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Abstract

Interfacial passivation with large organic cations such as phenetylammonium iodide
has enabled superior performance for metal halide perovskite optoelectronic
devices. However, the homogeneity of these interfaces and their formation
dynamics are poorly understood. We study how Ruddlesden-Popper 2D phases form
at a 3D perovskite interface when the 2D precursors are introduced via solution or
via vapor. When using vapor deposition, we observe uniform coverage of the
capping layer and the formation of a predominantly n = 2 Ruddlesden-Popper
phase. In contrast, when using solution deposition, we observe presence of a mix of
n =2 and n = 1 in the film, and the formation of aggregates of the organic cations.
As a result of the better phase purity and uniformity, vapor deposition enables
higher median solar cell performance with narrower distribution compared to
solution-treated films. This study provides fundamental information that the
perovskite community can use to better design capping layers to achieve higher
charge extraction efficiencies.

Introduction

The treatment of metal halide perovskite (MHP) interfaces with large organic cations
have produced to date the highest performing devices for both MHP photovoltaics
and light emission, but the understanding of the uniformity, formation, and carrier
transport dynamics in these capping layers remains incomplete.'® Upon treatment
with bulky organic cations (too large to fit into the 3D MHP lattice) the surface of the
3D perovskite films evolves into lower dimensionality structures.®> The formation of
the capping layer and its crystal structure are affected by the organic cation used.’
Many high performing solar cells presently rely on a Ruddlesden-Popper (RP) phase
made at the interface, of formula A”A,1BxX3n+1, Where A’ is a bulky organic cation, A
is an organic or inorganic cation (typically methylammonium, formamidinium, or
cesium), B is a divalent cation (most commonly Pb), X is a halide anion (I, Br, Cl),
and n indicates the number of planes of corner-sharing octahedra spaced by the
bulky A’ cations.>*® The RP phase can be formed by reconstructing the ABX; lattice
typical of 3D perovskites. The crystallinity, the n number that characterizes the
capping layer, and the coverage uniformity, affect the carrier transport
properties.®®3 However, it is not yet well understood which property have a larger
impact on charge carrier transport, or whether a single n phase or a mix of phases
with different n would be more beneficial.®®'3 Furthermore, the poor understanding
of the mechanism of the interfacial layers’ growth is a challenge to efforts to
translate lab-scale device efficiencies to large area production.®813

The deposition of bulky organic cations for interface passivation is predominantly
carried out from solution.®!4*¢ Solvents have shown to play an important role in the
formation of the 2D/3D interface and in its reconstruction from high n to low n RP
phases.®® Solvents as isopropanol (IPA) can dissolve the native A-site cations at the
surface of the 3D film, making it Pbl,-rich and prone to convert to a RP phase, and
favoring intermixing of 3D and 2D phases to aid charge extraction.**** Owing to this
complex interplay of effects, a clear understanding of the mechanisms that lead to
the transformation of the 3D perovskite surface into phases of lower dimensionality



is still missing. However, we do know that the charge extraction is strongly
dependent on the 2D layer thickness. Yet the control of thickness and uniformity via
solution deposition methods is limited, particularly when low boiling point solvents
such as IPA are used. '*>*"18 The thickness variance is even more detrimental when
scaling to larger area devices.'® As a result of the limited control enabled by solution
deposition routes, significant differences in structure and performance have been
reported by different groups.!*891517.18.2021

Vapor based routes present a promising alternative to solution deposition of the 2D
interface films, as they enable superior uniformity, thickness, and composition
control, while preventing solvent-mediated damage of the interface.’!®?? To date
however, vacuum deposition of interface passivation films remains largely
unexplored. A clear enhancement of solar cell efficiency has not yet been shown for
vapor deposited organic cations.?®?? Furthermore the performance of interface
passivation layers deposited on the same solar cell processed via solution and
vapor methods has not yet been investigated, making it difficult to understand
whether the limitations observed via vapor treatment were intrinsic to the
deposition route chosen, or related to the specific device architecture used.

In this work we investigate the formation dynamics of RP capping layers deposited
via solution or via thermal evaporation before and after an annealing step. We
perform Scanning Electron Microscopy (SEM), Grazing Incidence Wide-Angle X-ray
Scattering (GIWAXS), and X-ray Photoelectron Spectroscopy (XPS) to study the
morphology, structure, and composition of the interface modified with bulky
cations, before and after annealing. We collect photoluminescence (PL) maps of the
films with spatial and wavelength resolution to retrieve information about the
uniformity of the optical properties of the films, corroborating our interpretations
with Photoconductive Atomic Force Microscope maps (pc-AFM). Finally, we test the
photovoltaic performances of the surface-modified films incorporated in complete
solar cell stacks of structure Fluorine-doped thin oxide (FTO) | compact titanium
dioxide (c-TiO;) | mesoporous titanium dioxide (mp-TiO;) | perovskite |
phenethylammonium iodide (PEAl) | 2,2',7,7-tetrakis(N,N-di-p-methoxyphenyl-
amine)9,9’-spirobifluorene (spiro-OMeTAD) | Au, shown in Figure 1a. By comparing
capping layers deposited via solution and via vapor we demonstrate higher
uniformity, improved open-circuit voltages (Voc), and a preference to form n = 2 RP
interfaces with less secondary phases in vapor deposited films. We observe that
deposition from solvents such as IPA produces a mix of n = 2 and n = 1 phases at
the surface of the films, either by progressive dimensional reduction or induced by
variations in concentration of the bulky cations at the surface, as it has been
suggested in previous reports. ®° Via vapor deposition of the capping layer we
achieve the highest median power conversion efficiency (PCE). Our work
demonstrates the potential of vapor deposition for interface passivation of MHP
devices, a route to selectively form a n = 2 capping layer, and it provides
fundamental insights towards the development of more efficient and reliable
perovskite solar cells.



Results and Discussion

We use a triple cation, double halide 3D metal halide perovskite of nominal
composition in solution CsgosMAg16FA079Pbl252Brosg, Nnamed here CsFAMA, as a
benchmark to study how the interface of bulky-cation-treated 3D perovskites
transforms into 2D RP phases. We select this composition due to its popularity in
3D/2D perovskite literature and its interfacial variations upon exposure to
phenetylammonium iodide (PEAI).>®52923 We deposit PEAI via solution (labeled PEAI
sol) on a CsFAMA perovskite surface using a concentration of 5 mg ml* in IPA. We
deposit PEAI via vapor (PEAI vap) using thermal evaporation. A calibrated quartz
crystal microbalance is used to regulate the deposition to a nominal amount of 10
nm. We note that the thickness of the PEAI layer deposited via vapor on the 3D MHP
could vary from the nominal value for very thin films, as the sticking factor of the
molecule changes depending on which material PEAI is deposited on and based on
the exact composition and stoichiometry of the perovskite film. The schematic of
the experiment is presented in Figure 1a. All films are studied before (PEAI sol 0O,
PEAI vap 0) and after a 10 min annealing at 100 °C (PEAI sol 10, PEAI vap 10), to
provide thermal energy for the conversion of the interface into the RP phases.®
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Figure 1. Vapor and solution treatment of the perovskite interface. (a)
Schematics of the experiment. PEAI is deposited on the surface of a CsFAMA film via
solution or via vapor. (b) SEM images of a pristine CsFAMA film (CsFAMA), of a
solution treated film before (PEAI sol 0) and after (PEAI sol 10) a 10 min annealing



at 100 °C, and of a vapor deposited PEAI film before (PEAI vap 0) and after (PEAI
vap 10) annealing.

Structure of the capping layer

We begin our study by comparing the microstructure of the solution and vapor
treated films to the CsFAMA reference with SEM, presented in Figure 1b. Insulating
organic molecules on the thin film surface, such as PEAI, tend to electrically charge
when exposed to the SEM electron flow.?* We relate charging in the image to the
presence of the unreacted species or of a poorly conductive interlayer. In the
reference CsFAMA film the grain boundaries are visible and the grain surfaces
appear smooth. We observe a large charging effect in PEA sol 0 films, likely induced
by the formation of an amorphous or RP layer at the surface, and bright
agglomerates appear, which we ascribe to PEAI. Upon annealing in PEAI sol 10, we
notice the disappearance of the bright aggregates and formation of crystal terraces
and ledges at the surface of the grains. We relate less prominent grain boundaries
in the PEAI sol 10 films after annealing, with the conversion of unreacted PEAI into a
RP overlayer. In PEAI vap O films we see well defined crystal terraces and ledges
right after deposition and no bright agglomerates. The grain boundaries are also
clearly visible, marking either a thinner, or a more conformal layer on the grains
surface. After annealing, in PEAI vap 10 films, we notice more defined terraces and
ledges, minimized charging, and more visible grain boundaries. We ascribe these
changes to increased crystallinity, as discussed below. The difference in SEM
between vapor and solution deposition routes points at larger heterogeneity of the
coating in solution-cast films. Vapor deposition instead results in films more
conformal to the surface of the CsFAMA layer, and prevents the formation of
aggregates of the bulky cations. Small variations in grain sizes are visible between
films. However, the changes in size observed remain below the sample-to-sample
experimental variability in CsFAMA films, and are not to be ascribed to the different
interface treatments route used.

To investigate the formation of RP phases at the interface we performed GIWAXS on
the films. The GIWAXS images of solution and vapor treated films are shown in
Figure S1. All the low dimensional phases in Figure S1 show preferential
orientation of the (00/) planes parallel to the substrate (diffraction peaks at g, = 0).
Therefore, to maximize the signal from the 2D phases, we present in Figure 2a the
sector averages around the q, axis (vertical), retrieved from integration at an angle
of £20° around the axis. As show in Figure 2a, the solution processed films show
diffraction peaks at a g of 0.28 A and 0.36 A, attributed to the 001 plane of the n
= 2 and the 002 plane of n = 1 RP phases, respectively.??¢ Instead, the diffraction
from the vapor treated layers shows a dominant n = 2 peak, with a n = 1 tail of
significantly reduced intensity. Annealing of the films results in an increase of the
diffraction intensity of the RP phases, but does not shift significantly the peak area
ratio balance between the n = 1 and n = 2 phases (Figure S2a). In solution cast
films, annealing of the layer drives further orientation with RP (00/) planes parallel
to the substrate, which is not observed in vapor cast films (Figure S2b). The
difference is in line with the observed changes in SEM. The PEAI sol 10 film
microstructure shows the formation of layer on top of the MHP film that does not



fully follow the underlying MHP microstructure, while the PEAI vap 10 creates a
conformal coating on the substrate, which likely imposes the spread in orientation
observed for the 001 plane diffraction. We attribute the increased diffraction
intensity from RP phases with annealing to the conversion of unreacted non
crystalline PEAI at the surface and to a crystallization of amorphous phases at the
interface. No clear vertical phase separation between n = 1 and n = 2 phases is
observed, as shown by GIWAXS above and below the critical angle in Figure S2a.

In a previous work from Sargent’s group it has been proposed that 3D perovskite
films treated with bulky cations undergo transformation to RP via progressive
dimensional reduction: the cations initially form n > 1 RP phases, to then convert
into the n = 1 RP phase.® The presence of polar solvents that can solvate A-site
cations in the ABX;5 3D perovskite structure, such as IPA, have been associated to a
more rapid transformation to the n = 1 configuration.®® Furthermore, the speed and
type of conversion has also proven to be dependent on the perovskite composition
used and on the concentration of the bulky cation in solution.® In this work we use a
triple cation composition with double halide, on which we perform a static spin coat
of the PEAI cation. The different composition, the shorter load time (we use 3-5 s),
as well as the formation of bulky cation aggregates upon deposition via solution in
Figure 1b could explain the presence both of n = 1 and n = 2 in our films after
deposition, instead of a phase pure n = 1. Analogously, the absence of solvents
during vapor deposition could be related to the higher n = 2 phase purity we
observed. We corroborate these hypotheses by washing the surface of CsFAMA
films with IPA before depositing PEAI via thermal evaporation and measuring
GIWAXS on the films, which screens out any impact of surface composition on the
formation of the different n phases (Figure S1, S2c).

While GIWAXS is an effective measure of the formation of crystalline phases at the
interface, it is not accurate for the determination of the chemical composition of RP
phases at the surface. We therefore use XPS to gather information on the average
composition of the surface after the treatments. The N 1s and Pb 4f elemental scans
of the pristine and treated films are presented in Figure 2b and 2c, respectively.
The elemental scans for the other relevant elements, namely Cs 3d, | 3d, O 1s, C 15,
and Br 3d, are presented in Figure S3, while the composition of the film at the
surface, normalized to Pb is presented in Table S1. Both films with solution and
thermally evaporated PEAI show attenuated signals for Cs, FA (C=N at 400.5 eV), |,
and Pb with respect to the untreated reference, as shown in Figure 2b, 2c, and
Figure S3. In the N 1s elemental scan in Figure 2b, the appearance of a peak at
402 eV is the C-N signature of the deposition of the PEA cation on the top surface of
the perovskite layer.> The signals from Cs, FA, |, Pb are more attenuated in the
sample where PEAI is deposited via solution, which could be ascribed to a thicker
film being formed in the solution case or to unreacted PEAX (with X being I, Br)
being left at the surface. When the films are annealed for 10 min at 100 °C to
promote conversion of the surface layer to RP phases, the vapor deposited film
shows a larger increase in FA with respect to its solution processed counterparts.
The amounts of Pb and | increase comparably in both solution and vapor cast films,
remaining higher in the vapor deposited samples. These changes would be



expected for the conversion to RP phases at the interface induced by annealing but
could also stem from a loss of coverage of the PEAI film. The larger presence of FA
and Pb at the surface of the vapor deposited film could also be related to the
formation of phases with higher n observed when the deposition is carried out in
absence of solvents. Based on the GIWAXS measurements and on the PL maps
presented below we attribute the change in stoichiometry to the formation of a
phase with higher n in the vapor treated films. We note that the halide
stoichiometry at the surface is also changing. The amount of Br increases for all
PEAI treated samples with respect to the untreated films (Figure S3, Table S1),
which is counterintuitive with the addition of an iodide organic cation. We attribute
the increase in Br and FA at the surface to the preference for PEAI or PEAI-based RP
to incorporate available FA and Br from the 3D films.
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Figure 2. Surface structure induced by solution and thermal evaporation of
bulky cations. (a) Sector average at *£20° azimuthal angle of the GIWAXS
diffraction pattern of CsFAMA films with and without PEAI via solution and via vapor.
XPS elemental scans of N 1s (b) and Pb 4f (c) of the films.

Optoelectronic performances

Next, we use hyperspectral PL microscopy and pc-AFM to investigate the
optoelectronic heterogeneity and distribution of RP phases in the films as a function
of the deposition method. Hyperspectral PL microscopy provides wavelength-
resolved PL maps with a spectral resolution of ~2 nm and diffraction-limited spatial
resolution. The PL of the pure 2D n = 1 and n = 2 have been previously
characterized and they emit in the wavelength region of 500-515 nm and 540-560
nm, respectively.'®* The PL wavelength of pure CsFAMA lies at higher values,
between 780 and 800 nm. We collected two hyperspectral PL maps, one in the
emission region of the 2D phases (500-600 nm) and one of the 3D (600-900 nm).
We can calculate the average PL spectra of the entire scanned regions by extracting
the PL spectrum of every pixel and averaging for all the 1024 x 1024 pixels. In
Figure S4 we show the PL spatial maps of the CsFAMA sample, recorded at 505
nm, 550 nm, and 778 nm, which are representative of the luminescence distribution
of n =1, n =2, and 3D, respectively. In Figure S4a, b we do not see any PL signal
in the 2D region, as we expect for the reference CsFAMA films. Figure S4c shows
emission from the 3D region. In Figure S4d, e we show the integrated PL spectra
extracted from hyperspectral PL images in the 2D and 3D regions.



We compare the PL maps of the 2D phases after PEAI deposition. In Figure 3 a-d
we show the spatial distribution of the n = 2 phase with PL emission at 550 nm
across films treated with PEAI via solution (Figure 3a, b) and vapor (Figure 3c, d),
before and after annealing. Figure 3a shows negligible PL from n = 2 for PEAI
deposited via solution before annealing. The PL increases after annealing (Figure
3b) and for vapor deposition (Figure 3¢, d). The PL from the films treated via vapor
in Figure 3 ¢, d appears more heterogeneous than the PL from the solution coated
layers, showing brighter areas on a less emissive background. However, the PL from
n = 2 remains higher than 0 even in the least emissive areas, confirming full
coverage of the n = 2 capping layer. Hyperspectral images of the n = 1 and 3D
phases are shown in Figure S5 and S6, respectively. Figure 3e shows the average
PL spectra extracted from integration of the 2D hyperspectral maps. We observe
predominant emission from the n = 2 phase in vapor-treated films, particularly after
annealing, and mixed emission from both n = 1 and n = 2 phases in solution-
treated films. The emission of the n = 1 phase at 505 nm is higher than the n = 2
emission for the annealed solution treated film. The n = 1 and n = 2 relative PL
intensity mirrors what we see structurally with GIWAXS. The PL spectra of the 3D
phases are shown in Figure S7. The broadening of PL emission can be used as
another indicator of disorder in the capping layer. We extract the value of full width
half maximum (FWHM) of the n = 2 PL emission using a gaussian fit (fit details in
Table S1). Figure 3e shows the fitting for the annealed solution treated sample
and the ones treated via vapor deposition. The vapor annealed sample shows the
smallest FWHM of 21 nm which is consistent with improved uniformity of the n = 2
phase. Overall, the hyperspectral PL maps show that vapor treated films have a
more homogeneous and dominant n = 2 phase at the interface, which reduces
electronic disorder and could enable better charge extraction. Best n = 2 uniformity
is achieved combining vapor deposition and annealing of the capping layer.

We further analyzed 2D coverage performing pc-AFM measurements on the same
area highlighted with a red square in Figure 3a-d. We can use the variations in the
current density of passivated layers with respect to the reference as a probe for the
presence of the bulky cations molecules on the film. In these data, we observe
current heterogeneity in all of the treated films, though as presented in the plot in
Figure S8, all passivated samples exhibit currents significantly lower than those in
the unpassivated (3D) film, which is expected if there is full coverage of the
underlying layer both via vapor and via solution. Heterogeneity is observed in all
treated films even at higher magnifications, as shown by the 3 pm x 3 um pc-AFM
images (Figure S9).
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Figure 3. n = 2 photoluminescence of PEAIl-treated CsFAMA films. (a-d) 80
MM x 80 pum hyperspectral photoluminescence maps at 550 nm for PEAI sol 0 (a),
PEAI sol 10 (b), PEAI vap 0 (c), PEAI vap 10 (d). Square overlays in red indicate 60
MM x 60 um regions used for pc-AFM. (e) Photoluminescence spectra extracted
from hyperspectral PL maps recorded in the 2D emission region (500-600 nm). (f) PL
spectra (solid lines) and Gaussian fit (dashed lines) of the n = 2 emission. To fit the
PL, the spectra were normalized to 1 at their maximum, and zero in the minimum
(considering the region 525-595 nm). The fit equation and parameters extracted are
summarized in Table S2.

Having studied the morphological, structural, chemical, and optical properties of the
films, we move to characterize the photovoltaic performances of a solar cell stack
incorporating the modified layers. We use the device structure presented in Figure
1a, FTO | c-TiO, | mp-TiO, | CsSFAMA | PEAI | spiro-OMeTAD | Au, with the PEAI layer
being introduced via solution or vapor. We report the complete photovoltaic
parameters of the cells in Figure S10. Figure 4a, b show the open circuit voltage
(Voc) extracted from the reverse current-voltage (J-V) scan of the devices and the
stabilized power conversion efficiency (PCE) of the solar cells after being held at
their maximum power point for 1 min. The J-V reverse scans for the champion
devices of each variation are reported in Figure S11. In Figure 4a, b the
reference CsFAMA shows a median Voc of 1.11 V and a median stabilized PCE of
17.7 %. The vapor treated films (PEAI vap 0) show an improvement to 1.12 V of the
median Voc and a drop to 17 % of the PCE, suggesting reduced recombination but
impaired charge extraction from the device. This is further supported by the
reduction in short circuit current (Jsc) in Figure S10. For the solution deposited PEAI
(PEAI sol 0) the median Voc decreases to 1.10 V, but the average PCE increases to



18.3 %. The drop in Voc observed upon introduction of PEAI via solution is caused by
defects induced by IPA when PEAI is deposited on the CsFAMA film via solution, as
confirmed by the Voc of control films in Figure S12 where the surface of CsFAMA
was washed with IPA. The enhanced PCE correlates with improved Fill Factor (FF) in
Figure S10. Annealing of the bulky cation layer heals the defects in the solution-
treated film. The Voc of both solution and vapor treated films increases upon
annealing, reaching a median Voc of 1.13 V and peaking at 1.19 V in both cases.
However, the vapor treated films produce the highest median stabilized PCE of 18.4
% and the narrowest PCE distribution among all variations, against the solution
annealed films that decrease to a PCE of 17.8 %. The variations in stabilized PCE
observed between solution and vapor deposited films correlate with the higher n =
2 RP phase purity at the interface, suggesting that attaining a phase-pure RP
passivation layer enables better charge extraction from the CsFAMA film while
granting effective passivation of the surface of perovskite grains.
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Figure 4 Photovoltaic performances. (a) Voc distribution of solar cells, (b)
Stabilized PCE, and maximum power point tracking of: CsFAMA - untreated 3D
perovskite layer; PEAI sol 0 - 3D layer passivated with PEAI via solution and not
annealed; PEAI sol 10 - 3D layer passivated with PEAI via solution and annealed for
10 min at 100 °C. PEAI vap 0 - 3D layer passivated with PEAI via thermal
evaporation and not annealed. PEAI vap 10 - 3D layer passivated with PEAI via
vapor and annealed for 10 min at 100 °C.

Conclusions

We have investigated the transformation of the 3D perovskite interface into
Ruddlesden-Popper (RP) phases upon interaction with bulky cations deposited via
solution or vapor. We showed that the use of a solvent like IPA induced formation of
defects at the interface and formation of both n = 1 and n = 2 RP phases. Instead,
the deposition of PEAI via thermal evaporation results in the formation of a RP
interface dominantly composed of n = 2, avoiding solvent damage of the treated
interface. The deposition of bulky cations via vapor enables the formation of more
homogeneous films than in solution, which reduces the spread in power conversion
efficiencies when the layers are incorporated in complete solar cell stacks. This is of
relevance towards industrial application of the technology, both for reproducibility,



and for the easier scalability to large area of vacuum-based processes. Based on
our observations, we propose vapor deposition as a more suitable tool than solution
to enable control on the formation of capping layers based on RP phases. We
believe that optimizing the treatment of the interface before the deposition of bulky
cations via vapor, and the thickness deposited, represents the most promising route
towards forming phase-pure and defined 3D | 2D interfaces, to enable higher
performances and stability of interface-passivated metal halide perovskite solar
cells.
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