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Vacuum deposition of metal halide perovskite is a scalable and adaptable method. In this study, we adopt
sequential evaporation to form the perovskite layer and reveal how the relative humidity during the
annealing step, impacts its crystallinity and the photoluminescence quantum yield (PLQY). By controlling
the humidity, we achieved a significant enhancement of 50 times in PLQY from 0.12% to 6%. This
improvement corresponds to an increase in implied open-circuit voltage (V,c) of over 100 meV. We
investigate the origin of this enhanced PLQY by combining structural, chemical and spectroscopic
methods. Our results show that annealing in a controlled humid environment improves the organic and
inorganic halides’ interdiffusion throughout the bulk, which in turn significantly reduces non-radiative
recombination both in the bulk and at the interfaces with the charge transport layers, which enhanced
both the attainable open-circuit voltage and the charge carrier diffusion length. We further demonstrate
that the enhanced intermixing results in fully vacuum-deposited FAp g5Cso.15Pb(I,Cly )3 p-i-n perovskite
solar cells (PSCs) with a maximum power point tracked efficiency of 21.0% under simulated air mass (AM)
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DOI 10.1035/d5€100017¢ 1.5G 100 mW cm2 irradiance. Additionally, controlled humidity annealed PSCs exhibit superior stability

rsc.li/EESSolar when aged under full spectrum simulated solar illumination at 85 °C and in open-circuit conditions.

Broader context

Perovskite solar cells have achieved remarkable laboratory-scale power conversion efficiencies exceeding 26%, primarily through solution-based spin-coating
deposition. This method offers a low-cost entry into research and allows for performance-enhancing additives. However, the photovoltaics industry favours
physical vapor deposition (PVD) for its scalability and uniformity, yet PVD-based perovskite devices have historically lagged behind solution-processed coun-
terparts in efficiency and stability. To address this, we optimize the crystallization of thermally evaporated perovskite absorbers, a critical step in enhancing
performance and long-term stability. Our approach improves the interdiffusion dynamics of sequentially evaporated organic-inorganic precursors via post-
annealing under controlled humidity. By reducing bulk and interface defects, we achieve more than an order of magnitude enhancement in luminescence
efficiency, a key metric of absorber quality. Using this strategy, we fabricate “fully evaporated” perovskite solar cells with a maximum power point tracked
efficiency of 21.0%. These devices also exhibit enhanced durability, maintaining performance at 85 °C under full-spectrum illumination and open-circuit
conditions (ISOS-L-2)—the first ISOS-L-2 stability demonstration for fully evaporated perovskite solar cells. With multiple industries focusing on commerci-
alisation of perovskites and announcing gigawatt scale production lines, our findings reinforce the potential of fully vacuum-deposited perovskite devices for
robust and scalable photovoltaic technology.

Introduction

Lab-scale perovskite solar cells are commonly fabricated using
“Department of Physics, University of Oxford, Clarendon Laboratory, Parks Road, solution-based spin-coating deposition methods, which have
Oxford OX1 3PU, UK. E-mail: henry.snaith@physics.ox.ac.uk led to record breaking solar to electrical power conversion
?EPSRC National Thin Film Facility for Advanced Functional Materials (NTCF),  efficiencies for this emerging PV technology of over 26%."
Department of Physics, University of Oxford, UK While this approach offers a low-cost entry point at the
‘Department of Chemistry, University of Washington, Box 351700, Seattle, Washington PR . s s
98195-1700. USA research scale, it is incompatible with industry-scale produc-
‘Department of Bioengineering, University of Washington, Seattle, Washington 98195- tion aiming for multiple ar_lnual production and over 50
1700, USA I'W deployment targets.> Physical vapour deposition under
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manufacturing, including deposition techniques such as
sputter coating and thermal evaporation. Thermal evapora-
tion, where materials are sublimed under moderate vacuum
and heat to condense upon a substrate, is highly compatible
with metal halide perovskite thin film growth,* and enables
precise thickness control and conformal coatings on large-area
substrates, largely independently of the substrate texture. A
further advantage of vapour deposition is that it avoids the
commonly used toxic solvents such as chlorinated solvents or
dimethylformamide (DMF) which remain ubiquitous in the
highest efficiency solution processed perovskite solar cells.
Moreover, vacuum deposition techniques, such as thermal
evaporation, atomic layer deposition (ALD), and sputter-
coating are well-established in the optoelectronic industry
and should be readily adaptable for high volume
manufacturing of perovskite solar cells.*® However, a research
focus on solution-processed solar cells has resulted in the
power conversion efficiency (PCE) and stability of all-vacuum-
processed solar cells lagging behind their solution processed
counterparts.® There are primarily two deposition methods
employed in thermal vacuum deposition: Fig. 1(A) co-
evaporation and Fig. 1(B) sequential deposition.”” Currently,
the majority of reports on evaporated perovskite solar cells
employ co-evaporation to deposit the perovskite layer.** Co-
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evaporation entails the simultaneous sublimation of organic
and inorganic halides to instantaneously react the perovskite
precursor salts on the target substrate. In the context of scal-
ability, the co-evaporation technique encounters inherent
limitations attributable to the discrepancy between the
attainable rates and evaporation temperatures characteristics
of organic-halide salt and the inorganic metal-halide salt
sublimation, with the prior requiring lower temperatures but
also attaining lower rates. This incongruity consequently
imposes constraints on the overall deposition rates, resulting
in a slower overall process. In contrast, sequential deposition
allows for the evaporation of inorganic halides within one
chamber or from a first row of sources, allowing for evapora-
tion of the inorganic compounds and a larger number of
sources of the organic halides in another chamber or further
down the production line. This should enable the required
overall quantity of material to be deposited in an effective
manner whilst also averting potential cross contamination
issues, a prevalent concern associated with co-evaporation
processes.”” Recent studies demonstrated sequentially
vacuum-deposited perovskite solar cells with PCEs comparable
to the solution-processed ones, with a very recent report of over
26% efficiency.” However, it should be noted that these re-
ported devices still utilize several solution-processed steps in
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(a) Schematic of co-evaporation; (b) schematic of sequential evaporation (c) SEM top micrograms of co-evaporation and sequential

deposition, respectively; (d) absorption coefficient from UV-vis of films performed on sequentially evaporated and co-evaporated half stacks.
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cell fabrication of the non-perovskite layers, e.g., charge
transport and passivation layers,'>*>™*¢ and are hence not as of
yet fully evaporated perovskite solar cells, compatible with an
entirely “dry-processed” production line.

Although perovskite solar cells are susceptible to degrada-
tion in the presence of moisture, there have been many reports
of improved photophysical properties and device performance
when forming the perovskite crystallization under a controlled
humidity atmosphere.”"”*® While the impact of relative
humidity (RH) on solution-processed devices has been exten-
sively investigated,'®'® its influence on thermally deposited
perovskite layers is not well understood. Here, we present
a comprehensive study on the crystallization dynamics of
sequentially vacuum-deposited perovskite films under
controlled environmental conditions. We deposit an inorganic
precursor layer by co-evaporating cesium iodide (Csl), lead
iodide (PbL,), and lead chloride (PbCl,) to form Csg.15Pb(Io go-
Cly.20)2.15, followed by the deposition of formamidinium iodide
(FAI) onto this precursor film at room temperature, to eventu-
ally form an ABX; perovskite structure. Exposing the films to
controlled relative humidity during annealing enhances inter-
diffusion and homogenization of the precursors, particularly
cesium and formamidinium cations throughout the bulk,
which improves the photophysical properties of the perovskite
material. The resulting films exhibit a photoluminescence
quantum yield (PLQY) of 6% with a bandgap of 1.55 eV and
enable power conversion efficiencies of 21.0% in PSCs. Devices
processed under optimal humidity conditions demonstrate
enhanced stability, maintaining more performance over 300
hours under accelerated aging (ISOS-L-2), as compared to those
processed in the absence of humidity.

Results and discussion

The perovskite solar cells that we investigate in this study are
fabricated with an all thermally evaporated layer stack of:
glass/indium-tin-oxide (ITO)/2,2',7,7'-tetrakis(N,N’-di-p-meth-
ylphenylamino)-9,9’-spirobifluorene  (Spiro-TTB)/perovskite/
Ceo/bathocuproine (BCP)/silver (Ag), where Spiro-TTB is the
hole transport layer (HTL) and Cg, is the electron transport
layer (ETL). For the stability analysis, the top layers of the stack
are changed from a BCP/Ag bilayer to a tin oxide SnO,
(deposited via ALD)/chromium (Cr)/gold (Au) layer. In order to
assess the morphology and optical density of the crystallised
perovskite films, fabricated from co-evaporation and sequen-
tial deposition, we deposited the perovskite on a Spiro-TTB
coated ITO-glass, which we refer to as “half-stacks” and char-
acterise these films. In Fig. 1(C) we show top-view scanning
electron microscope (SEM) micrographs, which reveal that the
sequential deposition route results in SEM polycrystalline
domains of over 1 micron, which tend to be larger as compared
to those in the co-evaporated perovskite films. Furthermore,
we perform ultraviolet-visible-near-infrared (UV-vis-NIR)
absorptance measurements Fig. 1(D) for both sequentially
evaporated and co-evaporated half stacks of the same thick-
ness and show the absorption coefficient as a function of
wavelength.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

EES Solar

Structural properties of sequentially evaporated thin films
after annealing under controlled relative humidity

We proceed to investigate the impact of relative humidity (RH)
on the morphological and crystalline properties of the
sequentially evaporated perovskite films. We studied sequen-
tially evaporated films that have undergone annealing under
varying conditions: 0% RH (nitrogen glovebox environment,
<1 ppm H,0) and the introduction of 5%, 35%, and 60% RH
through compressed dry air (CDA) carrier gas into a chamber
where films are annealed. We note that the RH value is in the
annealing atmosphere at room temperature, not at the
temperature of the annealing hotplate. The top-view SEM
images in Fig. S1,T are for films fabricated under 0%, 5%, 35%,
and 60% relative humidity. We observe that top-view micro-
graphs of films annealed under 0% RH and 5% RH exhibit no
overt morphological differences. Yet, with increasing relative
humidity, a significant increase in polycrystalline domain size
becomes evident, as viewed via top-view Fig. S1(C).t This
pattern extends to higher RH levels, albeit accompanied by the
emergence of pinholes in the post-annealed films Fig. S1(D),}
leading to potential shunting pathways when integrated into
devices.

Micrograph's Fig. 2(A) and (B) unveil the cross-sectional view
of films annealed in 0% RH and at 35% relative humidity.
Notably, the nitrogen-annealed film shows multiple grain
boundaries, as visible in the SEM image, throughout the
thickness of the film. In contrast, the films annealed under
ambient conditions show a monolithic grain structure from top
to bottom. Noteworthy, is the discernible presence of bright
crystallites at the buried interface of nitrogen-annealed films,
potentially signifying unconverted inorganic precursors. In our
study, we employed X-ray diffraction (XRD) analysis to
substantiate our findings. As seen in Fig. 2(C), we show an X-ray
diffraction (XRD) pattern of a film annealed in 0% RH envi-
ronment that has retained a significant amount of residual lead
iodide. A 12.7° 24 diffraction peak corresponds to a presence of
crystalline PbI,, while the 14° peak corresponds to the (100)
plane of (pseudo) cubic metal halide perovskite structure.
Moreover, films annealed under relative humidity display
a higher overall scattering intensity and a narrower full width
half maximum (FWHM) of the perovskite peak, 0.10 compared
to films annealed under 0% RH with a FWHM of 0.15. We
interpret this to indicate a higher fraction of the film composed
of crystalline material with less micro-strain in the 35% RH
annealed films, as compared to when annealed in nitrogen. To
delve deeper into the crystallization kinetics, we conduct in situ
laboratory and synchrotron-based grazing incidence wide angle
X-ray scattering (GIWAXS) measurements monitoring the phase
conversion processes from precursor films. Beginning with the
unannealed film Fig. S2, we find it already contains some
perovskite phase, which has evidentially formed at the inor-
ganic template and FAI interface at room temperature. In
addition, in the as-deposited films we find Pbl,, well as d-
CsPbl;; the latter was not observed in previous work using
a lower content of CsL.****** We observe that the orthorhombic
3-CsPbl; at 20 of 9.7° and 12.6°, disappears during temperature
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Fig. 2 (a and b) SEM micrographs of sequentially deposited perovskite annealed in nitrogen (0% RH) and under 35% relative humidity in the
humidity-controlled chamber (RH-annealed), respectively, the scale baris 1 um. (c) XRD of films annealed nitrogen (0% RH) and 35% RH (d) in situ
tracking of perovskite formation via GIWAX of films annealed in nitrogen (0% RH) and 35% RH (e) 3D-ToF-SIMS depth profiling across 100 x 100
am for films annealed under nitrogen (0%RH) and (f) under 35% RH condition, showing the molecular fragment from cesium (Cs*, m/z = 132.91,
blue) and formamidinium (FA*, m/z = 45.04, red) cations. The substrate signal from Indium (In*, m/z = 114.91) in ITO is shown in brown.
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ramping to 150 °C after around 100 s Fig. S3.7 In high-
resolution synchrotron measurements, we monitored the
intensity of the perovskite (100) peak over 15 minutes of
annealing and observed that ambient air (~35% RH) accelerates
the formation of the perovskite phase from the precursor film,
as compared to annealing under 0% RH Fig. 2(D). To explore
this further, we monitored the unannealed film left in ambient
air and found that even at room temperature, the template and
organic perovskite salts convert to a 2H hexagonal polytype
phase of formamidinium rich perovskites over 40 minutes
Fig. S4.7

To elucidate the interdiffusion dynamics of organic and
inorganic precursors within thin films under dry and humid
processing conditions, we employed time-of-flight secondary
ion mass spectrometry (ToF-SIMS) depth profiling. This choice
stems from its high detection sensitivity (<ppm) and good mass
resolution, aligning with the investigative approach established
by Harvey et al.,”® who initially probed differences in cation
distribution within the bulk of the film. We collected both
positive and negative ions from two distinct 100 x 100 micron
regions on our samples Fig. S5.7 In Fig. 2(E) and (F), we show
the variation along the film depth of the molecular fragments’
associates with perovskites' cesium (Cs’, m/z = 132.91) and
formamidinium (FA", m/z = 45.04) positive ions.* The 3D maps
are reconstructed frame to frame for a total of 25 frames
Fig. S6;T the perovskite signals end at frame 17. In Fig. 2(E), we
show that films annealed in 0% RH have a formamidinium-rich
(red) perovskite at the top surface of the film, along with
a cesium-rich (blue) perovskite at the bottom interface with ITO.
This suggests that films annealed under 0% RH have precursor
salts that are not entirely inter-diffused throughout the thick-
ness of the film.

On the other hand, in Fig. 2(F), we show that films grown
under controlled relative humidity conditions (35% RH) exhibit
high levels of intermixing of cesium and formamidinium
cations throughout the film. We performed a more quantitative
assessment by calculating the standard deviation of the 2D
normalized signal intensity for each molecular fragment
Fig. S7.+ We found that the standard deviation (¢) for both
formamidium (FA" ¢ = 0.038) and cesium (Cs" ¢ = 0.037) are
lower under controlled relative humidity compared to for-
mamidinium (FA" ¢ = 0.054) and cesium (Cs" ¢ = 0.044) under
0% RH, underscoring the efficacy of this condition in
promoting precursor interdiffusion. We show that this trend
extends to halide ions, as depicted in Fig. (S8 and S9t). Exam-
ination of chloride precursor signals reveals a pronounced
presence of Cl™ ions between the bottom (buried) and at the top
interface of the film for perovskite films processed in both 0%
RH and 35% RH. This indicates that the ClI= ions or PbCl,
predominately accumulates at the surfaces. For the 35% RH
film, the chloride ion (C1™ and PbCl; ") signals are very low and
flat throughout the bulk region. In contrast, the chloride ion
signals monotonically increase from around 100 nm depth
towards the bottom surface for the 0% RH annealed films. Once
again, we quantified this by calculating the standard deviation
of lead chloride (PbCl;”) (and lead iodide (PbI")) throughout the
films, which we show in Fig. S10.1 In summary, our ToF-SIMS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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depth profiling analysis highlights how annealing sequentially
deposited perovskite films in the presence of humidity facili-
tates the effective interdiffusion of precursor salts and the
realisation of compositionally homogeneous perovskite films,
in the direction perpendicular to the substrate. We also spec-
ulate that since the chloride ions predominantly accumulate at
the surfaces, they may act to passivate surface defects, which
will be explored in more detail below.

Photophysical properties of sequentially evaporated
perovskite films

To explore the influence of relative humidity on the photo-
physical properties of sequentially evaporated and co-
evaporated perovskite films, we performed photo-
luminescence quantum yield (PLQY) measurements on perov-
skite thin films deposited on glass (see ESI} for details on the
methods). PLQY serves as a useful metric due to its direct
correlation with the quasi-Fermi level splitting (QFLS)* and
consequently open-circuit voltage (V,.) of a photovoltaic
device.”®** In Fig. 3(A) we present the PLQY measured for
perovskite films deposited on glass with a PV bandgap of
~1.55 eV, annealed under varying conditions of relative
humidity. For completeness, we include both co-evaporated and
sequentially evaporated thin films here. Notably, for the films
produced through sequential deposition, a low PLQY of 0.12 £
0.09% 1is observed when annealed in N,, compared to co-
evaporated films that exhibit a slightly higher PLQY of 0.32 £+
0.03%. When annealing in the presence of humidity, the PLQY
of the co-evaporated does not increase, and even diminishes
slightly with values of 0.26 4 0.02%, 0.4 & 0.12%, and 0.30 +
0.05% for the 5% RH, 35% RH, and 60% RH respectively.
However, the sequentially evaporated films exhibit more than
an order of magnitude enhancement in luminescence intensity.
We determine the PLQY values to be 5.3 + 0.4%, 5.9 + 0.2%,
and 1.3 £+ 0.6% for the 5% RH, 35% RH, and 60% RH samples,
respectively. As aforementioned, this substantial increase in
PLQY leads to an increase in QFLS. In this context, the radiative
limit (QFLS;,q) for a single junction absorber with a bandgap of
1.55 eV is 1.26 eV.”” We estimate that co-evaporated films can
only achieve a maximum QFLS of 1.12 eV. In contrast, films
made through sequential deposition attain a maximum QFLS of
1.19 eV, which is 94% of its radiative limit.

To further understand how the relative humidity leads to an
increased PLQY, we perform time resolved photoluminescence
measurements (TRPL) on a similar set of sequentially evapo-
rated thin films annealed under the different conditions. In
Fig. 3(B) a similar trend to that of PLQY is observed in the TRPL
measurements: the sample annealed at 0% RH shows early-time
decay of the PL, with the PL decay lifetime extending signifi-
cantly for the samples annealed in humid conditions, which we
quantify by fitting with a stretched exponential®® Fig. S11.f We
find an average lifetime, t,, of 56 ns for the 0% RH (nitrogen-
annealed) sample, which increases to 730 ns, 1000 ns, and
slightly drops to 632 ns for the 5% RH, 35% RH, and 60% RH
conditions, respectively. We note that from all our previous co-
evaporated perovskite films reported, the longest lifetime has

EES Sol., 2025, 1,129-138 | 133
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(A) PLQY of sequentially evaporated and co-evaporated films on glass fabricated under 0% RH, 5% RH, 35% RH and 60% RH, three distinct

areas were measured per substrate, the error bars represent the min and max PLQY obtained. (B) TRPL of sequentially deposited perovskite films
on glass under 0% RH, 5% RH, 35% RH and 60% RH. The films were photoexcited from the air-exposed side of the perovskite. (C) Median of
surface and bulk non radiative recombination obtained from fitting the TRPL data of half-stacks annealed under varying relative humidity using
a physical model and Bayesian inference, the median lies within the first and the third quartile represented by the bars. (D) Median of diffusion
length of the perovskite half-stacks annealed under varying relative humidity, the median lies within the first and the third quartile represented by

the bars.

been ~100 ns, with the maximum PLQY significantly less than
1%, consistent with other reports in literature,*** highlighting
the step-change improvement this processing and annealing
protocol represents.

To investigate where the main improvements in PLQY and
prolonged lifetime stem from, we follow a recently developed
approach employing Bayesian inference.** In brief, TRPL decays
are influenced by many parameters, including bulk-lifetime,
surface recombination at both the top and bottom surfaces,
and rate of charge carrier diffusion away from the surface
throughout the film. By using simple analytical fitting, it is
difficult to determine all the governing parameters with a high
level of accuracy. However, by more advanced computation
approaches, using machine learning or Bayesian inference, it is
possible to accurately (with quantifiable uncertainty) determine
multiple parameters from these data. Following Kober-Czerny
et al.,* we simulated the PL decay employing a physical model
and Bayesian inference to discern the bulk and surface

134 | E£ES Sol, 2025, 1,129-138

recombination parameters, as well as charge carrier diffusion
coefficients. We use three TRPL measurements (one from the
glass side at a fluence of 3.8 x 10'® em 2 and two from the air,
or top charge transport layer, side at fluences of 3.8 x 10° and
3.8 x 10" em™?). In Fig. 3(C), we show the results and here
report all values as M(Q; - Q3z), where M is the median value and
Q; and Q; are the first and third quartile values. We determine
non-radiative interfacial recombination constants at the Spiro-
TTB/perovskite interface of 1.7 (1.7-1.9) x 107, 4.3 (3.2-4.6) x
10° 2.6 (2.4-2.8) x 10° and 2.8 (2.6-3.0) x 10° s™' as well as
non-radiative bulk recombination constants (k. see ESIT for
details) of 2.2 (1.9-2.6) x 107, 8.8 (7.1-13.0) x 10°, 2.9 (2.2-6.7)
x 10, and 3.7 (3.5-4.4) x 10° s~ for the 0% RH, 5% RH, 35%
RH, and 60% RH conditions, respectively. This indicates that
annealing in a humid environment strongly impacts both the
surface and the bulk recombination processes, with the most
significant reduction in the bulk, likely due to the reduction of
bulk defects. In contrast, the perovskite/air interface is much

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00017c

Open Access Article. Published on 19 March 2025. Downloaded on 7/12/2025 9:40:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

less influenced by the humid environment, with extracted
recombination constants of 8.9 (0.2-23.3) x 10°, 2.0 (1.1-2.6) x
10° 1.2 (1.1-1.4) x 10°% and 7.6 (5.9-8.2) x 10° s~* for the 0%
RH, 5% RH, 35% RH, and 60% RH conditions, respectively.

In the ESIT we also show the extracted vertical mobility
values (vertical with respect to the substrate), which show no
significant dependence on the annealing atmosphere. We
obtain values between 0.2 and 0.4 cm” V' s~ for all samples
Fig. (S12-S15%). This result suggests that the vertical charge
diffusion is not limited by scattering nor trapping by the same
defects responsible for non-radiative charge carrier recombi-
nation. In addition to estimating the charge carrier mobility via
measurements of the PL decays, we have conducted optical-
pump THz-probe spectroscopy to investigate if the “shorter-
range” THz determined charge-carrier mobility is influenced by
the annealing conditions. We show the sum of THz mobilities
for electrons and holes (corresponding to in-plane motion) for
the sequentially evaporated perovskite films with the different
annealing conditions in Fig. S16.7 Similarly, to the vertical
mobility, we do not observe any significant change with
annealing conditions, with the sum of THz mobilities ranging
from 44 to 48 cm® V™' s™'. This once again suggests that the
defects responsible for non-radiative recombination are not the
same as those responsible for charge-carrier scattering.

Using our determined bulk charge carrier lifetime (1/kpyn)
and vertical mobility derived from the PL decays, we estimate
bulk diffusion lengths of 330 (300-340), 410 (350-440), 560
(390-630), and 430 (400-440) nm for the 0% RH, 5% RH, 35%
RH, and 60%RH conditions, respectively Fig. 3(D). These are
within the range of the film thickness and hence could influ-
ence charge collection efficiency in the solar cell. We note that
these values appear to be relatively low, as compared to usually
reported charge carrier diffusion lengths for metal halide
perovskites. However, this is due to the method used for
diffusion length estimation. For instance, if we use the short-
range THz sum of charge carrier mobilities for electrons and
holes, which we have determined to be ~46 cm?® V' s7' as
shown in Fig. S16,7 combined with the stretched exponential
lifetime of 1000 ns that we estimate above for the 35% RH
perovskite film, then we would estimate a diffusion length of
between 7.7 um, which is in the range of diffusion lengths
estimated for state-of-the-art solution processed polycrystalline
perovskite films via similar methods.>® We believe that our
approach of using the PL decay to estimate the vertical mobility
is more reflective of the relevant long-range charge carrier
mobility and hence diffusion length in a solar cell device.

Photovoltaic performance and device stability

To corroborate the impact of the improved material quality on
device performance, we integrated our sequentially evaporated
perovskite films into all-vacuum processed device stacks, as
seen in Fig. 4(A). The perovskite layers were post-annealed in
two distinct environments: under a nitrogen glovebox environ-
ment (0% RH) and in air with controlled 35% relative humidity
(35% RH). To assess the photovoltaic characteristics of these
solar cells, we conducted current density-voltage (/-V) scans,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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maximum power point (MPP) tracking, as well as steady-state
open-circuit voltage and short-circuit current measurements,
as illustrated in Fig. 4(B), (C), and S187 respectively. Our 0% RH
annealed champion device with an estimated bandgap of
1.56 eV from EQE as shown in Fig. S17,1 exhibited a steady-state
open-circuit voltage (ssV,.) of 1.016 V, a steady-state current
density (ssfs.) of 21.6 mA cm™'~2, an MPP efficiency of 18.0%,
and a corresponding calculated “steady-state fill factor” (ssFF)
of 0.82. Encouragingly, the champion device containing
a perovskite film annealed under 35% RH with an estimated
bandgap of 1.55 eV from EQE as shown in Fig. S17,7 measured
a steady-state V,. of 1.05 V, a steady-state J,. of 24.3 mAcm 2,
a MPP efficiency of 21.0% and a calculated ssFF of 0.83. In
Fig. 4(D) we show the statistical distribution of the MPP effi-
ciency for a batch of 15 devices of each type. We observe that the
mean efficiency increases from 14% to 20%, with the distribu-
tion significantly narrowing. We show external quantum effi-
ciency (EQE) spectra for a representative 0% RH and 35% RH
annealed device in Fig. 4(E), where the integrated current
density of 21.3 mA cm 2 and 24.1 mA cm ™2 for the solar cell
fabricated under 0% RH and 35% RH closely matched the
device's current density of 21.6 mA cm ™2 and 24.3 mA cm 2
measured with the solar simulator. These results highlight the
strong impact of controlled relative humidity during perovskite
film annealing upon the photovoltaic performance, consistent
with the improvement in bulk carrier diffusion length and
reduced interface recombination for the 35% RH annealed
devices. Importantly, the statistics we show in Fig. 4(D) also
highlight the importance of this processing step upon
improving the reproducibility and narrowing the performance
spread in the devices. We note that from the QFLS analysis of
the half-stacks, we observed an increase from 1.08 to 1.19 eV.
The relatively small increase in V., from 1.02 to 1.05 V, may
stem from the voltage being limited by the heterojunction with
the electron transport material. To quantify the losses associ-
ated with the electron transport layer (ETL) contact, we per-
formed PLQY measurements on perovskite-ETL half-devices
Fig. S18.1 It is evident that the n-contact, C60 fullerene inter-
face is still the limiting contact that quenches the PLQY of
sequentially evaporated perovskites by an order of magnitude,
resulting in an estimated QFLS of 1.07 meV for the perovskite/
ETL half-stack, closely matching the measured V,. in the
complete solar cell. Clearly, future routes to improve the effi-
ciency of all-evaporated perovskite solar cells should focus upon
finding new ETLs that induce less recombination losses or
passivating this interface.

We proceed to test the stability of our all-vacuum processed
perovskite solar cells under elevated temperature (85 °C) and
full spectrum simulated sun light, held under open circuit
using cells with SnO,/Cr/Au contacts, as we illustrate in
Fig. 4(A). It has been reported that stress testing perovskite
devices under open-circuit conditions accelerates degradation
compared to MPP condition.**** For measuring the solar cells
during ageing, we remove the cells from the ageing chamber
and allow enough time to reach room temperature and then
subsequently measure them under AM1.5G 100 mW cm >
simulated sun light. We show the mpp efficiency as a function
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Fig. 4 (A) fully vacuum deposited device stack using BCP/Silver or ALD SnO,/Cr/Au for standard solar cells and stable contacts used for stability
analysis, respectively. (B) JV curves of devices fabricated where annealing is done in presence of 0% RH (nitrogen) and 35% RH. (C) Maximum
power point tracking of champion devices obtained from nitrogen (0% RH) and 35% RH annealing, respectively. (D) Statistical comparison of max
power point efficiency obtained from maximum point tracking. (E) External quantum efficiency of a device where the perovskite is annealed
under 0% RH and 35% RH. (F) Maximum power point efficiency as a function of time for cells aged under open-circuit at elevated temperature
under light (85 °C, 0.76 suns illumination from a xenon lamp aging box with no UV filter) ~ISOS-L-2, where the perovskite was annealed under 0%
RH in nitrogen and 35% RH in air. The cells were occasionally removed from the ageing rig, allowed to cool to room temperature, and measured
under AM1.5100 mW cm™2 simulated sun light to determine the photovoltaic performance parameters, including the mpp efficiency. The error
bars represent the median standard deviation.

of ageing time in Fig. 4(F), where we observe that both sets of performance drop of ~7% in absolute efficiency under this
devices exhibited an initial “burn-in” phase, leading to initial burn-in phase, whereas those fabricated at 35% RH,
a significant early decrease in median performance, which has showed a smaller decline of ~4% in absolute efficiency. After
also been observed in other studies.**** The set of devices 200 hours of ageing, the nitrogen-annealed devices showed
annealed wunder nitrogen, experienced a substantial a 92% relative drop in performance, whereas the devices
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annealed under 35% RH only dropped by 32% relative to their
initial median performance. Moreover, post-200 hours visual
inspection revealed that devices fabricated in the absence of
humidity became visibly discoloured, as depicted in Fig. S19.F
Conversely, as we observe in the photographs, the cells fabri-
cated at 35% RH maintain their pristine appearance. Further
investigation to understand the degradation pathways are part
of ongoing investigations. These results reveal that interdiffu-
sion in sequentially evaporated perovskite absorbers signifi-
cantly influences both photovoltaic efficiency and long-term
stability.

Conclusion

In this study, we have investigated the impact of the relative
humidity in the perovskite film annealing atmosphere upon the
physical and optoelectronic properties, performance and
stability of sequentially evaporated perovskite thin films and
solar cells. Using in situ grazing incidence wide-angle X-ray
scattering (GIWAXS) and time-of-flight secondary ion mass
spectrometry (ToF-SIMS), we find that annealing in a controlled
humid environment promotes the interdiffusion between the
inorganic and organic precursors. By increasing the intermixing
via humid atmosphere annealing, we obtained larger poly-
crystalline grain sizes, reaching up to microns, and a higher
crystallinity. We also find that the humidity annealed films have
reduced bulk and surface recombination and estimate a signif-
icant increase in both the PLQY, closing the gap between
evaporated and solution processed perovskites, and in the
corresponding bulk charge carrier diffusion lengths. These
improvements in crystallographic and corresponding opto-
electronic properties translated to enhanced efficiency up to
21%, and enhanced stability under full-spectrum simulated
sun-light at 85 °C and open-circuit conditions. Our results
demonstrate that this industry-compatible deposition tech-
nique can not only deliver high efficiencies, but also reasonably
robustness devices that exhibit improved stability under long-
term accelerated aging. We expect that this study will pave the
way for future efforts on all-evaporated perovskite solar cells,
where we have especially identified the interface between the
perovskite and the top electron-transport material, Cg, as the
most limiting component for efficiency. Despite having
demonstrated enhanced stability here, with the humidity
annealed PSCs, future work should also focus upon under-
standing and resolving the instabilities which still exist in the
all-vapour-deposited PSCs.
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