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Broader context statement

As the world transitions toward sustainable energy, solar power is playing an increasingly
important role, driven by its abundance, scalability, and position among the most cost-effective
sources of electricity. However, meeting rising energy demand requires solar cells with
efficiencies beyond the limits of conventional technologies. Metal halide perovskites have
emerged as contenders, rivaling silicon in performance. Their electronic properties are tunable,
enabling the design of multi-absorber solar cells

In this context, low bandgap perovskites are needed to harvest low-energy light, while reducing
toxic lead content and developing scalable, industry-ready fabrication methods remain critical
challenges. Here, we partially replace lead with tin to lower toxicity and achieve the desired
bandgap. We deposit the films by thermal evaporation in vacuum. The precursors
spontaneously mix after deposition, forming the desired perovskite phase. This enables the use
of two precursor layers, whereas other lead-based perovskite compositions require multiple
deposition cycles. However, post-deposition thermal annealing remains crucial to obtain highly
crystalline, compositionally homogeneous films with low defect densities and excellent charge
transport properties. Our findings advance understanding of the conversion in thermally
evaporated low bandgap tin lead perovskites and demonstrate a viable and scalable route
towards commercial perovskite solar cells.
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Interplay of Diffusion and Crystallization in Sequentially
Evaporated Lead Tin Perovskites
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Low bandgap (LBG) Pb-Sn perovskites (PVKs) are key absorber materials for high-efficiency all-perovskite tandem solar cells.
Yet, their fabrication at device-relevant thicknesses with high structural and optoelectronic quality remains challenging.
Here, we demonstrate the scalable deposition of formamidinium lead tin triiodide (FAPbosSnosls) films up to 700 nm thick
using a single cycle of sequential thermal evaporation (1c-sTE). The process relies on vacuum deposition of a PbSnl, alloy
followed by FAI, without the need for additives typically used in solution processing. Optical spectroscopy, XRD, solid-state
NMR, and TRMC measurements reveal that FAl readily diffuses into the inorganic precursor layer even at room temperature.
Independent of the precursor mixing time, annealing is required to achieve films with increased local homogeneity, large
grains, and high crystallinity, leading to reduced defect density, increased carrier mobility up to 80 cm?/(Vs), and lifetimes
close to a microsecond. The resulting films are stoichiometrically uniform across their thickness and exhibit dense, columnar
grain morphologies. A device with the architecture ITO/PEDOT:PSS/FAPbosSnosls/C60/BCP/Ag, shows power conversion
efficiencies of 10%, with voltage losses mainly at the PEDOT:PSS/PVK interface. This work demonstrates that 1c-sTE is a
feasible method for producing LBG Pb-Sn PVK films suitable for PV applications.

(Sn?*) at the B-site. The A-site, occupied by monovalent cations,
Introduction such as methylammonium (MA*), formamidinium (FA*), and

i Cs* inly stabilizes th tal struct ith minimal
Metal halide perovskites (PVKs) have emerged as highly cesium (Cs?), mainly stabilizes the crystal structure with minima

impact on the bandgap.

promising absorber layers in single-junction solar cells, resulting o ) )
Today, PVK thin films are still mostly produced from solution. In

in efficiency records exceeding 27%.[1 Their integration into

. . - . . this process, the precursors are dissolved in a common, often
perovskite solar cells (PSCs) is facilitated by their desirable P P

toxic, solvent and, at the lab scale, typically deposited by

optoelectronic properties for photovoltaic (PV) applications, ) ) ) ) ]
spincoating. Industrial PVK production from solution has been

including tunable bandgaps, relatively high absorption

_ demonstrated using scalable techniques, such as slot-die
coefficients, and defect tolerance. " biad " 4 inkiet orintine 69 Vet hiovi
A considerable amount of research on PSCs is devoted to rc:-)ahmg, ta”-e.tcoa |2g, a.r; |n-tje. prlln Ng- f'T » ac |eV|.ng
combining PVKs with silicon or with PVKs of differing bandgaps '8 cry.s allinity and unttormity in .arge-a.rea .I ms rem:.;nns
challenging due to the complex dynamics during film formation.

to enhance the utilization of the solar spectrum and thereby . o .
For LBG PVKs, various additives are used to mediate

maximize the power conversion efficiency (PCE).[25] All-PVK
tandems require a combination of wide bandgap (WBG, ~1.7-
1.8 eV) and low bandgap (LBG, ~1.2-1.3 eV) PVK absorber layers,
which are engineered by modifying the composition of the
characteristic ABX3 structure. WBG perovskites are formed by

crystallization, suppress oxidation, and achieve the desired film
phase and morphology. However, these additives can introduce
new defects, leading to performance losses, and may also
compromise device stability if not carefully optimized.[10-13]

Alternatively, PVK layers can be produced by physical vapor

partially substituting iodide (I') with bromide (Br) at the X-site, o ’ _ ]
deposition in vacuum, e.g., thermal evaporation (TE). This

while LBG PVKs are achieved by replacing lead (Pb?*) with tin . . o
technique has garnered increased attention in recent years due

to its scalability, adaptability, and ability to uniformly coat

- — — textured surfaces.[13-1°] These traits make it a highly suitable
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the fast deposition speeds that are possible. However,
achieving stoichiometric films is complex due to rate- and
pressure-dependent interactions between the precursor
streams.[1617] Despite these challenges, cTE has repeatedly
enabled the fabrication of 1-j PSCs with efficiencies beyond
20%.118-201 Contrary to cTE, sTE involves the stepwise deposition
of the separate precursors in a layer-by-layer approach. This
method is comparatively simpler than cTE, offering improved
control over the film stoichiometry and greater reproducibility,
albeit with longer processing times. Like cTE, sTE has aided in
the production of 1-j lead-based PSCs with a PCE of 24%. [21]

It has been shown that producing LBG PVKs in vacuum
conditions yields high-quality thin films.[22-25] Notably, TE offers
a significant advantage by inherently suppressing the oxidation
of tin(ll) to tin(IV) during processing. This reaction opens
degradation pathways that severely inhibit cell performance
and readily occur in the presence of oxygen, moisture, and
other impurities. These factors are difficult to eliminate in a
solvent-based process, and additives such as tin(ll) fluoride
(SnF3) are frequently incorporated to mitigate the aftermath of
tin(ll) oxidation.[26281 Focusing specifically on the TE of LBG
perovskites, cTE has been successfully employed to fabricate
single-junction PSCs with power conversion efficiencies of up to
14%. These efficiencies are relatively low compared to the
state-of-the-art spincoated devices, which have achieved
champion efficiencies of around 24%.129] However, those
devices have undergone extensive optimization over many
years of research. To date, no LBG devices fabricated via sTE
have been reported.

To achieve adequate light absorption, and thus optimal charge-
generation density, the PVK layer must be 500-700 nm thick.[2°]
However, earlier work on Pb-based PVKs has reported that
using sTE imposes an upper limit on the film thickness
achievable in a single deposition cycle, a restriction attributed
to limited interdiffusion of the deposited precursor layers. To
overcome this, multi-cycle sTE was developed, where each cycle
(c) consists of a full sequence of depositing all separate
precursors. [30]

In this work, we report the successful deposition of LBG
formamidinium lead tin triiodide (FAPbg sSngsls) films up to 700
nm using a single cycle (1c) of sTE. This method first involves the
deposition of an in-house-prepared Pbl;-Snl, alloy layer,
referred to as PbSnls, followed by a layer of formamidinium
iodide (FAl). This approach produces near-intrinsic perovskites
while eliminating the need for the additives that are normally
required for solution-processed PVKs.[22 The resulting films are
compositionally uniform throughout their thickness and display
compact structures and well-defined columnar grains. By
integrating these layers into functioning PSCs, achieving
champion PCEs above 10%, we underscore the viability of 1c-
sTE for scalable PVK absorber production.

Central to this study is understanding why this material can be
produced in 1 cycle of sTE at such thicknesses. To address this,
the differences between samples produced in a single cycle and
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those from a double cycle (2c) were examined, revealing that
the 1c films exhibit superior structuralOhnel&Htoeteetrsiiie
properties compared to their 2c counterparts. Furthermore, we
thoroughly investigate the interdiffusion behavior of the PbSnl,
and FAI precursor layers by characterizing the films at three
stages during the production, both before and after annealing,
using XRD, XPS, and solid-state NMR. Density-functional theory
(DFT) calculations further reveal that the alloy is only weakly
stabilized relative to its precursors and is energetically close to
the mixed perovskite phase, facilitating lattice disruption and
efficient interdiffusion. Finally, by comparing XRD and TRMC
data of samples subjected to different annealing procedures,
we establish that the diffusion of the precursors is not hindered
by the concurrent crystallization into PVKs.

Experimental
PbSnl, alloy preparation

In an N»-filled glovebox, tin(ll) iodide beads (Snlz, 99.999%)
were ground and mixed with lead(ll) iodide (Pbl;, 99.99%) in a
1:1 mol ratio. The mixture was transferred from the glovebox
into the evaporator through ambient air. Afterward, the
evaporation chamber was pumped down to 10® mbar and
maintained in a vacuum overnight. Subsequently, an Ar flow
was established through the chamber, and the crucible
containing the mixture was slowly heated to 420 °C. After 20
minutes, the crucible was cooled to room temperature. The
resulting alloy, denoted as PbSnls, was used in the perovskite
deposition without further treatment.

Sequential thermal evaporation of perovskite layers

Quartz substrates were subsequently washed with acetone and
isopropanol in an ultrasonic bath. Next, they were treated with
oxygen plasma for 10 minutes. After loading them into the
evaporation chamber, the substrates were swiftly heated to 40
°Cinvacuum (107 - 10® mbar) to ensure the removal of residual
adherents. For the deposition of FAPbo 5Snosls, sequential layers
of PbSnl; and formamidinium iodide (FAl, 99.99%) were
deposited onto a rotating substrate. The thicknesses for each
layer are reported in Table S1.

Device preparation

Commercial ITO was cleaned with oxygen plasma for 10
Afterwards, Poly(3,4-ethylenedioxythiophene):
(PEDOT:PSS, PVP Al 4083)
deposited in the fume hood in ambient air by spincoating. The

minutes.
poly(styrene sulfonate) was
aqueous dispersion was first filtered using a 0.45 um PVDF filter.
240 plL PEDOT:PSS was pipetted onto the substrate and spin-
coated first with 500 rpm for 10 s, then with 4000 rpm for 30 s,
both steps were performed with an acceleration of 12000
rpm/s. The substrates were subsequently heated at 200 °C for
5 minutes at 200 °C in ambient conditions, after which they
were taken into the glovebox to anneal for another 5 minutes
at 200 °C. The substrates were then loaded into the evaporator,
and 500 nm FAPbgsSngsls perovskite films were deposited on

This journal is © The Royal Society of Chemistry 20xx
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top as described above. After the deposition, the samples were
annealed for 30 minutes at 200 °C in the glovebox. Then the
samples were transferred into a different evaporation system
for the deposition of a 23 nm C60 layer and a 2 nm BCP layer.
Then, 100 nm silver (Ag) contacts (0.09 cm?) were deposited on
top to finish the stack.

Structural characterization

X-Ray Diffraction (XRD). XRD measurements were performed on
a Bruker D8 Advance-ECO diffractometer in Bragg-Brentano
configuration using Cu-Ko. (A=1.54 A) radiation. The
measurements were done in ambient conditions. In-situ XRD
measurements were performed on a Bruker D8 Discover X-ray
diffractometer in 1 bar of N, environment using an Anton Paar
XRK900 Reactor chamber in Bragg-Brentano configuration. The
measurements were performed using Cu-Ko (A=1.54 A) and a
LYNXEYE XE detector operated in OD mode. A fixed exit slit of
0.6 mm was used, and two 0.6 mm slits were used on the
secondary side.

X-Ray Photoelectron Spectroscopy (XPS). XPS measurements
were done using a Thermo Scientific K-alpha system using Al-
Ko (1.49 keV, 8.34 A) radiation in an ultra-high vacuum
chamber (pressure < 108 mbar). The spot size was about 800 x
400 um?, the flood gun was operated at 0.15 mA and 1V, and
the pass energy was set to 140 eV. Depth profiles were
constructed by etching the layer using an Ar* ion beam with an
energy of 1 keV. The atomic ratios and depth profiles were
obtained by fitting the XPS peaks using the ThermoAdvantage
software.

Solid State Nuclear Magnetic Resonance (ssNMR). Solid-state
NMR measurements were performed on a Bruker Ascend 500
magnet (Bo = 11.7 T) with a NEO console operating at
frequencies of 104.64 MHz, 125.77 MHz, and 500.16 MHz for
207pp, 13C and H respectively. Chemical shifts were referenced
with respect to solid Pb(NOs), (2°’Pb -3474 ppm) and
adamantane (*H 1.81 ppm and 3C 38.48 ppm). The samples
were packed into 3.2 mm zirconia rotors and a Bruker three
channel MAS 3.2 mm DVT probe was employed. Temperatures
were regulated to 25 °C for all measurements. For the 2°7Pb
measurements, static spectra were recorded using the variable
offset cumulative spectra (VOCS) approach. Hahn echo
measurements were performed in different cumulative
spectral ranges for each of the samples, varying the offset by
500 ppm each time. A 90 degree pulse length of 2.2 us was
used. An echo time of 19 ps was used for the mixed and
annealed samples, while a shorter echo time of 10 ps was used
for the alloy sample. Additional 2°7Pb, 13C and 'H magic angle
spinning NMR measurements were performed on the mixed
and annealed samples. A MAS speed of 15 kHz was employed
for 297Pb and H, while 12 kHz was used for 13C. Here as well,
207pp spectra were recorded using the Hahn-echo sequence.
The *H spectra were recorded using the one pulse (Bloch
decay) sequence, and 13C spectra using the hpdec sequence.

This journal is © The Royal Society of Chemistry 20xx

90 degree pulse lengths of 2.5 pus for *H and 3.5 ps for.l3C.were
determined. Appropriate recycle delays wWerelQtiliz¥@ bGasedvR
T1, which was determined with a saturation recovery

experiment.

Scanning Electron Microscopy (SEM). SEM measurements were
performed on a JEOL JSM-IT700 field effect microscope with
an accelerating voltage of 5 keV. Cross-sectional SEM images
were obtained by attaching the samples to a stub with a 45°
slope. The images were taken on a 10° angle with respect to
the sample surface.

Dektak stylus profilometry. The thickness of the films was
determined using stylus profilometry, performed on a Veeco
Dektak 8 profilometer.

Optoelectronic characterization

Absorption measurements. Absorption spectra were collected
in ambient conditions in the integrated sphere on a Lambda
1050 spectrophotometer to determine the fraction of light that
was either transmitted or reflected (Fr.r). Subsequently, the
fraction of absorbed light (F 4) was calculatedby Fy = 1 — Fr,p

Photoconductance measurements. Microwave conductivity
measurements were used to study the dark conductivity, the
photoconductance and the QFLS of the perovskite films. In this
technique, the reduction in microwave power is directly
related to a change in conductivity. Detailed information about
the technique is included in the Supporting Information.

Cell characterization

Current density-Voltage (J-V) measurements. J-V measurements
were performed by scanning between -0.1-0.9 V and
measuring the current density response at a scan rate of 50 Hz
using a Keithley 2604. A solar simulator (OAI TriSOLTM Large
Area) was used to mimic the AM1.5 solar spectrum. The
incident light intensity was 120 mW/cm?.

Results

1c-sTE as a viable production method for PSC absorber layers

FAPb,;Sn.sls was produced from an in-house synthesized PbSnl,
alloy, formed by combining lead(ll) iodide (Pbl,) and tin(ll)
iodide (Snl,) in a 1:1 molar ratio. This alloy was sublimed first at
a rate of 1.5 A/s. In the subsequent step, a layer of
formamidinium iodide (FAI) was deposited at a rate of 1.0 A/s,
following the procedure described in a previous publication.[22]
While maintaining the same deposition rates, the overall PVK
film thickness was increased from 250 nm to 700 nm by
proportionally scaling the individual precursor layer thicknesses
without the need for additional stoichiometric optimization, as
is shown in Figure S1A. The ability to scale up the process
demonstrates the straightforward nature of the sTE process, for

J. Name., 2013, 00, 1-3 | 3
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which tooling factors remain constant independent of
deposition time and the amount of material already deposited.
After the deposition, the films were removed from the
evaporator and annealed at 200 °C on a hotplate in a N,
environment for various durations. A schematic illustration of
the sTE process is included in Figure S1B.

It is
interdiffusion of precursors before and after annealing, as there

imperative for this work to thoroughly check the

have been serious indications that there is a limit to the
maximum film thickness that can be deposited in a single cycle
(1c) using sTE with lead-based perovskites.3%To test the
distribution of various elements across the film thickness, a
compositional depth profile of a sample annealed for 10
minutes was measured using X-ray photoelectron spectroscopy
(XPS) (Figure 1A). Most interestingly, 1c-sTE yields LBG PVK
films with uniform stoichiometry throughout the entire
thickness, indicating optimal interdiffusion between the PVK
precursors. Even though the overall composition is constant,

EES Solar

the measured atomic percentages deviate somewhat,from the
expected values (Table S2), particularly @®luHderestiphatiorof
the A- and X-site species (N and |) relative to the B-site (Sn and
Pb) metals. Table S3 presents the Pb:Sn:| ratio determined by
XPS for all samples used in this study, confirming that the
difference in detected halide and metal ion concentration is
present throughout. These deviations are likely measurement
artifacts, as nitrogen detection is known to be challenging in
XPS. We also include XPS survey scans of the films’ surfaces in
Figure S3 to verify that they contain no detectable impurities.
Moreover, the top-view scanning electron microscopy (SEM)
images in Figure 1B show that the films appear compact, with
grains larger than 3 um, and do not contain pinholes. The
presence of continuous grains throughout the film thickness is
confirmed by side-view SEM measurements (Figure 1C). It is
noteworthy that achieving this type of film morphology via
spincoating is highly challenging and typically requires extensive
additive engineering.[81131321 Collectively, the XPS and SEM
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Figure 1. A. Compositional XPS depth profiles showing the atomic percentage (%) as a function of the layer thickness (nm) of FAPbosSnosls PVK films deposited in a single cycle of
sequential thermal evaporation. B. Top-view SEM image of an annealed PVK film. The scale bar indicates 5 um. C. Cross-sectional SEM images of an annealed PVK film. The scale

bar indicates 1 um. All samples used were annealed for 30 minutes at 200 °C. D. Schematic representation of the device architecture used in this work, consisting of
ITO/PEDOT:PSS/FAPb,sSnosls/C60/BCP/Ag. E. JV and power characteristic of the champion cell employing 500 nm thick PVK films. The reverse scan is also included. F. Quasi-Fermi
level splitting (QFLS) of the bare PVK film as well as the partial stacks with the HTL (PEDOT:PSS) and the ETL (C60). Plotted together with the device open-circuit voltage (Voc).
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results demonstrate that films fabricated using 1c-sTE are
stoichiometrically homogeneous, pinhole-free, and continuous,
making them ideal for PV applications.

To further demonstrate the feasibility of the 1c-sTE process, a
500 nm thick absorber layer was incorporated into a device with
the ITO/PEDOT:PSS/FAPb,sSn,sl./C60/BCP/Ag
(Figure 1D). The current-voltage characteristic of a champion

architecture

cell based on this architecture, obtained using a solar simulator
with an output power of 120 mW/cm?, is shown in Figure 1E,
yielding a power conversion efficiency (PCE) of 10.2%. This
performance results from a short-circuit current density (/s¢) of
30.5 mA/cm?, a fill factor (FF) of 65%, and an open-circuit
voltage (Voc) of 0.62 V. More performance parameters are
included in the top row of Table S4. Although previous work
from Valencial?®! indicates that 700 nm LBG PVK layers are too
thick, leading to reduced charge collection and increased
parasitic absorption, we nevertheless fabricated cells with this
PVK film thickness as well. A champion JV is included in Figure
S4A. As expected, the increased absorption (shown for each
thickness in Figure S4B) leads to a rise in current, yielding a Js¢
of 35.2 mA/cmz, while the V¢ and FF a decrease to 0.55 eV and
61%, respectively. As is also indicated in Table S4, this results in
a comparable PCE of 9.8%. While the PCE we obtain is
equivalent to previously reported values for solar cells
containing evaporated Pb-Sn perovskite absorbers,[23-25] the
individual performance parameters are notably different.

To identify the origin of the low device voltage and the apparent
difficulties in extracting charges to the contacts, we performed
QFLS measurements using light intensities comparable to 1 sun.
The QFLS of bare PVK layers (0.82 eV) is compared with those of
stacks incorporating an HTL, an ETL, or both. This method has
been widely used in literaturel1034-371 gnd is most effective for
identifying voltage losses that occur at the interfaces between
the PVK and the TLs. The QFLS values are also included in Table
S5. Figure 1F shows that, after depositing the ETL (C60) on top,
the QFLS increases slightly from 0.82 to 0.87 eV. This is an
uncommon outcome, as this interface typically introduces
voltage losses.37] In contrast, a significant voltage loss is
observed when the perovskite is deposited on PEDOT:PSS (HTL),
as the QFLS drops to 0.71 eV. The QFLS of the full HTL/PVK/ETL
stack closely matches that of the HTL/PVK stack, reaching 0.69
eV. The remaining discrepancy between the device V. and the
QFLS of the triple layer may be attributed to sheet resistance in
the ITO and/or collection losses at the metal contacts. In short,
the PSC produced via 1 cycle of sTE is effective, but its device
architecture, particularly the selection of charge transport
layers, needs improvement.

On the ease of mixing in sTE-produced FAPb,;Sn,l,

Having successfully integrated the 1c-produced PbSn PVKs
perovskites into a PSC, we now turn to understanding the
conversion, meaning the mixing of the precursors and
crystallization into the PVK phase. Moreover, we investigate

why these processes proceed to completion in this system,

This journal is © The Royal Society of Chemistry 20xx

whereas they are hampered in pure-Pb PVKs\}fe?,]v We Sirst
compare films deposited in 1c to those pr&platedAssitng e doile
cycle (2c) of sTE to gain insight into how the different deposition
approaches influence precursor diffusion, crystallization, and
the resulting film properties. In these experiments, a total
thickness of 700 nm was maintained. The individual layer
thicknesses are reported in Table S1. The samples were
annealed at 200 °C for varying times (10 — 60 minutes).

The XRD patterns (Figure 2A and Figure 2B) show minimal
differences between the two methods, with both exhibiting a
preferential orientation, dominated by reflections at 14.0° and
28.2°, corresponding to the (100) and (200) crystal planes of the
perovskite phase, respectively. Additionally, annealing for
longer durations (> 30 mins) at 200 °C leads to the emergence
of an alloy peak at 12.7°, indicating thermal degradation and
reversion into the precursor. Notably, the 2c approach shows
additional reflections from other crystal planes, specifically with
) reflection at 31.6°. The differently
oriented perovskite domains likely result from the second

a more pronounced (

deposition cycle being performed on a different surface than
the first. Namely, the second cycle is performed on a layer of
noncrystalline FAIl rather than directly on quartz. This change in
substrate could influence the nucleation and growth process,
thereby affecting the resulting crystal orientation.[38:39]
Moreover, the absorbance spectra, (F4), in Figure 2C and Figure
2D show that the bandgap of the perovskites prepared via both
approaches is approximately 1.28 eV, suggesting identical
compositions and phases. Interestingly, the spectra show that
the 2c films require more time to convert into the same amount
of absorbing material as the 1c films. In the 1c approach, the
absorbance saturates after just 10 minutes of annealing,
whereas full conversion in the 2c films occurs only after about
30 minutes. These findings indicate that films produced using a
double cycle of sTE undergo a prolonged crystallization pathway
relative to those produced via a single cycle.

The XPS depth profile of a 2c-produced sample, shown in Figure
S2C, shows a similar uniformity of the elements across the film
thickness, yet it differs somewhat from that of the 1c-produced
film as it exhibits a higher overall formamidinium (N) content.
This may be due to the second cycle being deposited on top of
the first layer of FAI, which could prevent any excess material
from desorbing during annealing.

The morphology of PVK layers produced via the 1c and 2c
processes was further examined using top- and cross-sectional
electron micrographs, provided in Figure S5 and Figure S6 for
films annealed for varying durations. Similar to the 1c films, the
2c-produced layers display compact structures with no visible
pinholes and feature large grains (>2 um) across all annealing
times. The 2c-produced films also exhibit columnar grains, like
the 1c films, and no signs of the double cycle are visible in the
film cross-section (Figure S6B). Overall, these results indicate
that the film microstructure is largely comparable between the
two approaches and that during annealing, the layers deposited
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in separate cycles coalesce into a single grain extending
throughout the entire sample thickness.

Despite the similar structural properties, bandgaps, and film
morphologies, the films fabricated by these approaches display
notable differences in photoconductance, which was evaluated
using  time-resolved microwave conductivity (TRMC)
measurements. TRMC is a contactless technique that quantifies
the sample conductance by measuring the decrease in

{100) (111X )
A 100) 111 2001012 *Pbsnl‘
g i | 60mins
8
2 | 30mins
‘B
{ e
o
= 20 mins
il ] 10 mins
T T T T
10 20 30 40 50
20 (%)
C 100
80 -

F, (%)

10 mins

— 20 mins
204 30 mins
o 1— 60 mins

400 600 800 1000
Wavelength (nm)

E
40

= 10 mins
2 304 — 20 mins
E — 30 mins
S o — 60 mins
>

g 104

S

g 0-

1 I 1 1 |
0 200 400 600 800
Time (ns)

Journal Name

microwave power resulting from interactions wijth . mehile
carriers generated under photoexcitationPsée the/Sapporting
Information for a more detailed description. The
photoconductance (AG) traces are normalized by a geometric
factor (B), the electronic charge constant (e), the incident light
intensity (Iy), and F4, to express the data as a yield-mobility
product. The data, presented in Figure 2E and Figure 2F for a
light intensity of 10'° photons/cm?, reveal that the 1c films

B (100) (111){200)(012) —
= | |, somins
g
% ; 30 mins
&
E .
=1l .1, 20mins
10 mins
1 1 I I
10 20 30 40 50
26 (°)
D 100
80
~ 60+
L
< 40 .
w40 10 mins
_| — 20 mins
<0 — 30 mins
0 — 60 mins
| T T I
400 600 800 1000
F Wavelength (nm)
= 40 -
2 ;g mins
= — 20 mins
2 807 — 30 mins
S — 60 mins
= 204
]
£ 104
U)
<
0

0 200 400 600 800
Time (ns)

Figure 2. XRD patterns of FAPbosSnosls perovskite films deposited in A. a single cycle (1c) and B. a double cycle (2c) of sequential thermal evaporation. Absorption spectra, expressed
as the fraction of absorbed light (Fa, %) of the C. 1c deposition and D. 2c deposition. Time-resolved photoconductance measurements of the C. 1c deposition and D. 2c deposition.

The photoconductance (AG) is normalized by a geometric factor (B), the elementary charge constant (e), the intensity of the incoming light pulse, and Fa. All measurements were
carried out on samples that were annealed for 10, 20, 30, and 60 minutes, and using light intensities of 10%° photons/cm?2.
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exhibit progressively larger AG with annealing time, ultimately
reaching maximum signals around 30 cm?/(Vs). In contrast,
similarly to the evolution of the absorption, the 2c films show
an increase only after 20 minutes of annealing, and the
maximum AG remains below 15 cm?/(Vs).

All in all, these results demonstrate that while the 1c and 2c
approaches ultimately yield structurally and morphologically
PVK with their
crystallization pathways differ. the 2c
process exhibits slower conversion kinetics, which could be due
to differences in precursor distribution during annealing. The

comparable films similar  bandgaps,

Counterintuitively,

reduced photoconductance response in the 2c films indicates
that subtle differences in the films affect the electronic
performance. These findings highlight that, beyond the benefits
of shorter processing times and relative simplicity, the 1c-sTE
films exhibit faster conversion and higher photoconductance
with shorter annealing times. In this context, the homogeneous
ion distribution observed in the XPS data (Figure 1A) raises
questions regarding the diffusion and crystallization processes
in these films that lead to such uniformity. To address this, we
further investigate the conversion by examining the structural
and optical properties at three stages of 1c production. First, we
characterize a sample immediately (<15 mins) after the FAI
deposition without annealing (in yellow). Another sample,
denoted as mixed (in orange), was left unannealed for
approximately 12 hours at room temperature in the glovebox.
These layers are compared with a sample annealed for 30
minutes at 200 °C right after the FAI deposition (in burgundy).

The film images included in the key (Figure 3A) already illustrate
the extent of diffusion and crystallization at room temperature.
The film's appearance changes from a bright orange hue directly
after FAI deposition, characteristic of the PbSnl, alloy, to black
by the next day. The absorption data in Figure 3B tell a similar
story: the unannealed material initially exhibits a shallow
absorption onset, which develops remarkably over the 12-hour
period the film is left in the glovebox, ultimately showing a
distinct onset around 1000 nm. Comparatively, the difference in
absorption around the band edge between the mixed film and
the annealed sample is small. The identical absorption onsets
observed for PVK formed spontaneously overnight and by
annealing indicate that both contain a substantial amount of
FAPbgsSnosls. These
temperature, diffusion and crystallization occur, yielding a PVK
phase with structural and optical properties similar to the

results show that even at room

annealed films.

The conversion from precursors to the desired perovskite phase
can also be followed through the structural properties using
XRD. Figure 3C presents the diffraction patterns for the three
studied samples. Directly after deposition, the film exhibits
strong reflections at 12.7°, 25.5°, and 38.7°, which are
characteristic of PbSnl4,[22 and only minor PVK peaks at 14.0°
and 28.2°. In contrast, the mixed sample shows only the
perovskite-related reflections and none of the alloy. To track
the progressive diffusion and crystallization of the precursors,

This journal is © The Royal Society of Chemistry 20xx

the sample was monitored by XRD at 15-minyte ,intervals
(Figure 3D). Over a 12-hour time windowPtHel8loyreflelctivnat
12.7° gradually fades, while a broad (100) PVK peak at 14.0°
develops. Upon annealing, the characteristic perovskite peaks
remain visible in Figure 3C, accompanied by a small alloy peak
at 12.7°, which indicates minor degradation during annealing. A
magnified view of the normalized (100) reflections of the
resulting PVK films is shown in Figure 3E. The as-deposited PVK
portrays the widest peak, which narrows after mixing.
Subsequent annealing for 30 minutes at 200 °C sharpens the
peak, indicating an improvement in the crystallinity or increased
crystallite sizes.

To study the conversion process in more detail, solid-state
nuclear magnetic resonance (ssNMR) measurements were
carried out to monitor the local environment of the Pb. Because
mixing of the precursors occurs too rapidly, even at room
temperature, in relation to the measurement time, it was not
feasible to analyze an unannealed sample directly after the FAI
deposition. the PbSnla
accommodate the broad range of chemical shifts in which the

Instead, alloy was included. To
NMR signal was obtained, the measurements for 207Pb were
performed using the variable offset cumulative spectra (VOCS)
approach. The resulting static 27Pb ssNMR spectra are shown
in Figure 3F-H, plotted together with the sum of the spectra in
grey. Normalized magic-angle spinning (MAS) *H and *3C spectra
are included in Figure S7. The PbSnls 2°7Pb spectrum exhibits a
particularly broad peak spanning roughly -3000 to 4900 ppm
(Figure 3F). After overnight mixing, the peak narrows and
centers at ~1647 ppm. Smaller peaks appear at 0 ppm and ~857
ppm. Subsequent annealing results in additional narrowing,
producing a sharp peak at ~1788 ppm.

Several factors may account for the broad chemical shift
distribution observed for PbSnls. For instance, variations in
bond lengths or distortions of the lattice structure create
asymmetric electron densities. Considering that the alloy was
formed by thermally fusing Pbl, and Snl,, it is expected to
exhibit both compositional inhomogeneities and structural
disorder. This reasoning is corroborated by the broad X-ray
reflection of the alloy, spanning between 12.3° and 13.0° in
Figure 3D, which is indicative of a distribution in lattice spacings.
We attribute the main peak in Figure 3G to the FAPbo5Snosls
phase. Its higher chemical shift, which is above the ~1500 ppm
typically reported for FAPbI3,[4041 indicates a lower electron
density surrounding the Pb nuclei. The signal around 0 ppm has
previously been associated with Pbl,[*1], suggesting that similar
local environments may be present in our mixed material. The
broad feature observed between 0 and 2000 ppm remains
unidentified; it may result from sample heterogeneity, i.e., a
nonuniform Pb/Sn distribution, or the possible formation of
some oxide species that could have formed during transport
and characterization. Regardless, annealing evidently plays a
major role in enhancing the symmetry of the electron densities
surrounding the Pb nuclei in the PVK, which may indicate
increased symmetry in the microdistribution of Sn and Pb. This
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is reflected in the substantial narrowing of the main peak in
Figure 3H and the disappearance of the broad secondary
signals.

Finally, top-view SEM images reveal pronounced changes in the
films’ microstructure across the different stages of the
conversion. The as-deposited alloy (Figure S8A) exhibits a
compact morphology composed of small grains (<100 nm).
After overnight mixing (Figure S8B), the PVK film maintains the
nanoscale features (<100 nm), but with visible voids distributed
throughout the structure. Upon annealing, these features turn
into large grains exceeding 1 um in size (Figure S5).

8 | J. Name., 2012, 00, 1-3

From the combined SEM, ssNMR, XRD, and absorption results,
it can be concluded that evaporated FAI can disrupt the alloy’s
structure sufficiently to permit complete diffusion, leaving a
void-rich film with no PbSnls crystalline domains detectable by
XRD. In time, a substantial amount of the desired FAPbosSnosls
PVK phase forms even at room temperature. Nevertheless,
annealing is essential to obtain PVK crystallites with a high
degree of symmetry in the elemental distributions and large
grains.

To further evaluate the thermodynamic stability of the PbSnls
alloy and to clarify why FAI seems to diffuse so readily, detailed

This journal is © The Royal Society of Chemistry 20xx
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DFT calculations were performed. Using the total energies from
DFT, the stability of the PbSnl, alloy was first assessed via the
synthesis reaction Pbl, + Snl; = PbSnls. This reaction has an
energy change AE =-0.103 eV, corresponding to -0.017 eV per
atom, showing that the alloy is only weakly stabilized with
respect to its precursors. The modest energy gain indicates that
the PbSnls network is thermodynamically shallow and can be
readily reconfigured when additional species are introduced at
the processing temperatures used here.

The perovskite FAPbg sSnosl3 was then evaluated using the same
energy reference framework. Its formation energy is +0.0217 eV
per atom, meaning that FAPbg sSnoslsis only about 0.039 eV per
atom less stable than the PbSnl, alloy. The energy difference of
0.039 eV per atom is small compared to the thermal energy
available at the annealing temperature (~200 °C), so the alloy
and perovskite have similar thermodynamic stabilities and can
be interconverted under the processing conditions. Under the
FAl-rich environment during deposition and annealing, entropic
and interfacial effects, together with the chemical driving force
for FA* incorporation, readily overcome this small energetic
offset and enable extensive conversion of PbSnl; into
FAPbo_sSno_5|3.

This energetic picture aligns with the experimental observations
that once FAl is deposited on top of the alloy, the PbSnl, lattice
is easily disrupted. Most importantly, this allows the FAIl to
diffuse through the entire 500—700 nm film, and a substantial
fraction of the perovskite phase forms already during
room-temperature mixing. Together, the calculations support
the view that PbSnls acts as a structurally soft, weakly stabilized
precursor that can be converted efficiently into the mixed Pb-
Sn perovskite phase during single-cycle sequential thermal
evaporation.

Finally, it remains to be determined whether diffusion of FAI
into PbSnl, is influenced by simultaneous crystallization. To
address this, a sample was annealed immediately after
deposition, denoted as unmixed, and compared with a sample
annealed after a day of spontaneous mixing at room
temperature, denoted as mixed. The different sample
treatments are schematically indicated in the top panels of
Figure 4. Given that the mixed sample already has a substantial
amount of PVK and a uniform FAI distribution before annealing
(see the compositional depth profiles in Figure S2A), no
additional diffusion should be necessary for full crystallization
to the PVK phase. In contrast, for the unmixed sample
immediately after deposition, FAlI and PbSnl; remain spatially
separated, and mixing occurs during annealing. The difference
between the samples’ initial state is also evident in the two XRD
patterns of the unannealed films in Figure 4A and Figure 4B,
consistent with the spontaneous overnight mixing discussed in
Figure 3. Tracking the evolution of the XRD patterns together
with the photoconductance at various annealing times (0, 10,
20, 30, and 60 minutes) allows us to assess whether FAl
transport during annealing influences crystallization and the
resulting charge carrier dynamics.

This journal is © The Royal Society of Chemistry 20xx

As shown in Figure 4A and Figure 4B, the XRD patterns of the
samples reveal similar diffraction peaks aftelr Ehealing. liPboth
cases, annealing for 10 minutes yields the characteristic
reflections of FAPbgsSngsls with no remaining alloy peaks. The
alloy reflections re-emerge only after annealing for >20
minutes, indicative of thermal degradation.

From the TRMC data in Figure 4C and Figure 4D, it is evident
that, for both annealing approaches, extending the annealing
time to 60 the
photoconductance, yielding a maximum signal around 80
cm?/(Vs) at a light intensity of 9x10° photons/cm2. This is
striking as before annealing, the films differ substantially; The

minutes  considerably  improves

unmixed sample shows basically no photoconductance
immediately after deposition, while a small but persistent
photoconductance signal is observed in the mixed sample,
attributable to the spontaneously formed PVK (Figure S9).
Interestingly, the evolution of the photoconductance signals
with annealing time is remarkably similar for both preparation
approaches. After 10 minutes of annealing, the signal peaks at
2-3 cm?/(Vs) and increases to 15-25 cm?/(Vs) after 20 minutes.
Here, lifetimes of around 150-250 ns are observed. At 30
minutes of annealing, the photoconductance decreases slightly,
yet the carrier lifetimes extend to 700 ns. Further annealing to
a total of 60 minutes increases the signal height and prolongs
the lifetimes to beyond 4 ps, as shown more clearly in Figure S9.
This enhancement correlates with the reappearance of the
PbSnl, alloy peak at 12.7° in the XRD pattern in Figure 4A and
Figure 4B. An excess of inorganic precursor has been associated
with effective grain boundary passivation, resulting in longer-
living photoconductance signals, albeit typically accompanied
by lower device performances. [42-44]

The TRMC data also contains information regarding the defect
density in the material. Figure S10 presents TRMC signals for
both samples, recorded at different light intensities. After 10
minutes of annealing, the rapidly decaying traces overlap across
all excitation intensities. This behavior indicates that the charge
carrier generation density remains below the trap density of the
film, resulting in the same transient photoconductance signals
regardless of the applied laser intensity.[*3! Accordingly, the trap
density can be estimated from the laser pulse intensity at which
the traces stop to overlap. In this case, after correcting for the
sample thickness, we find this to be greater than 10> cm™3. With
annealing times beyond 10 minutes, the traces no longer
overlap. Instead, the signals lower altogether with increasing
laser pulse intensity. This suggests the emergence of a
dominant second-order band-to-band recombination, which
occurs once the trap density has been exceeded. Hence, it can
be concluded that the trap density lowers significantly from
>10% c¢cm3 to around 10'3 cm™3 upon annealing. This trend is
observed for films produced via both approaches presented in
Figure 4.
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Figure 4. XRD patterns of perovskite films left unannealed and annealed at 200 °C for varying times A. immediately after the deposition, and B. after overnight mixing.
Photoconductance traces as a function of time for perovskite films annealed at 200 °C, C. immediately after the deposition, and D. after overnight mixing. The annealing timing

is also schematically indicated in the panels above the TRMC traces. The AG signals are reported for different annealing times (10, 20, 30 and 60 minutes) and using a light

intensity of 9x10° photons/cm?.

Additional information about the annealing process in the films
is provided by dark conductivity (DMC)
measurements, in which the GHz response is recorded as a
function of resonance frequency. As shown in Figure S11, a

microwave

clear difference in microwave interactions is observed between
the unannealed samples. For the unmixed sample, the
normalized resonance dip reaches a minimum of approximately
0.63, whereas for the mixed sample, the dip deepens to 0.39.
Dip deepening in DMC is associated with increased background
conductivity. Upon annealing, the resonance dips in both cases
shift to approximately 0.51 after 10 minutes and subsequently
become shallower, reaching around 0.6 after 60 minutes. This
is comparable to the substrate, implying that annealing reduces
the background conductivities to < 1 S/m. From this and the fact
that the charge carrier mobility only increases, we can conclude

10 | J. Name., 2012, 00, 1-3

that the initially present doping concentrations, in particular for
the mixed sample, are neutralized by the annealing process.
Based on the similarities in the evolution of the TRMC signals
and structural properties during annealing, we can infer that the
PVK films are in equivalent stages of conversion at each time
step. Hence, the diffusion is not significantly hampered by
simultaneous crystallization and is either very rapid or proceeds
independently of the crystallization process at these high
temperatures.

Despite the close agreement in diffraction patterns and
transient photoconductance, we decided to fabricate PSCs
using the mixed PVK films. The JV characteristic of a champion
device is included in Figure S12A. In line with the TRMC findings,
the two fabrication approaches yield nearly indistinguishable
performance. The devices based on mixed PVK layers achieve a
champion PCE of 10.3%, composed of a Jsc of 30.9 mA/cm?, a

This journal is © The Royal Society of Chemistry 20xx
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Voc of 0.61V, and a FF of 66%. The device parameters are also
included in Table S4. Likewise, we find almost identical QFLS
values for both deposition approaches for the bare PVK film as
well as the PVK/ETL, HTL/PVK, and HTL/PVK/ETL stacks, which
are also included in Figure S12B and listed in Table S5. As noted
above, the major voltage losses appear at the HTL/PVK
interface. In the future, approaches incorporating carbazole-

like ((2-(9H-carbazol-9-yl)ethyl)phosphonic
which have

based materials
(2PAC2),
success,[4647] represent a more promising approach.

Taken together, the findings on the diffusion and crystallization

acid recently shown significant

presented in Figure 3 and Figure 4 indicate that FAl and PbSnl,
readily mix and convert into the PVK phase at room
temperature, consistent with the thermodynamically shallow
stability of this the mixed PVK is
macroscopically homogeneous, as evidenced by X-ray
reflections and a uniform elemental distribution throughout the

system. Although

film’s thickness, it is modestly doped. For both samples,
annealing is required to achieve films with increased local
homogeneity, large grains, and high crystallinity. These
structural changes lead to a reduction in defect density and
increased carrier mobility, along with longer lifetimes. For
mixed samples, annealing substantially reduces the background
conductivity. Hence, activation, high

temperatures are essential. We speculate that this is related to

for electronic
the repositioning of the larger, less mobile ions, such as Sn?* and
Pb2*, to improve the elemental distribution at the microscale.

Conclusion

All in all, we demonstrate the scalable fabrication of low
bandgap Pb-Sn perovskite films up to 700 nm thick using a single
cycle of sequential thermal evaporation. The resulting films are
stoichiometrically uniform throughout their thickness and
exhibit large, columnar grains with a compact morphology. A
detailed investigation of the crystallization and diffusion
processes during the production of these perovskites revealed
that, after the vacuum deposition, the precursors readily mix
when the samples are left in the glovebox overnight.
Additionally, the desired FAPbosSnosls phase gradually forms
over time. We attribute this behavior to the relatively weak
thermodynamic stabilization of the PVK phase compared to the
precursors. Moreover, we conclude that annealing is essential
to achieve films with improved elemental homogeneity on basis
of the ssNMR, large grains, and high crystallinity. These
improvements lead to reduced defect density, increased carrier
mobilities up to 80 cm?/(Vs), and longer lifetimes as determined
by dark and time-resolved microwave techniques. When
integrated into solar cells with the

ITO/PEDOT:PSS/FAPbosSno sls/C60/BCP/Ag,  they
champion efficiencies of 10.3%, with observed voltage losses

architecture
achieved

predominantly originating from the interface with the

PEDOT:PSS HTL. In conclusion, this work contributes to the
development of large-scale fabrication methods for low

This journal is © The Royal Society of Chemistry 20xx

bandgap perovskite films wusing thermal evaporation,
highlighting their potential for commegftidhiZ&Go6as0Righ:
performance absorber layers.
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