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3 deposition by low-vacuum
proximity-space-effusion for high-efficiency
inverted semitransparent perovskite solar cells†
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Halide perovskite solar cells can combine high photoconversion efficiency with high transmittance. Herein,

we describe an innovative vacuum deposition method to prepare thin CH3NH3PbI3 (MAPbI3) layers for

semitransparent perovskite solar cells. The method is based on two-step Low-Vacuum Proximity-Space-

Effusion (LV-PSE: working pressure 2–4 � 10�2 mbar; source-substrate distance 1–3 cm) that

guarantees high-quality at low production costs. The process parameter optimization was validated by

theoretical calculation. We show that, during the process of CH3NH3I (MAI) deposition (second step) on

PbI2 (first step) at a given substrate temperature, the conversion of the PbI2 film to MAPbI3 occurs from

the top surface inward via an adsorption–incorporation–migration mechanism guided by the gradient of

energetic MAI concentration. The quality of the final layer arises from this progressive conversion that

also exploits the lattice order (texture) of the mother PbI2 layer. Finally, p–i–n solar cells were prepared

using ITO/PTAA/MAPbI3/PCBM-BCP/Al architectures with a photo-active layer thickness of 150 nm. This

layer, characterized by an Average Visible Transmittance (AVT) as high as 20%, produced an average

efficiency of 14.4% that is a remarkable result considering the transparency vs. efficiency countertrend

that indeed demands to boost the quality of the material. Very importantly, we demonstrated that

a further down scalability of the MAPbI3 layer is feasible as proved by reducing the thickness down to

80 nm. In this specific case, the devices showed an average efficiency of 12.9% withstanding an AVT of

32.8%. This notable efficiency recorded on those extremely thin layers thus benefits from the exclusive

quality of the MAPbI3 grown with the developed method.
1. Introduction

Hybrid organic–inorganic perovskites are worldwide one of the
most investigated materials today, due to their unique
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properties impacting various elds such as photovoltaics,1–4

Light Emission Devices (LEDs)5,6 and photodetectors.7–9 In PV,
thanks to the wide absorption range and excellent charge
carrier lifetime and diffusion10 of the material, Perovskite Solar
Cells (PSCs) were able to reach an exceptional goal of 25.5% (ref.
11) just ten years aer the rst publication of Miyasaka et al.12 in
2009. All their exceptional properties, derived from the possi-
bility of preparing high quality lms in terms of crystallinity,
thickness and low defect density, are strictly related.13–15

Counterbalancing those advantages, there are still open issues
related to the device stability particularly under humid air
ambient,16,17 and to the realization of high-quality large area
lms via wet deposition approaches, which cool down their
attractiveness from the industrial point of view. A great effort
was dedicated to improving the stability18,19 and crystallinity20 of
perovskite polycrystalline lms, but most of the work was
focused on spin coating or other solvent dependent methods.

In this perspective, although vacuum deposition methods
are more suitable in terms of industrial throughput, they were
less investigated, despite some seminal work21–24 demonstrating
This journal is © The Royal Society of Chemistry 2021
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how hybrid organic inorganic perovskite lms prepared by co-
evaporation possess higher stability and performances with
respect to lms prepared by spin coating techniques. In this
context, a record efficiency of 20.8% was achieved using high
vacuum conditions, (�1 � 10�6 mbar) by Perez del Rey et al.25

with a co-evaporation of MAI and PbI2 for a 590 nm-thick layer
of MAPbI3. More recently, Arivazhgan et al.26 have studied in
detail the role of vapor pressure in a range of high-vacuum (HV)
conditions between 5.6 � 10�5 torr and 5.6 � 10�6 torr nding
the best condition at 3.3 � 10�5 torr that allowed a 350-thick
MAPbI3 layer achieving 15.74% cell efficiency. Guo et al.27 used
the well-known closed space sublimation (CSS) technique for
the deposition of organic materials to convert pristine spin-
coated PbI2 into MAPbI3 by the sublimation of MAI powder at
a very short distance (�1mm). They obtained a best efficiency of
16.2% with a 4 mm2 active area device. Gu et al.28 exploited the
same technique but depositing 820 nm thick lms of mixed
lead halide perovskite, thus achieving a remarkable 20.44%
efficiency on a 0.07 cm2 active solar cell area. Nonetheless, the
limitation of the need of a solution processing step for the
deposition of PbI2 proceeding MAI deposition still remains in
CSS. Another approach was proposed by Ng et al.29 consisting of
a deposition of a multilayered stack of PbI2 andMAI with a post-
annealing treatment to form the MAPbI3 lm. With this tech-
nique, they were able to reach an 11.4% efficiency using 473 nm-
thick MAPbI3 layers. Useful insights can be found in the paper
by Baekbo et al.30 wherein the role of the MAI vapor pressure
close to the substrate is highlighted as pivotal to overcome the
limitation of the low stitching coefficient due to the re-
desorption of the evaporated species. This issue indeed
uncovers the need for a different design of the PVD chamber.

Together with the lack of solvent, another advantage of
MAPbI3 purely deposited by physical methods is the very low
roughness and the possibility to scale down the thickness of the
active layer while maintaining uniformity and compactness. As
a major consequence, the content of Pb in the devices would be
reduced if thin MAPbI3 layers were applied with sufficiently
high photon-to-electron conversion efficiency. As a further main
impact of the thickness scaling, the augmented transparency of
MAPbI3 in the visible range opens the possibility to produce
semitransparent solar cells for BIPV.31–38 Reducing the thickness
would nally impact also on the production costs. In this
respect, in their life cycle analyses Li et al.39 asserted that the
cost of PbI2 is one of the most critical factors for Si/PSC tandem
solar cells. To our knowledge, the best efficiency reached with
a semitransparent perovskite coupled with a CIGS bottom cell
device is 18.1% as published by Shen et al.40 using a quadruple
cation active layer in a standard n–i–p architecture (spin coating
deposition). In a very recent study, 18.6% efficiency was ach-
ieved by Xu et al.41 with the use of a triple halide perovskite
layer. The same material in tandem solar cells with Silicon has
enabled an overall efficiency of 27.1%. However, solution pro-
cessing methods to produce semitransparent perovskites are
not fully compatible with high industrial throughput and low
contamination level (i.e. residual solvents).

One of the rst studies on the vacuum evaporation deposi-
tion of perovskite lms for semitransparent devices was done by
This journal is © The Royal Society of Chemistry 2021
Ono et al.,42 wherein, by a co-deposition of PbCl2 and MAI in
a home-built instrument, an efficiency of 9.9%was reached with
a 5 cm � 5 cm sample, attesting the industrial potential of the
vacuum deposition technique also in this eld. In that work,
a good crystal quality of the lm was ensured controlling the
vapor pressure of MAI inside the chamber at z2 � 10�3 mbar
during the co-evaporation.

In our work, we have prepared MAPbI3 layers by a fully
solvent free process using a customized deposition chamber.
The method consists of two-step proximity-space-effusion of
species under low-vacuum conditions (LV-PSE) wherein the
substrate is placed at a medium range distance with respect to
the sources. The method is characterized by the low vacuum in
the deposition chamber (z2–4 � 10�2 mbar) and the short
diffusion path of the sublimated species (1–3 cm) that tailor the
conditions of high pressure and high temperature of the species
reaching the substrate side. This combination upsets different
kinetic properties of the species impinging on the substrate
with respect to standard HV-PVD (high vacuum physical
vacuum deposition) with a major impact on the material
quality. As a further effect, the number of available sensible
parameters is increased by 2 with respect to HV-PVD. We, in
fact, demonstrate that in LV-PSE processes, the chamber pres-
sure and source–substrate distance become additional param-
eters to boost the quality of the perovskite with the intent of
downscaling the thickness without excessively penalizing the
photovoltaic performances. In addition, the method is intrin-
sically low-cost and at quasi-zero loss of material at the chamber
walls to restrain investment and operation costs. The deposited
layers were characterized in terms of the structure and
morphology and optical properties. Finally, solar cells with a p–
i–n architecture composed of ITO/polytriarylamine (PTAA)/
MAPbI3/Phenyl-C61-butyric acid methyl ester (PCBM)/Al were
prepared and tested, resulting in competing performances for
perovskite layers in the range 80–150 nm.

This newly conceived process opens a new avenue for the
benet of the industrial throughput and for the development of
semitransparent perovskite solar cells to be applied in BIPV as
well as exible PV.
2. Experimental
2.1 Materials

The MAPbI3 lms were deposited with a specically custom-
ized43 vacuum deposition equipment provided by
Kenosistec s.r.l by applying a newly conceived low-vacuum
proximity-space-effusion (LV-PSE) method. For the precursor
materials, lead iodide powder (99.99% purity) was purchased
from Sigma Aldrich. Methylammonium iodide was purchased
from Dyenamo AB. All materials were used as received without
any further purication. Thermal indicators were purchased
form RS Components s.r.l.
2.2 Device preparation

Photovoltaic devices have a nal structure ITO/PTAA/MAPbI3/
PCBM/BCP/Al, where ITO is indium tin oxide and PTAA is
J. Mater. Chem. A, 2021, 9, 16456–16469 | 16457
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poly(bis(4-phenyl)(2,5,6-trimethylphenyl)amine), a conven-
tional hole transport layer (HTL).

ITO-coated glass substrates (4 L patterned) were rinsed with
Milli-Q water and then cleaned by sonication for 10 min in two
steps with acetone, followed by isopropanol. The PTAA layer was
deposited onto the substrate by the spin coating technique at
6000 rpm for 30 s, starting from 1.5 mg mL�1 toluene solution.
Then, the perovskite layer was deposited onto PTAA by two step
Low-Vacuum Proximity-Space-Effusion (LV-PSE) under low
vacuum conditions. Subsequently, the PCBM electron-transport
layer (ETL) was deposited from 25 mg mL�1 chlorobenzene
solution. The solution was ltered with a hydrophobic 0.20 mm
PTFE lter and then spin coated onto the MAPbI3 layer at 1000
rpm for 60 s. Then, an ultrathin layer of bathocuproine (BCP)
with high electron affinity was spin coated on the top of PCBM.
Finally, an Al metal electrode of about 100 nm was thermally
evaporated at a pressure of 4 � 10�6 mbar on top of the HTM
layer to form the back contact. All the processes aer the
deposition of the MAPbI3 layer were carried out inside a glove-
box with oxygen and water levels below 1 ppm and temperature
strictly between 20 and 25 �C.

2.3 Material characterization

XRD patterns were collected by using a D8Discover (Bruker AXS)
diffractometer equipped with a high precision goniometer
(0.0001 Å), a thin lm attachment (long Soller slits) and a Cu-Ka
source. Morphological analyses were performed using a eld
emission scanning electron microscope Zeiss SUPRA 55 VP with
a eld emission electron gun. The XPS spectra were recorded
with a PHI ESCA/SAM 5600 Multi technique spectrometer
equipped with a Mg standard Ka X-ray source. The binding
energy scale was calibrated by centering the adventitious/
hydrocarbon carbon C 1s at 285.0 eV. A. J. A. Woollam VASE
ellipsometer equipped with a monochromator and autoretarder
was used to measure the changes in the optical constants.
Steady state and time resolved photoluminescence were
measured by using an Edinburgh FLS980 spectrometer equip-
ped with a Peltier-cooled Hamamatsu R928 photomultiplier
tube (185–850 nm). An Edinburgh Xe900 450 W Xenon arc lamp
was used as the excitation light source. Corrected spectra were
obtained via a calibration curve obtained with the instrument
(lamp power in the steady state PL experiments: 0.6 mW cm�2

and spot area: 0.5 cm2). The emission decay time was deter-
mined with the single photon counting technique by means of
the same Edinburgh FLS980 spectrometer using a laser diode as
the excitation source (1 MHz, exc ¼ 405 nm, 67 ps pulse width
and about 20 ps time resolution aer deconvolution) and
a Hamamatsu MCP R3809U-50 (time resolution 20 ps) as the
detector (laser power in the TRPL experiment: 1.6 W cm�2 and
spot area: 0.3 mm2).44

2.4 Theoretical calculations

Calculations were performed within Density Functional Theory
(DFT), using the plane-wave Quantum Espresso code.45 The
Perdew–Burke–Ernzerhof implementation46 of the generalized
gradient approximation was used for the description of the
16458 | J. Mater. Chem. A, 2021, 9, 16456–16469
exchange-correlation functional, along with ultraso pseudo-
potentials.47 Models considered the initial stages of MAPbI3
formation through the consecutive intercalation of MA+/I� ions
within 3 � 3 � 2 hexagonal PbI2 supercells. The calculation
cutoff for the kinetic energy and the augmented charge density
was set to 46 Ry and 326 Ry, respectively. A 2 � 2 � 2 Mon-
khorst–Pack grid48 was used for the sampling of the Brillouin
zone. Both atoms and lattice parameters were allowed to fully
relax.
2.5 Device electrical characterization

The devices were characterized using a Keithley 2400 Source
Measure Unit and AirMass 1.5 Global (AM 1.5G) solar simulator
(Newport 91160A). The solar simulator power density was set to
100 mW cm�2 using a thermopile radiant power meter with
a fused-silica window (Spectra 3 Physics Oriel, model 70260).
The planar dimension of the active area in a complete device
was measured with high precision using a microscope. All
devices were tested using a 100 mV s�1 or a 1000 mV s�1 scan
rate, under nitrogen at 20 to 25 �C.
3. Results and discussion
3.1 Deposition process

The MAPbI3 layers were deposited under low vacuum condi-
tions by a two-step method based on Proximity-Space-Effusion
(LV-PSE) of precursor species from Knudsen cells with the exit
orice having a tunable size. The growth method represents
a novelty in the eld and indeed it is illustrated in Fig. 1 with
further detail provided along the text of the paper. We in
particular highlight the compactness of the equipment and the
use of low vacuum as working condition in the deposition
chamber. The rst property arises from the extremely reduced
source–substrate distance that can be efficiently modulated in
the range 1–3 cm. The use of low vacuum, on one hand,
represents a huge advantage for the initial cost and mainte-
nance of the equipment; on the other hand, it allows using the
chamber pressure as an additional process parameter to tailor
an exit ux of species at high energy and density. In standard
HV-PVD, instead, the source–substrate distance is several tens
of centimeters and high vacuum conditions are applied.
Thereby, the ux of the species colliding onto the substrate has
high temperature (T) and low vapour pressure (P) in HV-PVD
chambers, while in LV-PSE chambers the temperature (T) is
still high but the vapour pressure (P) is also high for the benet
of the material quality.30 The comparison is sketched in Fig. 1.

The LV-SPEmethod is indeedmid-way between conventional
high-vacuum thermal evaporation25,30 and close-space-subli-
mation27 bearing some advantages from both sides. It opera-
tively works as a sequential deposition of the inorganic layer
(PbI2) followed by the evaporation of the organic moieties (MAI)
that progressively inltrate into it (Fig. 2a). No further thermal
treatments are needed aer deposition, and this represents an
added-value to reduce processing times and costs. Themainstay
resides in the substrate coaxially placed over the source at an
optimized medium distance from the orice of �2 cm (1–3 cm)
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Schematic of three physical deposition methods. The HV-PVD applied in the current literature works at high vacuum (e.g. 10�5 torr) and
with a long diffusion path such that in the substrate proximity low pressure and high temperature of the sublimated species are established. In
contrast, our LV-PSE method is characterized by a low vacuum and short diffusion path that tailor high pressure and high temperature of the
adatoms on the substrate side. This combination upsets the kinetic properties of the species impinging on the substrate with a major impact on
the material quality and with a further effect on increasing the number of available operating (tunable) parameters. Finally, the right panel
illustrates howmoving from LV-PSE to LV-PVD (i.e. setting the source–substrate distance as in HV-PVD) implies a drastic reduction of the kinetic
energy of the adatoms (temperature) at the substrate side that comes from the collisional path under low vacuum conditions and indeed makes
unfeasible any deposition on a reasonable timescale. The pressure values are reported in torr according to most literature data.
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that moves over each source on purpose. This short distance
between the source and the substrate allows the molecules of
the organic halide to arrive at the top of the PbI2 lm with
enough energy to start the conversion reaction. The conversion
reaction would be unfeasible with the substrate positioned at
the typical distance of HV-PVD (see Fig. 1). This short distance
indeed enables the use of low vacuum conditions in the depo-
sition chamber (i.e. �4 � 10�2 mbar), which reduces the
process complexity and costs. Moreover, with a proper
Fig. 2 (a) Schematic representation of the low-vacuum deposition cham
process used for the preparation of MAPbI3. (b) Comparison between the
substrate distances and theoretical values obtained through the model.
distance obtained by XRD analyses for the MAI deposition step. We repo

This journal is © The Royal Society of Chemistry 2021
implementation of the equipment, the chamber pressure easily
becomes a process parameter to properly tailor, in synergy with
the temperature of the source, the energy of the sublimated gas
species. In the opposite direction, enlarging the source–
substrate distances to tens of centimeters would cause colli-
sional paths within the gas during travelling that hugely reduce
the energy of the sublimated species before their arrival at the
substrate surface, with even abundant material accumulation at
the chamber walls. Collisions enormously reduce the
ber for the two-step Low-Vacuum Proximity-Space-Effusion (LV-PSE)
thickness of the PbI2 layer deposited in 30minutes at different source–
(c) Optimization of the MAI source temperature and source–substrate
rted the area of the peak at 2q ¼ 14.1� for all the combinations used.

J. Mater. Chem. A, 2021, 9, 16456–16469 | 16459
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deposition rate and increase contamination incorporation into
the layer. Under high vacuum conditions and at high source–
substrate distances as in HV-PVD (Fig. 1), instead, the gas
molecules would retain their energy until their arrival at the
substrate but with lower vapour pressure in proximity of the
substrate due to geometrical effects (spread of the ux along
long travels). As instead pointed out in ref Baekbo et al.,30 high
MAI vapour pressure is mandatory to overcome the limitation of
the low stitching coefficient.

Therefore, with LV-PSE it is possible to use low vacuum
conditions while retaining high gas molecule energy on the
substrate, maintaining a good deposition rate and, at the same
time, reducing loss of the sublimated species on the chamber
sidewall. Hsiao et al.49 investigated the possibility to reduce the
chamber pressure in HV-PVD. As a rst observation, they
investigated between 10�5 torr and 10�3 torr (our working range
is around 1.5–3 � 10�2 torr, i.e. 2–4 � 10�2 mbar). Most
importantly, they were not allowed to operate at high pressure
(low vacuum) with their (standard) equipment according to the
best efficiency value of 17.6% (Perovskite thickness 480 nm)
achieved at a working pressure of 10�4 torr.

An evaluation of the LV-PSE process in terms of material
growth is provided from the estimates of the mass transfer rate
from the Knudsen cells and the substrate. The mass effusion
rate from the cell's orice can be calculated from the partial
pressure of the molecular gas in the cell, which i.e. for the PbI2
case is reported in Kendler et al.50

dm

dt
¼ A0

�
1þ 3

l0

4d0

��1
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2p RTMPbI2

s
ðpv � pchambÞ

¼ A0

�
1þ 3

l0

4d0

��1
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2p RTMPbI2

s
�
exp

�
� ΗPbI2

R

�
1

T
� 1

TPbI2

��
� pchamb

�
(1)

where T is the cell temperature and pchamb the chamber pres-
sure outside the cell; MPbI2, HPbI2 and TPbI2 are the PbI2 molar
mass, sublimation enthalpy and sublimation temperature
respectively, while A0 d0 and l0 are the orice area, diameter and
thickness respectively. Analogous expression could also be used
for the MAI molecular gas with an appropriate material
dependent parameter.

Assuming that quasi-ballistic transport conditions occur for
themolecule transport from the cell's orice to the substrate, an
approximate estimate of the growth rate for PbI2 in the central
position of the substrate (in a symmetric conguration) can be
obtained from the balance between the deposition ux (jdep)
and the evaporation ux (jev) using the formula reported by
Avrov et al.51

Gr ¼ MPbI2

9PbI2

	
jdep � jev


 ¼ MPbI2

rPbI2

�
1

pr02
dm

dt
� jev

�
(2)

where rPbI2 is the PbI2 density and r0 is the distance between the
orice and the substrate center. The deposition ux can be
calculated from the mass effusion rate while for jev we use the
equation:
16460 | J. Mater. Chem. A, 2021, 9, 16456–16469
jev ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2p RTfilmMPbI2

s
exp

�
� H

0
PbI2

R

�
1

Tfilm

� 1

TPbI2

��
(3)

where a different value of the enthalpy is considered for the
local evaporation/desorption from the growing lm at the
temperature Tlm.

In Fig. 2b, a comparison between the PbI2 growth rate
prediction, using the above equations, and the measured
growth rate at three different distances between the cell and the
substrate is shown. The substrate temperature values have also
been measured using thermal indicator strips chosen in an
appropriate range. The values are Tlm ¼ 150, 120, 100 �C for r0
¼ 1, 2 and 3 cm respectively. The chamber pressure is pchamb ¼
0.04 mbar. Both the model and the experimental data agree that
the Knudsen cell's temperature at which deposition can be
observed is T > 350 �C. Moreover, the experimental and theo-
retical optimal values for the growth rate are obtained for the
couple parameters Tlm 120 �C and r0 ¼ 2 cm.

In this analysis, we use the literature Chickos et al.52 and
Dualeh et al.53 and the derived valuesHPbI2 ¼ 163.1 kJ mol�1 and
TPbI2 ¼ 646 K while H 0

TPbI2 ¼ 127 kJ mol�1 has been used for the
evaporation/desorption ux. A lower value of the enthalpy
constant (which can be considered a tting parameter of the
model) for the evaporation indicates that the competitive
process with respect to the deposition involves the PbI2 mole-
cules absorbed at the lm surface which are on average less
strongly bound with respect to the ones present in the materials
loaded in the Knudsen cell.

With our optimized process conditions, the deposition rate
for PbI2 is around 3 nm min�1 while about 60 minutes are
needed to complete the conversion of PbI2 into MAPbI3 having
a nal desired thickness of 150 nm. The temperature for PbI2
sublimation was set at 350 �C. For the MAI deposition step,
a temperature of 135 �C was used and the deposition time was
optimized to reach the right stoichiometry and to avoid any
presence of residual PbI2 on the sample. Immediately aer the
MAI deposition, the chamber is lled with N2 to avoid the
decomposition of the MAPbI3 layer due to vacuum.16,54,55 The
substrate temperature during the MAI deposition is 75 �C. That
settles the best conditions for MAPbI3 formation. Accordingly,
this temperature is given in the literature30,49 as the best one for
MAPbI3 conversion via two-step deposition processes.

With this procedure, we deposited thin layers of MAPbI3 with
thicknesses 150 nm and 80 nm, to demonstrate that a signi-
cant down-scaling is feasible with the LV-PSE method.

The optimization of the temperature of the crucible and
source–substrate distance for the MAI deposition step is shown
in Fig. 2c, where we plot the area of the XRD peak of the MAPbI3
peak at 2q ¼ 14.1� for all the combinations of the investigated
temperatures and source–substrate distances. The best combi-
nation of parameters was 135 �C with a distance of 2 cm, which
we consistently used for the preparation of the devices. In this
case in fact, we obtained the highest area for the MAPbI3 peak
and no peak was detected for PbI2. Even though a good result
was also obtained using 150 �C at a distance of 1 cm, we decided
to use the previous combination for the lower working
This journal is © The Royal Society of Chemistry 2021
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temperature of the crucible, to longer preserve the MAI powder,
and for a lower production energy consumption that is one of
the main prerogatives of our technique. For the substrate
temperature, we found, by means of direct temperature
measurements, that the proximity between the source and
substrate causes self-heating of the substrate that must be taken
into account. The overall balance between self-heating and
cooling provides a nal temperature of 75 �C for the combina-
tion of temperature and distance of 135 �C and 2 cm. This is
well known to be the convenient temperature for the MAI
reaction.30,49

Fig. 3a shows the XRD patterns collected on 150 nm and
80 nm lms deposited on ITO/PTAA substrates. In both samples
we observe the diagnostic peaks related to MAPbI3 centered at
2q¼ 14.1�, 28.4� and 35.2�. The lack of the peak at 12.67� related
to PbI2 excludes the presence of residual PbI2 inside the lms.
Considering that the two samples have the same size, the
intensities of corresponding peaks can be compared and
suggest that the 150 nm-thick lm has a high crystallographic
quality.

To explore the uniformity of the lm over the deposited area,
X-scan analyses were performed on a 2 cm� 2 cm sample made
of a 150 nm-thick MAPbI3 layer deposited on a glass substrate.
In the X-scan, the X-ray beam moves along X at xed Bragg
Fig. 3 (a) Symmetric q–2q XRD patterns collected on MAPbI3 layers with
analyses along the X-axis collected at fixed 2q angles of 14.10� (red curve)
on a glass substrate (c) XRD patterns collected on the deposited samples
XRD patterns of the as-deposited PbI2 sample and after an annealing test a
12.67� for the samples corresponding to different MAI deposition times

This journal is © The Royal Society of Chemistry 2021
angles and has a size of 2 cm � 1 mm : indeed two angular
values were used, namely 14.11� for MAPbI3 and 12.67� for PbI2
(Fig. 3b). We notice that the intensity of the curve related to
MAPbI3 is uniform along X (box-like shape of the curve), while
the intensity related to PbI2 is everywhere comparable with the
noise, proving the compositional and thickness uniformity of
the LV-PSE deposited MAPbI3 layer on 2 cm � 2 cm samples.

To study the MAPbI3 formation kinetics via LV-PSE, we have
deposited 85 nm of PbI2 on ITO/PTAA and changed the duration
of the second step of MAI evaporation. We used different
progressively increasing deposition times, i.e. 20, 40 or 60
minutes, and correspondently we acquired the related diffrac-
tion patterns. In Fig. 3c, we interestingly observe that aer 20
minutes of MAI deposition the peak of PbI2 at 12.7� has a higher
intensity than in the starting sample (PbI2 only, t¼ 0). Since the
PbI2 crucible is at room temperature duringMAI deposition and
indeed an addition of PbI2 is excluded, this nding suggests
that the initial molecular inltration of methylammonium
iodide inside the layer of PbI2, with the related kinetics,
improves the lattice order of the hosting material during the
formation of the starting perovskite nuclei. To understand this
phenomenon, we have added a post-deposition annealing step
at 75 �C for 20 minutes in situ during XRD analysis to be
condent that this rearrangement of the PbI2 lm is not simply
different thicknesses deposited on ITO/PTAA. (b) Integrated XRD spatial
and 12.67� (black curve) in a 2.5 cm� 2.5 cmMAPbI3 sample deposited
under different MAI time steps on ITO/PTAA substrates. In the inset, the
t 75 �C for 20minutes. (d) Rocking curve collected at a fixed 2q angle of
on ITO/PTAA substrates.
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caused by temperature. The test did not produce any increase of
the PbI2 peak intensity as we would expect due to the crystalli-
zation of an eventual amorphous phase in the lm aer an
annealing step. For further evaluation, we have additionally
performed on the same sample an annealing at 150 �C for 1 h.
In Fig. S1† the XRD patterns collected before and aer the
annealing do not show any signicant increase of the peak
intensity conrming that the layer is fully crystallized just aer
deposition. We have also performed X-ray Photoelectron Spec-
troscopy (XPS) analyses on the as-deposited PbI2 lm to
measure the atomic ratio between lead and iodine and to have
information about the species inside the lm (Fig. S3†).
Fig. S3a† shows the Pb4f spectral region with a typical lead
doublet. Aer the deconvolution of the peaks, no sign of
metallic lead is found but rather a doublet peak is detected with
components centered at 138.60 eV (Pb4f7/2) and 143.46 eV
(Pb4f5/2), typical of lead halide compounds. The absence of any
Pb0 is conrmed also by the quantitative analyses, where a Pb/I
ratio of 0.51 very close to the expected value is measured. We
have acquired XPS spectra also aer the 60 minutes of MAI
deposition. The Pb/I ratio in this case is 0.35 and is also very
close to the expected value of 0.33. In this case the Pb compo-
nents are shied to 136.20 eV (Pb4f7/2) and 141.06 eV (Pb4f5/2)
due to the proximity of MA+ cations.

To further investigate the observed rearrangement of the
PbI2 lm during MAI deposition, rocking curves (rc) corre-
sponding to the diagnostic peak at 12.67� were acquired. All the
peaks reported in Fig. 3c denote a texturing of the PbI2 layers
along the [0001] direction. According to this, the rc peaks in
Fig. 3d show that the highest degree of preferential orientation
is promoted aer 20 minutes of MAI deposition. Aer this rst
reorganization of the lm, the peak intensity starts decreasing
due to the conversion of PbI2 into MAPbI3. At the end of the
process, we do not see PbI2 le inside the lm, thus conrming
the complete material conversion.

To gain atomistic insights into the early mechanism of MAI
diffusion within the PbI2 lattice and their reaction, we per-
formed DFT calculations, simulating the consecutive interca-
lation of MA+/I� complexes at the PbI2 layers. Fig. 4a shows the
initial layered conguration of the PbI2 crystal, where Pb atoms
are aligned at the center of each layer, whereas I atoms are
exposed at the layer surfaces. The initial diffusion of MAI
molecular structures [Fig. 3b and c] spontaneously triggers
a reaction with the PbI2 material, as the MA+ cations interact
through hydrogen bonding with the I atoms of the PbI2 crystal.
Fig. 4 DFT calculations of MAI intercalation within PbI2 layers. (a) Ideal Pb
(d) 3 MAI molecules and (e) 4 MAI molecules within the layers of the Pb

16462 | J. Mater. Chem. A, 2021, 9, 16456–16469
As a result, this interaction weakens the PbI2 bonds for Pb/I
atoms that are adjacent to the MA+ cations and favors the
formation of novel Pb–I bonds between those Pb atoms and the
iodide derived from the MAI vapor. This process takes place
through the displacement of the Pb atoms towards the inter-
layer area and consequently creates Pb voids within the PbI2
layer. The Pb atoms that bind with the I atoms of the iodide
vapor lose momentarily their octahedral coordination and
acquire a 4-fold coordination, approaching the Pb4+ oxidation
state. This condition is highly metastable, as the intercalation of
further MA+/I� complexes gives rise to the construction of novel
PbI6 octahedra in the interlayer region (restoring the stable Pb2+

character of lead in iodide structures) and gradually transforms
the two-dimensional PbI2 layers into a three-dimensional
structure [Fig. 3d and e]. We expect that the kinetics of this
process continue until the full transformation of the PbI2
material into MAPbI3.

To deeply understand the time-dependent mechanism of
MAI molecules incorporation into the PbI2 pristine lm, we
have performed XRD analyses using grazing incidence geome-
tries for all the samples prepared at various MAI step times.
With this conguration, using different incidence angles, we
can discriminate the mutual position of PbI2 and MAPbI3 along
the thickness of the lm. In fact, lower is the incidence angle
shallower is the portion of the layer contributing to the signal.
As can be seen in Fig. 6a, the peak intensity at 2q ¼ 12.67� is
higher for higher incidence angles; according to that at 0.3� and
0.4� we are not able to investigate all the thicknesses. In contrast
at 0.5� we investigate the entire lm thickness.

We want to point out that the XRD data reported in Fig. 5
were acquired on the same samples reported in Fig. 3a and c but
using a different acquisition geometry (grazing incidence
conguration). Under grazing incidence, that is specically
useful for depth resolved analyses, the randomly oriented
component of the lms is detected whilst in symmetric q–2q
geometry (Fig. 3) the oriented (textured) part of the lms
primarily contributes. Since it is demonstrated (polar Fig. in S2†
and 3c) that the PbI2 layer is highly textured, the random
component is not as intense as the majority component taken
in the symmetric geometry. It is detected at relatively high
incidence suggesting its locationmostly at the bottom interface.
On the other hand, as soon as the whole PbI2 layer is converted
to MAPbI3 (Fig. 5d), no PbI2 contribution is found whatever the
incidence angle used.
I2 structure and intercalation of (b) 1 MAI molecule, (c) 2 MAImolecules,
I2 structure.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) XRD patterns collected in grazing incidence configuration at three different incidence angles, namely 0.3�, 0.4� and 0.5� for the PbI2
deposited sample, (b) after 20 minutes, (c) 40 minutes and (d) 60 minutes of MAI deposition on ITO/PTAA substrates. (e) Schematic repre-
sentation of the conversionmechanism from PbI2 to MAPbI3 during the MAI deposition step. In the pristine sample only the PbI2 peak is detected
at 2q ¼ 12.67�. Along the MAI deposition step, the conversion of PbI2 to MAPbI3 starts from the topmost part of the film toward the bottom until
the complete conversion has occurred.
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The same behavior has occurred for all samples with varia-
tion in the PbI2 intensity which are more pronounced in the
sample aer 20 minutes of MAI deposition at different scanning
angles (see Fig. 5b). Hereinaer, the PbI2 peak intensity
decreases with increasing MAI deposition time due to the
consumption of PbI2 during the formation of the perovskite. In
contrast, the peaks at 2q¼ 14.1� related to the MAPbI3 lm have
the same intensity for the three incidence angles aer the 20
minutes of MAI deposition. In this case, we mostly investigate
the upper portion of the layer suggesting that the rst conver-
sion of PbI2 to MAPbI3 occurs at the top of the deposited PbI2
lm. Aer 40minutes of MAI deposition, only the 0.3� incidence
This journal is © The Royal Society of Chemistry 2021
angle pattern shows a slightly lower intensity for the MAPbI3
peak with respect to the 0.4� and 0.5� incidence angles. At 0.3�,
we are not able to collect the signal from all the already con-
verted MAPbI3 thicknesses, suggesting the increase of the PbI2
conversion to MAPbI3 (Fig. 5c). Finally, in the sample aer 60
minutes of MAI deposition (Fig. 5d), the signal related to the
residual PbI2 is not visible meaning that all the PbI2 is converted
into MAPbI3 according with the lack of the PbI2 peak shown in
Fig. 3a. We additionally notice that the intensity of the MAPbI3
peak at 2q ¼ 14.1� in Fig. 5d increases with increasing the
incidence angle according to the progressively higher beam
penetration depth. Based on our ndings, we conclude that the
J. Mater. Chem. A, 2021, 9, 16456–16469 | 16463
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Fig. 6 SEM images collected on (a) PbI2 deposited on an ITO/PTAA substrate using a deposition time of 15 minutes and (b) the converted MAPbI3
after 30 minutes of MAI deposition. (c) PbI2 deposited for 30 minutes and (d) the resultant MAPbI3 after 60 minutes of MAI deposition.
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conversion of the PbI2 lm to MAPbI3 starts from the topmost
layer of PbI2 progressively towards the lowermost part until the
whole lm is fully converted into MAPbI3 as presented in
Fig. 5e. This description agrees with previously reported studies
on PbI2 conversion via gas-phase MAI deposition,56,57 thus
listing the LV-PSE method as a solid-state reaction piloted by
MAI diffusion.
3.2 Morphological analyses

The process optimization done on the 150 nm thick MAPbI3
layer has suggested a viable path for the downscaling of the
perovskite layer thickness. On this basis, uniform and fully
reacted layers that are only 80 nm thick have been deposited by
Fig. 7 (a) Transmittances of 150 nm and 80 nmMAPbI3 films. (b) The refra
150 nm and 80 nm MAPbI3 films. Note the pre-gap tail that is close to id
absorption depth (nm) of 150 nm-thick MAPbI3 layers.

16464 | J. Mater. Chem. A, 2021, 9, 16456–16469
LV-PSE. The analyses of the morphology and of the optical
properties of this very thin layer compared to the 150 nm-thick
MAPbI3 lm are hereaer discussed in detail.

Field emission scanning electron microscope (FE-SEM) anal-
yses shown in Fig. 6 reveal a peculiar change in themorphologies
of the lms deposited during the LV-PSE processes. In Fig. 7a are
shown the images acquired aer 15 minutes of PbI2 deposition
on an ITO/PTAA substrate used as a template (rst step) to grow
the 80 nm thick MAPbI3 lm. The lm is composed of randomly
oriented PbI2 small (around 100 nm) platelet-shaped grains. We
have also performed chemical analyses on the 30 minutes
deposited PbI2 layer by Energy Dispersive X-ray (EDX) spectros-
copy to check the composition (Fig. S4†). The Pb/I ratio from EDX
ctive index n (dashed line) and the extinction coefficient k (solid line) of
eality in the 150 nm-thick layer. (c) Absorption coefficient (nm�1) and

This journal is © The Royal Society of Chemistry 2021
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was 0.49 in good agreement with the expected value. The result-
ing MAPbI3 lm, aer 30 minutes of MAI deposition, is compact
with a grain size of around 100 nm. Most importantly, pinholes
are not visible on the surface (Fig. 6b). According to what is found
in the thinner layer, the PbI2 lm deposited aer 30 minutes
(Fig. 6c) is also composed of platelets but with a bigger size (200
nm). The comparison between the two samples demonstrates
that the platelets continue to grow by proceeding PbI2 deposition.
The PbI2 platelets are the template for the reacting MAPbI3 lm.
As a matter of fact, the morphology of MAPbI3 is modelled on the
PbI2 platelet size, with the nal grain size similar to that of the
templating layers in both samples (Fig. 6b and d). The incorpo-
ration of MAI into the PbI2 platelets allows them to ll the empty
space between the platelets due to the increase of cell volume
during the conversion of PbI2 to MAPbI3. The technologically
interesting nding that such thin layers are totally compact
without pinholes, in full agreement with XRD analysis by the X-
scans, paves the way for very down-scaled PSCs.

3.3 Optical properties

Transmittance spectra collected on both thick and thin samples
deposited on ITO/PTAA substrates show the typical optical
features of MAPbI3 lms (Fig. 7a) with an abrupt decrease below
the gap (810 nm). The sample was kept in a closed chamber with
an overpressure of N2 to prevent degradation. The thickness of
the perovskite layer (80 nm and 150 nm) was determined by
verifying that n obeys the Cauchy equation in the transparent
infrared region. The average visible transmittance calculated for
150 nm and 80 nm samples in the range 400–800 nm was 20%
and 32.8% respectively. Reducing the thickness of the active
layer to 80 nm thus increases the transmittance in the visible
range.

In Fig. 7b, we show the refractive index n and the extinction
coefficient k, strictly related to the absorption coefficient of the
material, as extracted by Spectroscopic Ellipsometry (SE)
measurements for the two PSK layers. The thickness of the
perovskite layer (80 nm and 150 nm) was determined by veri-
fying that n obeys the Cauchy equation in the transparent
infrared region. The measurements were done on glass
substrates to exclusively probe the absorbing layer. The sample
was kept in a closed chamber with an overpressure of N2 to
prevent degradation. Interband transition have been identied
by applying critical point analysis.58–60 Critical point (CP) anal-
ysis is based on the simultaneous t of the second derivatives of
the real and imaginary parts of the dielectric function (3) with
a function like (one for each CP):

v23

vu2
¼ nðn� 1ÞAeiFðu� E þ iGÞðn�2Þ (4)
Table 1 Energy band gap and critical point values extracted by the
critical point analyses performed on spectroscopic ellipsometry data

Eg (eV) E1 (eV) E2 (eV) E3 (eV)

THIN 1.612 � 0.001 2.505 � 0.003 3.21 � 0.01 4.52 � 0.06
THICK 1.605 � 0.001 2.423 � 0.008 3.28 � 0.02 4.27 � 0.18

This journal is © The Royal Society of Chemistry 2021
where A,F, E, G and n are the amplitude, phase, energy position,
broadening and dimensionality of the CP. The similarity of the
critical point positions (see Table 1) denotes that the LV-PSE
process allows downscaling the MAPbI3 thickness while
preserving the material band structure.

In Fig. S5† are reported the ellipsometric experimental data
(Psi and Delta) collected at various angles and the Cauchy t. In
addition to this, the absorption coefficient was measured by
spectroscopic ellipsometry and converted into the absorption
depth as a function of the incident photon energy as shown in
Fig. 7c for the 150 nm-thick layer. The combination of the two
parameters highlights that, even in a relatively thin layer, the
absorption capability is still high above the bandgap. As
a matter of fact, �60% of incident photons with energy above
2 eV are absorbed within the rst 20–100 nm in the MAPbI3
layer. Photons with energy in the range of 1.5–2 eV are absorbed
within 100–200 nm with indeed only a partial loss of absorption
that, on the other hand, guarantees the semitransparency of the
layer without excessively penalizing the device performances.

In order to further explore the material quality in its optical
response, we recorded the steady state photoluminescence,
measured its quantum yield (PLQY) and analyzed the PL decay
(TRPL) of the as-deposited pristine isolated 150 nm MAPbI3 lms
deposited on glass substrates (Fig. 8). The PLQY determined on
a non-quenching substrate is used to estimate themaximum value
of thematerial-specic luminescence yield. This quantity is a direct
measure of the optoelectronic quality of the absorber material, as
a low emission yield means high additional non-radiative recom-
bination, which would not allow for high Voc.61,62 The PLQY, in
turn, strongly depends upon the excitation uence, as the elec-
tronic defects in the material would be more severely impacting
upon reduced density of carriers (low excitation uences) while
high uences would, in turn, lead to higher PLQY.

At very low excitation uence (<1.0 mW cm�2), only a few
reports on MAPbI3 show PLQY around 1% and those are asso-
ciated with post-treated samples or chloride including
samples;63 here we record a 0.9% PLQY using 0.6 mW cm�2
Fig. 8 Emission spectrum (main, exc ¼ 405 nm) and corresponding
lifetime decay (inset, exc ¼ 405 nm; em: 750 nm) of MAPbI3 thin film
on glass.
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Fig. 9 I–V characterization of the best prepared devices with (a) 80 nm and (b) 150 nmMAPbI3 active layers. The AVTmoves from 32.8% to 20%.
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power density, implying an optimal thin lm for photovoltaic
exploitation. Additional evidence of this claim is given by time
resolved PL analyses, which show long living free carriers. In
line with what is usually observed for hybrid organic–inorganic
perovskites, we found a complex exponential decay (in this case
a biexponential function best ts the decay), since there is no
clear consensus on how to exactly assign the various compo-
nents to a given TRPL curve, we used a weighted average of the
diverse decay components:
Fig. 10 Box plot of (a) efficiency (PCE), (b) open circuit voltage (Voc), (c) s
reverse saturation current (J0) from the electrical characterization of all t
layers.

16466 | J. Mater. Chem. A, 2021, 9, 16456–16469
a1s12 þ a2s22

a1s1 þ a2s2
(5)

obtaining a value of 234 ns.63 This is a very long radiative
decay for pristine MAPbI3 (ref. 63) considering that lifetimes in
the order of ms have been observed only when chloride-con-
taining species were added to the precursor's solutions, with
a benecial role played by these species in the growth of large
hort circuit current (Jsc), (d) fill factor (FF), (e) ideality factor (niD) and (f)
he prepared devices with 80 nm thick and 150 nm thick MAPbI3 active

This journal is © The Royal Society of Chemistry 2021
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crystallites. These results imply that LV-PSE is an optimal
technique for the deposition of thin, performing, Perovskite
layers.
3.4 Electrical properties

In light of all our ndings, the twoMAPbI3 thin layers have been
implemented in p–i–n PSC architectures and tested. The effi-
ciency values recorded on the two set of PSCs as a function of
the MAPbI3 thickness highlight outstanding performances not
yet reported in the literature for such thin layers. In addition, it
is worth noting that there is a complete lack of hysteresis during
forward and reverse scans as shown in Fig. 9, due to the use of
the organic ETL and HTLmaterials but also ascribed to the high
quality of the perovskite lm64–66 according to PL and SE
analyses.

Fig. 10 shows the distribution of photovoltaic parameters
displayed as boxplots for 16 cells fabricated with 80 nm (8 cells)
and 150 nm (8 cells) MAPbI3 layers. The average value of power
conversion efficiency (PCE) for the two sets of devices is 12.9%
and 14.4%, respectively. The best fabricated device exhibits
a 17.48% efficiency (MAPbI3 150 nm-thick) that stabilizes at
16.5% upon light soaking (Fig. S6†). The record for 80 nm-thick
layers instead is 13.8%, with a narrow distribution of the other
measured values. These results place our devices among the
best semitransparent devices based on MAPbI3 (ref. 67 and 68)
and further show how this deposition protocol represents
important progress in the eld.

Small differences in the open circuit voltage (Voc) values, in
the range 1.05–1.08 V (Fig. 10b), are found between the two
families of devices, whilst the short circuit current (Jsc) is de-
nitely higher in the thicker devices (Fig. 10c). The Fill Factor (FF)
has instead a countertrend with the device thickness (77% vs.
71%) that can account for different shunt or series resistances
(Fig. 10d). To provide some insights into that, we additionally
provide the statistical distributions of the ideality factor (nID)
and reverse saturation current (J0) in Fig. 10e and f respectively,
calculated according to ref. 69 using eqn (S1) and (S2).† The
ideality factor was also differently calculated following Tress
et al.70 using the J–V curve taken under dark conditions with
results conrming the gap vs. MAPbI3 thickness.

The lower values of nID in thin devices can indicate a better
heterojunction quality.70 The relationship is not necessarily
straightforward,70,71 but, in this respect, we additionally notice
that low nID corresponds to low J0. This statistical evidence,
complemented with the higher FF, indeed denotes lower non-
radiative recombination in the thin PSC likely associated with
less pronounced interfacial trapping.72,73 The thickness halving
without proportionally reducing the efficiency satises the
technological requirements for transparent PSCs, and repre-
sents a unique example in the current panorama of similar
deposition methods.24,36
4. Conclusions

We described a newly designed two-step vacuum deposition
process called LV-PSE to prepare high quality MAPbI3. The
This journal is © The Royal Society of Chemistry 2021
process benets from the low vacuum conditions (�2–4 � 10�2

mbar) and the short diffusion path (�2 cm) of the sublimated
species that provide them with high pressure and high
temperature at the substrate side. This unique conguration
allows controlling the rate of mass exchange at the vapor-
substrate interface for a ne tuning of the material quality.

We disclose that the conversion of the PbI2 lm to MAPbI3
starts from the top surface of the lm to the bulk via an
adsorption–incorporation–migration mechanism guided by the
gradient of energetic MAI concentration. The nal MAPbI3 layer
is composed of grains with a diameter from 50 to 200 nm. The
lm is compact and without pinholes which makes the perov-
skite suitable for photovoltaic applications. PL analyses,
according to SE, showed that the active layer has a very low tail
of electronically active defects, and indeed, on this basis, we
were able to build up efficient solar cells with a p–i–n archi-
tecture. With just 80 nm-thick active layers, we achieved a mean
efficiency value of 12.9% and best value of 13.8% with an AVT
value of 32.8% which makes these devices unique in the current
panorama of MAPbI3 materials prepared with different
methods and suitable for the application in BIPV. Using 150
nm-thick lms, we were able to achieve 14.4% mean efficiency
and a best stabilized efficiency value of 16.5% with no hysteresis
ascribed to the low density of defects inside the layer and at the
interfaces coupled with an organic ETL and HTL. To our
knowledge, this value represents the highest efficiency pub-
lished on p–i–n architectures for similar scaled thicknesses.

The use of LV-PSE and the scaled MAPbI3 thicknesses,
associated with excellent efficiency values, paves the way for an
affordable cost reduction for device fabrication besides allowing
a reduction by �1/3 of the Pb content inside the devices against
environmental concerns.
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