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Abstract: The 2D Ruddlesden-Popper (RP) perovskites CszPbl,Cl, (with Pb-based n=1) and
Cs2SnlClz (with Sn-based n=1) stand out as unique and rare instances of entirely inorganic
constituents within the more expansive category of organic/inorganic 2D perovskites. These
materials have recently garnered significant attention for their strong UV-light responsiveness,
exceptional thermal stability, and theoretically predicted ultrahigh carrier mobility. In this study,
we synthesized Pb and Sn-based n=1 2D RP perovskite films covering millimeter-scale areas for
the first time, utilizing a one-step chemical vapor deposition (CVD) method under atmospheric
conditions. These films feature perovskite layers oriented horizontally relative to the substrate.
Multilayered Cs3Pb213Cls (Pb-based n=2) and Cs3Sn213Cls (Sn-based n=2) films were also obtained
for the first time, and their crystallographic structures were refined by combining X-ray diffraction
(XRD) and density functional theory (DFT) calculations. DFT calculations and experimental
optical spectroscopy support band gap energy shifts related to the perovskite layer thickness. We
demonstrate bias-free photodetectors using the Sn-based n=1 perovskite with reproducible
photocurrent and a fast 84 ms response time. The present work not only demonstrates the growth
of high-quality of all-inorganic multilayered 2D perovskites by the CVD method but also suggests

their potential as promising candidates for future optoelectronic applications.

Keywords: all-inorganic perovskites, 2D perovskites, tin-based perovskites, CVD, photodetector

Two-dimensional (2D) A’2An-1BnX3n+1 hybrid Ruddlesden-popper (RP) perovskites, where A’ is a
large organic cation located in the interlayers, A is a cation in the perovskite layers, B is a divalent
metal and X is a halogen atom, are solution-processed quantum well superlattices, n is the number
of vertically stacked perovskite BXg octahedra in the quantum well. These 2D hybrid RP halide
perovskites have attracted more attention these years owing to their tunable optical and electronic
properties and excellent stability.>? They have also been widely explored in the framework of
light emitting diodes (LED), field-effect transistors (FET) , photodetectors, and solar cells etc.®*

Differing from traditional organic-inorganic hybrid 2D RP perovskites introduced above, all-
inorganic 2D RP perovskites use smaller inorganic cations, such as Cs*and Rb", instead of large

organic interlayer spacers.® Because of this, all-inorganic perovskites are expected to exhibit



greater robustness under extreme conditions and improved optoelectronic properties.® In 2018,
Kanatzidis and co-workers were the first to report the existence of all-inorganic 2D RP phase
halide perovskite single crystals of CszPbl.Cl> and CszSnl,Cl, with n=1 using a melt growth
approach which demonstrated a direct band gap with small carrier effective masses, strong UV-
light response, and remarkable ambient and thermal stability.>” Following this work, ultrahigh
carrier mobilities, were predicted for these structures by Liu et al., based on density functional
theory (DFT) calculations.® In addition, the enhanced photocurrent after inducing pressure and
intrinsically ultralow thermal conductivity of the Cs2Pbl.Cl, perovskites were further analyzed.®®
These novel fully inorganic 2D RP compounds pose as promising candidates for high-performance

optoelectronic devices.

Most of the Pb-based n=1 and Sn-based n=1 perovskites have been synthesized using solid-state
processes and the Bridgman method.>"2° In addition to these processes, it has been shown that
2D Cs;Pbl,Cl, nanosheets and nanoplates can be fabricated by solution methods.®* However, to
the best of our knowledge, growing inorganic 2D RP perovskites by chemical vapor deposition
(CVD) has not yet been explored. CVD is a common, solution-free fabrication method for
semiconductor materials, such as MoS,,*213 Graphene, and h-BN,**%° and is well known for its
ability to produce highly crystalline, stable films with low surface defects and controlled
morphology at a low cost.'® In recent years, CVD has been shown to successfully achieve different
morphologies of 3D perovskites, such as CsPbX3(X=Br, CI or 1) nanoplates and nanowires.!’-8
Meanwhile, vapor-based techniques have also garnered significant attention as pivotal
technologies in perovskite solar cell fabrication,'®? as well as in the production of
perovskite/silicon tandem solar cells,?2??> and the essential implementation of evaporation

processes for surface passivation layers.?2*

Here we report for the first time all-inorganic RP 2D Pb and Sn-based n=1 and n=2 film with
millimeter size that were grown on different substrates by a one-step CVD method under
atmospheric pressure. Using transmission electron microscopy (TEM), XRD, energy dispersive x-
ray analysis (EDAX), and grazing incident wide angle x-ray spectroscopy (GIWAXS), we were
able to confirm the horizontal orientation of the stacking axis with respect to the substrate and
atomic ratios in lead and tin based perovskites n=1 and n=2 materials. The binding energies of
Pb?" and Sn?* measured via x-ray photoelectron spectroscopy (XPS) are consistent with the



expected electronic structures of layered perovskites. Using photoluminescence (PL) and
absorbance, we measured optical band gaps of 2.99 eV, 2.95 eV for Cs,Pbl.Cl; (n=1) and
Cs3PbI3Cls (n=2), respectively, and Cs.Snl>Cl, (n=1) and 2.54 eV, 2.43 eV for CszSn2l3Cls (n=2) ,
respectively. These values are consistent with electronic band gap obtained from DFT band
structure calculation. We also constructed a lead-free photodetector using a 2D tin-based n=1 film,
demonstrating enhanced photocurrent upon light exposure. Additionally, we observed a bias-free,
reproducible photocurrent response during ON/OFF cycles, achieving a rapid response time of
84ms for tin-based perovskite photodetector.

Results and Discussion



.

']
d0pr > e A
R N .\u;,\":c\

OnFTO  Cs;Pbl,Cl,
A’ AN < W |
20 "'.", \S :

W NG N
R ,1*."',4,1\

30 60 90 120
Growth time (mins)

15

----- Experiment —— Pb?" 3d,,
—— Simulation ~—— Pb?" 3ds,
——— Background Error

| L L L L L
146 144 142 140 138 136
Binding energy (eV)

(8)

----- Experiment —— Sn?* 3d,,
—— Simulation —— Sn?* 3ds,
—— Backgroud Error

L L L L L
498 495 492 489 486 483
Binding energy (eV)



Figure 1. | Physical Properties of Perovskite (PVK) films. (a) Schematic diagram shows the
fabrication of 2D perovskite films by vaporizing CsCl and Pb/Snl, precursors and depositing on
different substrates with one-step CVD method under atmospheric pressure. Optical microscopy
images of films of (b) Pb-based n=1, (c) Sn-based n=1, (d) Pb-based n=2, (e) Sn-based n=2 grown
on Fluorine Tin Oxide (FTO). (f) Film thickness of Sn-based n=1 for different growth times (Inset
image is the film size photo of Sn-based n=1 when growth time is 15 min). (g) High resolution
TEM (HRTEM) images and Fast Fourier transform (FFT) patterns (inserts) of Pb-based n=1 film.
XPS spectra of (h) Pb?* from Pb-based n=1and (i) Sn?* from Sn-based n=1.

Pb and Sn-based n=1 2D perovskite films were grown in a one-zone atmosphere pressure CVD
furnace. Cesium chloride (CsCl) was mixed with lead iodide (Pbl2) and tin iodide (Snl2) powders
in stoichiometric ratios for n=1 and placed upstream to produce Pb and Sn-based n=1 2D
perovskite, respectively (Figure 1a). FTO, Nickel Oxide (NiO), c-plane sapphire, and SiO2 were
placed downstream as substrates. Mixed precursors were vaporized between 600 °C and 650 °C
with 80 standard cubic centimeters per minute (sccm) high-purity Nitrogen (N2) as a carrier gas.
The distance between the substrate and the furnace thermal block is used to mark the specific
position and the temperature gradient of substrates. More details about growth optimization can

be found in the experimental section.

Several substrates were studied for large area, continuous 2D perovskite films deposition. For Pb-
based n=1 2D perovskites, films were not only epitaxially grown on oriented c-plane sapphire
substrates (Figure Sla, Supporting Information) but also on amorphous substrates such as FTO,
NiO and SiO2 substrates (Figure 1b and Figure S1b, c, Supporting Information). However, Sn-
based n=1 2D perovskites can be only grown on FTO and NiO amorphous substrates (Figure 1c
and Figure S1d, Supporting Information). Films with millimeter size and “tiled” angular-shaped
morphology can be obtained on each of the substrates. With excess PbCl; or SnCl; in precursors
and changing the stoichiometry of mixed powders, large areas of pure Pb or Sn-based n=2 2D
perovskite films could be synthesized with the same “tiled” angular shape morphology as n=1 in
Figure 1d and e. These Pb and Sn-based n=2 films can also be grown on the same substrates as

their respective n=1.



Different growth temperatures and deposition times were investigated to elucidate the morphology
of Sn-based n=1 perovskite observed in Figure Sle, Supporting Information. At a growth
temperature of 600°C, we observed small areas of large crystals with size of 20-30 pum and
numerous tiny particles with size less than 10 pum distributed on the substrate. Upon increasing the
temperature to 650°C, crystal growth started and the smaller crystallites dissolved while large
crystals grew and partially connected, ultimately merging into a continuous film with increasing
deposition time. The mechanism of this 2D perovskite formation involved the merging of large
crystallites at the expense of precursor small particles, as confirmed by the disappearance of Snl.
peak in Figure S1f, Supporting information. This crystallization phenomenon exhibited behavior
consistent with the Ostwald ripening approach,? which is well-known as the thermodynamically
driven Kinetics for perovskite growth.?®?" It should be noticed that the formation of “tiled”
angular-shaped morphology occurred when the temperature was initially raised to 650°C (Figure

S1g, Supporting information).

The thickness of 2D perovskite films usually range from a few nm to almost 80 pm depending on
growth time and, remarkably, we were able to obtain lateral sizes of a few mm using only a 15
min growth period. A profilometer was used to measure the thicknesses of Sn-based n=1 2D
perovskite films as a function of the growth time ranging from 15 min to 120 min. Figure 1f reveals
that the mean thickness of the Sn-based n=1 2D perovskite film slowly increases from 0.42 pm to
2.6 pum over 15, 30, and 60 min growth times, before abruptly jumping to 13.8 um and 61.0 um
for 90 and 120 min growth times, respectively. Notably, the maximum thickness of 80.0 um was
achieved with a growth time of 120 min, which is considerably thicker than previously reported
perovskites grown via CVD. The inset image in Figure 1f shows a photograph of a Sn-based n=1
2D perovskite film for a growth time of 15 min, the lateral size of the film reached 9.3 mm,
effectively covering nearly the entire area of the FTO substrate electrode. These results
demonstrate the exceptional growth capability of the CVD method in producing high-quality

perovskite films with precise thickness control.

To measure the inter reticular distance of 2D perovskites at the atomic level, TEM images were
taken from samples transferred onto the TEM grid by solution method. From Figure 1g and Figure
S2a in the Supporting information, it is evident that the Pb-based n=1 2D perovskites formed
layered crystals with a measured inter reticular distance of 0.314 nm using high-resolution



transmission electron microscopy (HRTEM), as depicted in Figure 1g. This distance corresponds
to the dominate (006) plane, as confirmed by XRD results. Additionally, the inserted fast Fourier
transform (FFT) pattern indicates a tetragonal crystal structure for the lead-based perovskite.
Furthermore, high angle annular dark field (HAADF)-scanning transmission electron microscopy
(STEM)-energy dispersive spectrometry (EDS) mapping images demonstrated a uniform
distribution of Cs, Pb, I, and CI elements throughout the crystal, as shown in Figure S2b-f in the

supplementary information.

Pb and Sn-based n=1 2D perovskite films were exposed to ambient conditions for 3 hours to access
their initial stability. From x-ray photoelectron spectroscopy (XPS) measurements, we can only
see the binding energies relating to Pb?* 3d7;, and Pb?* 3ds, at 137.9 eV and 142.8 eV in Figure
1h. Peaks relating to Sn?* 3ds;2 and Sn?* 3ds2 binding energy at 486.6 eV and 495 eV, as seen in
Figure 1i, match the spectra. The absence of Sn*" ions, a product of fast degradation of Sn-based
perovskites caused by p-type defects in its electronic structure,?® proves the stability of Sn-based

n=1 2D perovskite film.
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Figure 2. | Structural information of 2D Perovskite films. (a) Crystal structures of Pb and Sn-based

n=1 and n=2 from side view and top-down view, crystallographic structures of n=2 were proposed
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from a combined experimental/theoretical analysis. Experimental XRD patterns of Pb-based (b)
n=1 and (d) n=2 films on FTO, NiO, SiO, and sapphire substrates. The computed diffraction
patterns (purple color) of Pb-based n=1" and n=2 refined from DFT calculations were added.
Experimental XRD patterns of Sn-based (c) n=1 on FTO and NiO substrates and (e) n=2 films on
FTO substrate. The computed diffraction patterns (purple color) of Sn-based n=1° and n=2 refined

from DFT calculation are included.

Both 2D Pb and Sn-based n=1 perovskites have K,NiFa-type structure®® and belong to tetragonal
space group 14/mmm with the unit cell parameters for Pb-based n=1 of a = b = 5.6385(8) A, ¢ =
18.879(4) A and for Sn-based n=1 of a = b = 5.5905(3) A, ¢ = 18.8982(13) A.”® The 2D layer
plane consists of corner-sharing [BI.Cl,]* octahedra, where | ions occupy out-of-plane sites and
Cl ions occupy in-plane sites (Figure 2a). Slices containing one and two octahedra-thick layers
represent the n=1 and n=2 structures, whereas Cs ions act as the spacers and provide charge
balancing. Here, Pb and Sn-based n=1 perovskites have a standard single-layer RP structure and

Pb and Sn-based n=2 possess a standard bilayer RP structure.

Figure 2b shows XRD patterns of as-grown Pb-based n=1 2D perovskite films on FTO, NiO, SiO>
and c-plane sapphire substrates. All films grown on these substrates showed similar peaks at 9.56°,
18.78°, 28.4° and 38.05°, which align with the (002), (004), (006) and (008) planes of simulated
Pb-based n=1 powder XRD.’ For Sn-based n=1 2D perovskite films grown on FTO and NiO
substrates, XRD patterns (Figure 2c) exhibit similar peaks at 9.41°, 18.77°, 28.3° and 38.02°,
further corresponding to the (002), (004), (006) and (008) planes respectively of simulated Sn-
based n=1 powder XRD data.> After increasing the [Pbl2Cls] * octahedral units introduced to the
RP structure, perovskite single-layers were transformed into bilayers due to unit cell expansion,
which resulted in an increase of unit cell along the ¢ stacking axis with a and b parameters nearly
unchanged (Table 1), as well as an additional low angle peak resulting from increased spacing

distance, as shown in the XRD pattern in Figure 2d.*°

By adjusting the ratio of precursors evaporated, low angle peaks at 5.93° and 6.75° were measured
in Pb and Sn-based n=2 2D perovskite films, respectively (Figure 2d,e), corresponding to the
spacing distance of 1.49 nm and 1.31 nm. This shows the existence of n=2 RP all-inorganic
perovskites. Peaks at 11.8°, 23.67°, 29.74° and 35.87° belong to the second, fourth, fifth and sixth

order of the low angle peak for Pb-based n=2 perovskites. The principle is the same for peaks at
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13.51°, 27.1°, 33.8° for Sn-based n=2 perovskites. These n=2 2D perovskite films show the same
XRD peak positions on FTO, NiO, SiO2 and c-plane sapphire substrates for Pb-based n=2 and
FTO substrates for Sn-based n=2 perovskites. The simulated powder diffraction patterns for both
Pb and Sn-based n=1 and n=2 are shown in Figure S3a-d, Supporting Information. We noted the
presence of non-Sn-based n=2 related peaks in Fig. 2e, likely due to the degradation and oxidation
of Sn-based perovskites during diffraction measurements under ambient conditions. Since this is
the first discovery of the Sn-based n=2 phase, further research is needed to improve stability and

understand the crystal structure in greater detail.

Table 1. Atomic ratios of Pb, Sn-based n=1 and n=2 films detected through EDAX-SEM
measurement and unit cell parameters for Pb, Sn-based n=1°" and n=2 extracted from powder

diffraction patterns.

Compound Cs Pb I Cl  aA) bA) A

I I 1
Cs2Pbl2Cl2 (n=1) 2.09 1 1.93 237 5.638 5.638 18.879
Cs3Pb2l3Cls (n=2) 3.22 2 3.36 4.2 5.655 5.655 30.100
Cs2Snl2Clz (n=1) 2.03 1 2.09 205 5590 5590 18.898

Cs3Sn2l3Cls (n=2) 3.24 2 3.36 4.6 5700 5.700 26.200

Atomic ratios of different n-values reported in Table 1 were averaged from data of several EDAX-
SEM measurements (see Figure S4a-d as the example of EDAX-SEM measurement, Supporting
Information). They are consistent with the stoichiometry as derived from the general inorganic RP
chemical formula. The similarity between computed and measured atomic ratios is a good
indication for the formation of these n=1 and n=2 2D perovskites. It’s noteworthy that the
proportion of Cl in the Sn-based n=2 is a bit larger than in the Pb-based n=2 compound. The fact
that both n=1 compounds exhibit the same lattice parameter along the stacking is associated to that

only Pb-1 and Sn-1 bonds are present along this axis for these compounds. The smaller ¢ parameter

12



value observed in the Sn-based n=2 compound indicates that some Sn-I bonds are replaced by Sn-

Cl ones.
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Figure 3. | Crystallite analysis of Pb and Sn-based 2D perovskite films. (a) (006) peak intensity
(black), FWHM (red), (006)/ (002) peak ratio (blue) of Sn-based n=1 films for different deposition
times. (b) Halder-Wagner plots for Pb and Sn-based n=1 and n=2 on FTO under 15 min growth
time. (c) Sn-based n=1 film crystallite size (black) and microstrain (red) as a function of the growth
time. GIWAXS patterns for (d) Pb-based n=1 and (e) Sn-based n=1 films.

We further examined the quality of the Sn-based n=1 films from the (006) peak intensity, (006)/
(002) peak ratio, and the corresponding FWHM of the (006) peak as a function of different CVD
deposition time. According to Figure 3a, the (006) peak intensity increases continuously with
longer deposition times, which is consistent with the increased thickness in Figure 1f. Additionally,
we found that the (006)/(002) peak ratio remains unchanged for the first 90 min of growth. After
the first 90 min, the intensity of (006) diffraction plane increases and becomes more prominent
than the intensity of the (002) diffraction plane, suggesting a rapid development of (006) texture.3!
Furthermore, the FWHM extracted from (006) plane changes from 0.196° to 0.208° through
different growth times. This small shift indicates a negligible change in the crystallinity for up to

two hours of growth.

To explore the detailed crystal morphology of the Pb and Sn-based n=1 and n=2 films along out-
of-plane orientations, we analyzed the crystallite size and strain distribution using Halder-
Wagner3?® equations (1) (2) and (3), where 6 is the position of Bragg peak, K is Scherrer constant

(0.9), A is the x-ray wavelength (1.0589A), and B(S) is the diffraction peak integral breadth tuned

by variable S.
S = 25;110 (1)
B(S) = p(26) =7 )
ED? =ae? + 757 3)
L= ot 4)
€= iﬁg(ze) cotan@ (5)
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The crystallite size lengths, L, and the micro-strains, €, are calculated from the slope and intercept,
y, of the linear fits of the Halder-Wagner plots. Therefore, the crystallite size L and the microstrain
€ are extracted from the linear fitting of (ﬁ(s)/S)2 as a function of B(s)/S? (Equation (4) and
(5)). Halder-Wagner plots from these calculations, would provide more precise results for various
microstructural parameters by analyzing the XRD peak broadening samples.®* From Figure 3b, for
Pb-based n=1 (black), n=2 (red), Sn-based n=1 (green), n=2 (blue) samples, L is calculated from
the fitted slope to be ~ 49 nm, 52 nm, 52 nm and 51 nm, respectively, and ¢ is calculated from the
y intercept to be ~ 0.16%, 0.26%, 0.12% and 0.34%, respectively. In addition, crystallite size and
microstrain components were also analyzed as a function of Sn-based n=1 CVD growth time in
Figure 3c, where both crystallite size and microstrain remain rather constant. The linear fitting
comparison of crystallite analysis for Sn-based n=1 on FTO between 15 and 120 min growth time
using Halder-Wagner plots in Figure S5, see Supporting Information, also confirmed the similar
crystallite size and microstrain, indicating the crystalline quality is negligibly affected by the CVD
growth time.

Next, we used GIWAXS to gain further insights into the crystal structure of Pb and Sn-based n=1
films. In Figure 3d, diffraction peaks of (002), (004), (103), (101) and (1 -1 0) appear as spots
located at the scattering vector gq= 0.67, 1.33, 1.5, 1.16 and 1.58 A, respectively, which
corresponds to spacing distances of 0.94, 0.47, 0.42, 0.54, and 0.40 nm. Patterns in Figure 3e also
show Sn-based n=1 diffraction spots of (002), (004), (103), (101), (1 -1 0), and (1 -1 -2) with
q=0.66, 1.33, 1.5, 1.17, and 1.72 A* and spacing distance of 0.94, 0.47, 0.42, 0.54, 0.40, and 0.36
nm. We observed (004) n=2 peak from Figures 3d and 3e that might be surface localized defect
states created from the surface selective grazing incidence X-Ray measurement.®® The peak
analysis from above is consistent with our XRD results and provides evidence of an oriented
crystal structure.
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Figure 4. | Optical characterizations for Pb and Sn-based 2D perovskites. Optical absorbance of
(a) Pb-based n=1 and n=2 perovskites (b) Sn-based n=1 and n=2 perovskites (Extracted optical
band gap values are 2.99, 2.95 eV for Pb-based n=1 and n=2 and 2.54, 2.43 eV for Sn-based n=1
and n=2, respectively). PL spectra of (c) Pb-based n=1 and n=2 perovskites and (d) Sn-based n=1
and n=2 perovskites (excited at 365 nm with 150W Xe lamp).

Room-temperature absorbance and PL spectroscopy were used to investigate the optical properties
of Pb and Sn-based n=1 and n=2 films. Absorbance was collected in transmission geometry and
the optical band gaps were estimated by Tauc plot (details were discussed in experimental section).
Sharp absorption edges with excitonic peaks for Pb-based n=1 and n=2 perovskites can be seen at
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2.99 eV and 2.95 eV separately (extracted from Tauc plots in Figure S6a and Figure S6b,
Supporting Information), as shown in Figure 4a. The estimated absorption edge for Pb-based n=1
is slightly smaller (by -50 meV) than reported previously in the literature for bulk grown crystals
(3.04 eV).” For the Pb-based n=2 perovskite, a small red-shift of the absorption edge excitonic
peak was detected when compared to n=1 and this is attributed to the fact that the CI/I ratio in the
n=2 structure is higher than in the n=1 structure at 4:3 and 1:1 respectively. It is well known that
higher fractions of more electronegative Cl atoms in the perovskite structure widen the
semiconducting band gap. This aspect is addressed in our supplementary information, where we
discuss the results of our internal atomic DFT optimization. The optimization revealed significant
distortions in the octahedra for the n=2 structures. Specifically, as shown in Figure S7, the
observed distortion is an off-center distortion rather than a tilt distortion. This type of distortion
further supports the small energy difference (~40 meV) between the excitonic peaks of the n=1
and n=2 Pb-based compounds. Therefore, while increasing the thickness of the RP layer from n=1
to n=2 decreases the band gap, the higher chlorine-to-iodine ratio and octahedral distortions
compensate for the decrease by having an opposite effect. For Sn-based 2D perovskites, slightly
more tunable optical band gaps for n=1 and n=2 could be deduced from the absorbance spectrum
in Figure 4b, where sharp absorption edges from the excitonic peaks were estimated to be around
2.54 eV and 2.43 eV(extracted from Tauc plots in Figure S6c and Figure S6d, Supporting
Information). For the structures for n=2 refined from DFT calculations, with numbers of
assumptions including the stoichiometry and the space group (see Supporting Information), small
decreases of the band gaps are predicted by comparison to n=1 compounds, in line with

experimental trends.

The PL peak in Figure 4c for Pb-based n=1 at 2.96 eV closely matches the value of the optical
absorption edge. A broad emission near the low-energy tail was also observed from 2.25eV to 1.5
eV. Time-resolved photoluminescence (TRPL) was performed to explore the origin of this
phenomenon, as illustrated in Figure S6e, Supporting Information. The tz, t> and tayg for Pb n=1 at
2.06 eV emission are 0.86, 7.7 and 4.3 ns, respectively, which are comparable with the carrier
lifetimes reported in the literature.” These long carrier lifetimes and the presence of a broad
emission with a large Stokes shift might be related to self-trapped excitons. For the Pb-based n=2
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PL spectrum, three peaks located at 3.01 eV, 2.79 eV and 1.79 eV can be seen, which might be
assigned to main exciton emission, to some state localized in the tail of the absorbance spectrum,

and to a low energy emission that could be related to small CsPbls domains, respectively.®®

For Sn-based n=1, we also found a broad PL signal throughout the visible spectrum from 2.7 eV
to 1.5 eV for Sn-based n=1 (Figure 4d). TRPL presented in Figure S6f, Supporting Information,
reveals long carrier lifetimes (t1) of 16.3 ns, for Sn n=1 emission at 2.16 eV. These long carrier
lifetimes suggest that self-trapped excitons may underlie the broad PL emission in Sn-based
perovskites. The Sn-based n=2 samples exhibit a sharp emission at 1.32 eV, consistent with the
presence of a small amount of localized CsSnls domains.®” The limited quantity of CsSnls may
explain the absence of low-energy absorbance measurement. However, even in the presence of a
small quantity of CsSnls, the PL spectrum exhibits low-energy state luminescence, likely resulting
from energy funneling and subsequent recombination to the ground state.® It is important to note
that significant ion migration is easily occurred in the in-plane direction of RP mixed halide
perovskites,® particularly under laser irradiation.*® That would be reasons for the superposition of

several phases.
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Figure 5. | 2D Perovskites film Photodetector device. (a) Schematic structure for photodetector
device based on Cs2Snl>Cl.. (b) Photocurrent curve before and after exposure to light (c) I-t
characteristics as a function of light intensity under bias-free condition (d) Decay and rise time of
photodetector device.

Figure 5a shows a schematic of the photodetector structure under sunlight based on Sn-based n=1
films, which consist of FTO/ NiO/ CszSnloCly/ Ceo/ 2,9-dimethyl-4,7- diphenyl-1,10-
phenanthroline (BCP)/ Copper (Cu). Since the NiO and FTO can withstand high temperature
during CVD growth, the uniform NiO film was spin-coated on FTO electrode substrate as the hole
transport layer, and large areas of Sn-based 2D perovskite films covered the whole 1 x1 cm
substrate with 61um average thickness were then grown for 2 hours on top by CVD method. After,

Cso0, BCP and Cu were deposited on top in sequence by thermal evaporation to act as the electron
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transport layer, cathode buffer layer and electrode, respectively.*! I-V characteristics was measured
under dark and illuminated conditions and the light was incidented from FTO side. The bias
voltage was plotted as the linear function in Figure 5b. The device showed a dark current of 4.88
mA at 2 V applied voltage. Under light, we observed the photocurrent increased to 8.39 mA at
bias of voltage of 2 V due to incident photonic energy with photo-to-current ratio (light-ldark)/ldark
of 0.72. Bias-free intensity dependence I-T measurements were performed under various light
intensities ranging from 50 to 100 mW/cm?, and the photocurrent was recorded for a period of 300
s. Obvious photocurrent enhancement was captured and remained stable under different
illumination conditions, in Figure 5c, revealing the photodetector's sensitivity, reproducible
photocurrents and charge carrier generation. In addition, this device shows a quick response with
a decay time of 84 ms and a raise time of 87ms in Figure 5d. These response times surpass most
of those observed in Sn-based perovskites incorporating organic cations*-*¢ and are comparable
to their inorganic cation counterparts,*’>! indicating fast capacitive states response from the Sn-

based n=1 film surface.3!

Conclusion

In the current study, we have established that chemical vapor deposition (CVD) is an effective and
scalable technique for the synthesis of all-inorganic 2D lead and tin-based perovskite films,
achievable under atmospheric conditions on a variety of substrates. CVD fabrication of large-area,
all-inorganic 2D RP lead-based Cs2Pbl>Cl> (n=1) and tin-based Cs>Snl>Cl> (n=1) perovskites at
atmospheric pressure, yields millimeter-sized films. Additionally, we experimentally confirm the
existence of bilayered 2D inorganic RP phases of Cs3Pbz13Cls (n=2) and Cs3Sn2lsCls (n=2). Using
a broad battery of experimental techniques we have shown that the structures prefer to orient with
the 2D perovskite layers parallel to the substrates for both Pb and Sn compositions. Optical
spectroscopy provides distinct optical band gaps for Pb-based n=1 and n=2, and Sn-based n=1 and
n=2. The crystallinity of the CVD-grown films remains consistent with varying growth times.
Significantly, our work culminates in the successful fabrication of a lead-free photodetector
employing Sn-based films, which demonstrated an enhanced, bias-free, and reproducible

photocurrent response with a rapid response time. These findings collectively contribute to the
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advancement of scalable fabrication techniques, expanding the scope of practical applications of

all inorganic halide perovskites in high-performance optoelectronic devices.

Methods

CVD growth of Csz2Pbl2Clz (n=1) film. The Cs,Pbl,Cl, (n=1) films were synthesized in a 1 in. diameter quartz tube
under ambient pressure with high purity nitrogen as carrier gas. CsCl powder (250mg, 99.999%, Libra) and Pbl;
powder (400mg, 99.999%, Libra) were mixed and placed in a quartz boat on the upper stream. Clean FTO, c-plane
sapphire, SiO2, glass and NiO on FTO with 1x1cm size were used as substrates. Substrates were “face-on” placed on
the downstream position, which were 10cm away inside the ending side furnace thermal block. Before heating,
600sccm high flow rate carrier gas was turned on for 30min to purge the tube. After that, the furnace was ramped to
600°C within 20min and kept at 600°C for 15min deposition time with 80sccm carrier gas flow rate. When the growth

was terminated, the furnace was opened and cooled down to room temperature with a fast-cooling rate.

CVD growth of CssPb213Cls (n=2) film. The CssPb2I3Cls (n=2) films were synthesized in the same diameter quartz
tube under ambient pressure with the same carrier gas. CsCIl powder (150mg, 99.999%, Libra), Pbl, powder (400mg,
99.999%, Libra) and PbCl, powder (100mg, 99.999%, Libra) were mixed and placed in a quartz boat on the upper
stream. Clean FTO, SiOg, glass and NiO on FTO with 1x1cm size were used as substrates and were “face-on” placed
on the downstream position, which were 3cm away inside the ending side furnace thermal block. Heating, carrier gas

flowrate, and cooling conditions were the same as Pb n=1.

CVD growth of Cs2Snl2Clz (n=1) film. The Cs;Snl,Cl, (n=1) films were synthesized in the same diameter quartz
tube under ambient pressure with the same carrier gas. CsCl powder (250mg, 99.999%, Libra) and Snl, powder
(375mg, 99.99%, Sigma) were mixed and placed in a quartz boat on the upper stream. Clean FTO, glass and NiO on
FTO with 1x1cm size were used as substrates and were “face-on” placed on the downstream position, which were
7cm away inside the ending side furnace thermal block. During the growth, the furnace was ramped to 650°C within
20min and kept at 650°C for 15min deposition time with 80sccm carrier gas flow rate. Cooling conditions were the

same as Pb n=1.

CVD growth of Cs3SnzlsCla (n=2) film. The CssSn2lzCls (n=2) films were synthesized in the same diameter quartz
tube under ambient pressure with the same carrier gas. CsCI powder (100mg, 99.999%, Libra), Snl, powder (187.5mg,
99.99%, Sigma) and SnCl, powder (187.5mg, 99.999%, Libra) were mixed and placed in a quartz boat on the upper
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stream. Cleaned FTO, glass and NiO on FTO with 1x1cm size were used as substrates and were “face-on” placed on
the downstream position, which were 1cm away inside the ending side furnace thermal block. During the growth, the
furnace was ramped to 650°C within 20min and kept at 650°C for 15min deposition time with 80sccm carrier gas flow

rate. Cooling conditions were the same as Pb n=1.

Unit cell parameters extraction from powder diffraction patterns. For the Pb-based n=2 compounds: Extraction
of Parameter c: The parameter ¢ was determined from the XRD data corresponding to the (00I) planes. Extraction of
Parameters a and b: The parameters a and b were obtained from the diffraction patterns of the (101) and (202) planes.
For the Sn-based n=2 compounds: Extraction of Parameter c: The parameter ¢ was determined from the XRD data
corresponding to the (00I) planes. Extraction of Parameters a and b: The parameters a and b were obtained from the
diffraction patterns of the (107) plane.

GIWAXS Measurement and Analysis. Diffraction spectra used in this paper were high-resolution synchrotron
GIWAXS patterns measured at National Synchrotron Light Source 11 (NSLS-11) beamline 11-BM (Complex Materials
Scattering beamline). Samples were placed in a vacuumed chamber (10-2 torr) and were 287mm away from a Pilatus
300M area detector. The photon energy was 13.5 keV, and the beam size was 200 um x 50 um (Height x Vertical).
GIWAXS patterns were processed using SciAnalysis (https://github.com/CEN softbio/SciAnalysis) running on Visual
Studio Code using Python (v.3.7.3)

Optical spectroscopy. The optical absorbance of the samples was measured by illuminating the samples with a
monochromatic light, which was spectrally selected from a quartz-tungsten-halogen light source through a
monochromator (SpectraPro HRS 300, Princeton instruments). The incident light was modulated by a chopper at 2kHz,
and synchronous detection of the transmitted light was collected by a silicon photodiode connected to a lock-in
amplifier (SR865, Stanford Research Systems). The absorbance data was acquired from 340-775 nm with a dwell time
of 0.1s. The optical band gaps were estimated by Tauc plot. All the samples were measured in air under ambient
conditions during acquisition. Steady-state and time-resolved photoluminescence (PL) spectra were collected using
an Edinburgh Instruments FS5 spectrofluorometer at room temperature with a 375 nm pulsed laser diode excitation
source for time-resolved measurements and steady-state spectra collection as well as with a wavelength-tunable 150

W Xe lamp for steady-state spectra acquisition.

Photodetector device fabrication. We used an inverted planar architecture FTO/NiO/perovskite-film/C60/Cu for the
fabrication of a self-powered photodetector. First, we prepared the top part of our solar cells consisting of the patterned
fluorine doped tin oxide (FTO, Thin Film Device Inc.) substrates and the hole transporting layer (HTL). The FTO
substrates were washed in water, acetone, acetone/ethanol (50:50) and isopropyl alcohol by ultrasonication for 15 min,
respectively. The substrates were further dried under argon airflow and treated with UV for 30 min. Then, a NiO
solution was spin-coated on the clean FTO substrates at 5000 revolutions per minute (r.p.m.) for 30 s (layer thickness
was about 30 nm). The NiO solution was prepared by dissolving 0.1 M nickel acetate tetrahydrate and

monoethanolamine (1:1) in anhydrous ethanol. The solution was left on the hot plate stirring at 70°C for 3 h. Then the
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Cs2Snl,Cl, (n=1) films were CVD grown on NiO coated FTO substrate in a 1 in. diameter quartz tube under ambient
pressure with the same carrier gas. CsCl powder (500mg, 99.999%, Libra) and Snl, powder (750mg, 99.99%, Sigma)
were mixed and placed in a quartz boat on the upper stream, 1x1cm size FTO/NiO substrates were “face-on” placed
on the downstream position, which were 7cm away inside the ending side furnace thermal block. During the growth,
the furnace was ramped to 650°C within 20min and kept for 120min deposition time with 80sccm carrier gas flow

rate. Other growth conditions were the same as Pb n=1.

The FTO/NIO/ Cs;SnlCl, (n=1) perovskite was subsequently transferred to an argon-filled glovebox for the rest of
the solar cell fabrication process. We further evaporate C60 with a thickness of 30 nm at a rate of 0.1 A /s. Following
this, we evaporated BCP having a thickness of 1 nm with using a thermal evaporator. The solar cell devices were
completed by evaporating a 100 nm layer of copper using a shadow mask yielding eight cells of 31.4 mm2 per 1°x1’
area of the sample device.

Supporting Information

X-Ray Photoelectron Spectroscopy Characterization, Transmission Electron Microscopy
Characterization, Profilometer Characterization, X-Ray Diffraction Characterization, Scanning
Electron Microscopy Characterization, Density functional theory calculations, Microscope images
under different substrates and temperatures, Comparison of XRD plots, SEM image, TEM and
HAADF-STEM images, Stimulated powder diffraction patterns, EDAX and atomic ratio results,

Linear fitting of (B(s)/S)* as a function of B(s)/S%, Tauc plots, TRPL spectrum,

Crystallographic structures, and DFT computed electronic band structures.
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