (Fig S1). The morphology under these
conditions, observed by SEM, consists of needle-shaped crystallites possessing one long axis and

two shorter axes, the latter with dimensions on the sub-100 nm scale (Fig 1a). The shorter axes are



thus representative of the size regime where nanostructuring effects that favor the perovskite phase
of CsPbl; are known to occur.”13:5:1Y This nanostructure-induced stability is a spontaneous feature
of this system, occurring without the addition of any extrinsic additives. Upon heating to higher
temperatures however, the perovskite phase is revealed to be metastable, transforming back to the
yellow non-perovskite phase at temperatures above 100°C (Fig lc inset and Fig S1). This would
seem to contradict the premise that nanostructuring has thermodynamically favored the perovskite
phase, however, examination of the morphology by SEM shows the onset of some consolidation
(i.e., ‘coarsening’ or ‘ripening’) of the needle-like crystals into larger domains (Fig 1c). This black-
to-yellow transition is not reversible—cooling below 100 °C does not recover the black phase.
This is to be expected: consolidation is irreversible and will act to diminish any spontaneous
nanostructuring effect, thus allowing the yellow phase to dominate, in accordance with the phase
diagram in the bulk. For films annealed above 320°C, the consolidation is rampant and only
micron-scale domain boundaries are observed (Fig 1d). For such films, a (reversible) transition
from yellow to black occurs near 320°C, where it is expected based on the bulk phase diagram of
CsPbls. The existence of the glass-perovskite interface has no significant impact on this phase

transition temperature.



Scheme 1: Spincoating precursor solution on open TiO, scaffolds to infiltrate and crystallize CsPbls in the

voids.
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Figure 2: Empty and CsPbls-infiltrated TiO, scaffolds. SEM images showing a) 20 nm unfilled TiO on
FTO, b) 200 nm unfilled TiO, on FTO, ¢) 20 nm TiO; filled with CsPbl;, d) 200 nm TiO; filled with CsPbl;.

Photos in inset shows 1 cm x 1 cm samples of unfilled TiO; and filled TiO,.

To test the hypothesis that the minimum requirement for stabilization of the perovskite phase is
disruption of long-range crystalline order, we deposited CsPbl; on to high-surface-area nano- and
meso-porous TiO, scaffolds according to Scheme 1. The scaffolds were created by blade-coating
and subsequent calcination of titania pastes of either 20 or 200 nm particle size on FTO coated
glass substrates, as shown in Fig 2(a-b). The scaffolds maintain their crystalline grain size and
open, porous structure though the calcining process as corroborated by SEM (Fig 2a-b), Scherrer
analysis of the XRD pattern (Fig S2), and by the relative opacity due to light scattering by the
voids, evident in the inset photos in Fig 2(a-b). Automated pore size distribution analysis of the
open surface is presented in Fig S3. To avoid pooling of the precursor on the top of the scaffold
and to ensure adequate infiltration of the pores, the CsPbl; precursor solution was spincoated on
the TiO, scaffolds according to Scheme 1. The CsPbl; coats but does not completely fill the voids
of the scaffold and no bulk material is observed outside the scaffold, as seen by SEM in the Fig

2(c-d) and cross-sections in Fig S5.
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Figure 3: Phase and photoluminescence behavior of CsPbl; in 20 nm (blue) or 200 nm (red) scaffolds. a-
b) XRD showing the sequence of phase transitions with increasing annealing temperature when CsPbls is
embedded in a 20 nm or 200 nm TiO, scaffold, respectively. €¢) Schematic showing the phase transition
sequence of CsPbls in the 20 nm vs 200 nm TiO, scaffold as a function of annealing temperature. The y-
axis represents the transition between the yellow and black phases of CsPbl; in 20 nm and 200 nm TiO»
scaffolds. All photos in inset (a-c) are of 1 cm?* samples at room temperature after annealing to the indicated
temperature for 10-15 min. d) Comparison of peak width for 001 perovskite peak in 20 nm vs 200 nm TiO»
scaffold as a measure of Scherrer [i.e., grain-size-dependent] broadening. e) Scaffold-size dependent PL
emission response of CsPbls. All measurements made at room temperature after annealing to the indicated

temperature, which for (d-e) was 100 °C.

To compare with the behavior of the non-scaffolded thin films of Fig 1, the phase of scaffold-
supported CsPbl; as a function of annealing temperature was studied by XRD, shown in Fig 3(a-
b); in all cases, XRD corroborates what can be seen by eye based on the color (photo insets). To
summarize, for the 20 nm scaffold, the phase behavior with annealing diverges significantly from
non-scaffolded films; in contrast, 200 nm scaffolds behave identically to non-scaffolded films. The
detailed observations are as follows. Whether scaffolded or not, all examples begin as the yellow,
non-perovskite, Pnma orthorhombic, d-phase CsPbl; after spin-coating at room temperature, with
diagnostic peaks at 9.95, 13 and 20.99 degrees 20 positions. In all cases, as the temperature
approaches approximately 60 °C, the color evolves to brown; XRD measurements, taken after
cooling back to room temperature, show prominent reflexes characteristic of the perovskite phase
of CsPbl; at 14.25, 20.5, 28.5 20 in Fig 3(a-b) corresponding to the 001, 111, 002 planes
respectively of the cubic Pm3m structure. (Note that the peak indexing of the parent, high
symmetry, cubic phase is used throughout, however it is likely that the lower symmetry, distorted

cubic perovskite phases known to this material are present but difficult to resolve due to peak
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broadening.®) Like non-scaffolded films, the perovskite phase in a 200 nm scaffold is highly
unstable at room temperature: either increasing the temperature or exposure to atmospheric
humidity causes this perovskite phase to revert to yellow in minutes. Only above the bulk phase
transition temperature of 320 °C can the perovskite phase be recovered. In contrast, in the 20 nm
scaffold, the perovskite phase remains stable at all temperatures, from the initial phase transition
in the range of 60-70 °C up to and beyond 320 °C. In other words, CsPbl; on the smaller, 20 nm
nanocrystal scaffold exhibits a durable nanostructuring effect (improvement of perovskite phase
stability by 250 °C), whereas on 200 nm scaffolds, it behaves identically to unstructured films,
namely, it exhibits a transitory stabilization effect due to nanosized grains which subsequently
coarsen. This phase transition sequence is depicted in Fig 3c.

In order to establish the minimum size range of crystalline order present in the scaffolded CsPbl;,
Scherrer analysis was applied to the peak width of the 001 reflex. The FWHMs for the perovskite
in 20 nm and 200 nm scaffolds were found to be 0.59 and 0.35 respectively as shown in Fig 3d,
corresponding to a minimum mean size of crystalline ordered domains of 15 and 26 nm,
respectively. Inhomogeneous strain and instrumental broadening also contribute to the FWHM
therefore this difference indicates only a likely relative decrease in long-range crystalline order for
the 20 nm scaffold. Steady-state photoluminescence of the perovskite phase CsPbl; corroborated
a scaffold-size-dependent perturbation of the structure consistent with reduced crystallite size!>**
in the 20 nm case: a 15 nm blue shift was observed in the emission peak in 20 nm scaffold (690
nm), relative to the bulk-like CsPbl; peak at 705 nm in the 200 nm scaffold as shown in Fig 3e.
The similar linewidth of the emission is also indicative of a similar degree of electronic disorder
and hence structural disorder, supporting the interpretation of the XRD linewidth as predominantly

size and not strain-related. XRD and photoluminescence indicate that the primary impact of the

14



smaller pore-size scaffold is to limit the crystal grain size, thus it is suggestive that the resulting
short-range crystal order is the critical attribute of scaffolded CsPbl; that enables a low temperature
perovskite phase.

DFT calculations that have rationalized the nanostructuring effect have specifically calculated a
threshold surface-to-volume ratio at which a favorable AE,,r renders the perovskite stable;
hypothetically this ratio could be achieved quite simply by making an extremely thin, uniform
film. Possessing equivalent surface-to-volume ratio, a stable cube with dimensions of 100 nm'3 or
less corresponds with a thin film being stable at approximately 30 nm or thinner. We know of no
examples of CsPbl; films as thin as this, and our own attempts to fabricate them via spincoating
instead resulted in discreet islands of crystals when the average film thickness is below 100 nm,
leaving this particular prediction untested.

However, we can shed further light on how AEg,,r does or does not depend on the interface.
Smaller pore size also corresponds to greater surface area, which creates greater opportunity for

AEg,, s to be influenced by interfacial strain or specific chemical interactions with the interface.
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Figure 4. Schematic showing a silane modified interface between the TiO, and CsPbl;.

To differentiate the contributions of size and interfacial interactions to the dramatic phase
stabilization achieved by the 20 nm scaffold, we modulated the interface between the perovskite
and the scaffold by modifying the TiO, surface with functionalized alkylsilanes prior to infilling
with perovskite, as in the schematic in Fig 4. In this manner, in addition to bare TiO,, the surface
was capped with a —(CH,);— hydrocarbon chain, terminated with either an amine (-NH,) group, a
nitrile group (-CN) or a methyl group (-CHj), to form an ionizable, a polar and a non-polar

interface, respectively. Water contact angle tests (Fig S6) and FTIR studies (Fig S7) were

16



performed on the silane modified TiO, surfaces to confirm the presence of the specific chemical

groups on the TiO, surface.
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Figure 5: In-situ UV-Vis measurements showing yellow-to-black phase transition at 65 °C for CsPbl; on

bare and modified 20 nm TiO, surfaces.

We performed temperature-dependent in-situ UV-Vis measurements to determine the phase
transition temperature of CsPbl; on TiO, with this set of chemical terminations. Fig 5 shows the
temperature-dependent absorbance spectra for CsPbl; on all the silane-modified TiO, surfaces.
Regardless of interfacial surface chemistry, these measurements showed essentially no differences:
a consistent low yellow-to-black phase transition temperature occurring between 60-70 °C is
always observed. Thus, we conclude that the chemical identity of the scaffold surface has little

impact on AEgy,, s .
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Figure 6: Effect of modified surface energy on grain size. a) XRD showing 001 perovskite peak for CsPbls
on modified TiO, surfaces. b) Average FWHM for 14.2-degree 20 peak. A broad peak was observed for

CsPbl; deposited on all three kinds of functionalized TiO, substrates.

The position and FWHM of the 001 reflex of scaffolded CsPbl; is similar across all surface
treatments as shown by XRD in Fig 6a and 6b respectively, indicating that they do not impact the
ability of the perovskite precursor solution to penetrate or crystalize within the scaffold pores;
specifically, there is no dramatic narrowing that might indicate unconstrained crystallization
outside the pores. However, there is a very slight difference in FWHM (significant within a 90%
confidence interval) between bare and CHs;—terminated surfaces that could be either due to
Scherrer- or strain-dependent-broadening. If the latter, it would indicate the greatest strain in the
bare case, as might be expected for a rigid inorganic scaffold interface as compared to that formed
from the various organic monolayers. This is suggestive that even in the likely presence of
scaffold-induced lattice strain (in the bare case), the value of AE,,r is insufficiently perturbed to

manifest in an observable shift in phase transition temperature, further emphasizing that
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nanostructuring effects on crystal phase stability emerge primarily from intrinsic, rather than

substrate-mediated forces.
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Figure 7: Effect of modified surface chemistry on photoluminescence. Steady state photoluminescence
data using an integrating sphere showing surface dependent shift in emission peak of CsPbl; deposited on
surface modified TiO, surfaces. Relative normalization factor of photoluminescence intensity shown as

legend on the right-hand side.

Despite no measurable impact on phase transition temperature, there are electronic differences
as a consequence of interface modification, as observed in the photoluminescence behavior. In Fig
7, the CsPbl; emission peak shifts to higher energy for the surface modified TiO,, to a different
degree for each interface. The emission peaks on bare, NH,- CN- and CH;-terminated TiO, are
690 nm, 683 nm, 684 nm, and 670 nm, respectively. Blue shifts of the photoluminescence emission
as a consequence of the inclusion of organic monolayers at a perovskite/electron-transport layer
interface are well documented.®>” The blue shift has been attributed to a reduction in energetic

disorder at the interface, leading to an expansion of the effective band gap**~’ (i.e. a reduction in
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band tailing®®) due to passivation of dangling bonds at the oxide surface; we speculate that the
same effect is occurring in the present case. Of the three SAMs, CH;-termination at the interface
exhibits both the largest blue-shift with respect to bare TiO, and the narrowest diffraction peak, as
noted above, consistent with the hypothesis that the perovskite/CHs-interface exhibits negligible
interfacial strain, which manifests both as minimal energetic disorder and the least structural
heterogeneity.

Separately, we note 25-50 times higher photoluminescence intensity for CsPbl; deposited on
butyl terminated TiO, as compared to that on bare, amine or nitrile terminated TiO, (relative
normalization factors are shown in the right-hand legend of Fig 7 or Fig S8 shows absolute
photoluminescence intensities). The increases in quantum yield are accompanied by slower
quenching, observed by time-resolved photoluminescence studies (Fig S9); both changes are
consistent with reduction in the charge injection kinetics from CsPbl; to the TiO, due to the
modification of the work function of the oxide by the SAM, as seen in other studies,*>—73° or
possibly changes in band alignment due to reduced band tailing. Alternatively, researchers have
shown a relation between interfacial strain and charge injection kinetics,**#? though we doubt that
the strain in CsPbl; is significantly different across the three SAM-modified scaffolds, given their
similar XRD linewidths.

Our results have direct relevance to recent studies. Kong et. al. also observed perovskite-phase
CsPbl; forming at low temperature (as low as ~100 °C) when confined in 250 nm diameter porous
anodized alumina.*! That study examined the solution-to-solid phase transition (termed as the ‘wet-
annealing’ process) in contrast to the solid-state, delta-to-perovskite phase transition observed in
the present work. The distinction allows us to exclude an alternative hypothesis to explain the

observations of the prior study: the perovskite phase is the first solid to precipitate from solution,
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after which the solid phase is kinetically trapped. Such trapping could occur due to the rigid
confinement of the anodized alumina pores not allowing for the volume expansion required for a
subsequent solid-state, equilibrium, phase transition. In the comparatively more open scaffolds of
the present study, no ‘wet-anneal’ is required to produce the perovskite phase and we can directly
observe the solid-state delta-to-perovskite phase transition. Therefore, it can now be more
confidently asserted that the ‘null effect’ of scaffold surface chemistry is indeed towards the
thermodynamic quantity, AE,, rather than towards the Kinetics of precipitation. Additionally,
our study shows that the null effect persists down to smaller crystallite sizes and even more
depressed phase transition temperatures and that strain is not critical to the nanosize effect.
Conclusion

Nanoscaffolding is increasingly appreciated as a robust approach to stabilizing the perovskite
phase of CsPbl;. Employing an easily fabricated scaffold composed of TiO, nanoparticles, we have
shown a depression of the apparent delta-to-perovskite phase transition of CsPbl; to temperatures
as low as 60-70 °C. Previous approaches have included confining the perovskite in the pores of
anodized aluminum oxide or, in the case of colloidal nanocrystals, encasing it within a ligand shell.
Rather than confining the crystal, in this case, the scaffold is open, and its tortuosity alone prevents
the development of long-range crystalline order. Thus, we have identified the simplest
substantiation of the nanoscaffolding effect: holding the surface chemistry constant and varying
only the pore size, we observe that limiting long-range crystalline order below 102 nm is all that is
required to favor the perovskite phase.

We probed the extent to which interfacial energetics impact the phase transition thermodynamics
in the 20 nm TiO, scaffold by systematically functionalizing the surface of the scaffold. The strong

and chemically specific influence of the various SAMs on the perovskite’s photophysics is strong
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evidence of significantly modified chemical interactions at the interface, nonetheless, the
temperature of the onset of the perovskite phase is constant across all interfaces studied. The
observed null-effect on phase transition temperature encompasses surfaces spanning a wide range
of surface tensions and include interfaces that have been shown previously to support strong
substrate-induced strain (bare) and those less capable of doing so (e.g. -CH; termination). This
further reinforces the conclusion that the large observed depression of the phase transition
temperature is due to internal forces within the perovskite, and independent of extrinsic interfacial
forces. In other words, AEg,,r must be dominated by the intrinsic electrostatic and quantum
mechanical consequences of interrupting the CsPbl; crystal lattice. The approach to
nanostructuring employed here is highly general and could be applied to a variety of crystalline
materials with covalent and ionic binding character for which the lower density phase is more

desirable.
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