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Sequential thermal evaporation is an emerging technique for obtaining perovskite (PVK) photoactive

materials for solar cell applications. Advantages include solvent-free processing, accurate stoichiometry

control, and scalable processing. Nevertheless, the power conversion efficiency (PCE) of PVK solar cells

(PSCs) fabricated by evaporation still lags behind that of solution-processed PSCs. Here, based on multi-

cycle sequential thermal evaporation, we systematically investigate the effects of the post-deposition

annealing temperature on the PVK properties in terms of surface morphology, opto-electronic

properties, and device performance. We find that the average grain size increases to almost 1 mm and

charge carrier mobilities exceed 50 cm2 V−1 s−1 when the annealing temperature is increased to 170 °C.

We introduce a trace of PbCl2 to the multi-cycle sequential deposition to improve the absorber

crystallinity at a lower annealing temperature of 150 °C, as evidenced by the XRD and PL analyses. The

resulting PSC in a p–i–n structure yields a PCE of 18.5% with a cell area of 0.09 cm2. With the same

deposition parameters, the cell area is scaled up to 0.36 cm2, achieving champion PCEs of 17.06%. This

indicates the great potential of this technology for the commercialization of PSCs in the future.
1. Introduction

Thermal evaporation is a promising technique for the
commercialization of perovskite (PVK) solar cells (PSCs) due to
its numerous advantages, including controllable thickness,
solvent-free processing, and compatibility with textured
substrates.1–3 Since the rst work reported in 2013,4 remarkable
progress has been achieved in this eld. To date, PSCs based on
vapor-deposited PVK have achieved a record power conversion
efficiency (PCE) of 26.4%.5 Additionally, fully evaporated PSCs
have demonstrated a PCE above 20%.6 Despite these signicant
advancements, several challenges hinder progress toward the
industrial application of vacuum-based PSCs, including the
control of organic ammonium compounds7 and the complexity
associated with multisource deposition processes involving
more than two precursors.8 In contrast to co-evaporation,
sequential thermal evaporation demonstrates compatibility
with in-line fabrication,9 and it exhibits enhanced reproduc-
ibility due to the absence of cross-inuence among the sources
logy, Mekelweg 4, 2628 CD Del, The

l

echnology, Van der Maasweg 9, 2629 HZ

tion (ESI) available. See DOI:

f Chemistry 2025
during deposition.10 However, constrained by limitations in
precursor mixing and interdiffusion, it is crucial to optimize the
thickness of each layer during sequential deposition.
Conversely, an excessive number of layers in sequential depo-
sition is time-consuming compared to the co-evaporation
process. As a result, there are limited reports on multi-cycle
sequential vacuum deposition processes.11–13

Thermally deposited lms typically exhibit lower charge
carrier mobility, primarily constrained by grain size, and
a shorter carrier lifetime due to defects introduced during lm
preparation.14,15 These defects lead to photovoltage losses,
which detrimentally affect device efficiency and stability.16,17 In
solution-based processing, the incorporation of lead-based
dopants or salts into the precursor solution, such as lead
chloride (PbCl2)18 and lead thiocyanate (Pb(SCN)2),19 has
emerged as an effective strategy to suppress non-radiative
recombination. In contrast to solution-based approaches, the
use of lead-based salts in thermal evaporation technology has
been rarely reported, largely due to the challenges associated
with controlling the sublimation of Pb(SCN)2.20 Different from
lead-based salts, PbCl2 has been extensively studied not only in
solution-based methods21,22 but also in vacuum-based deposi-
tion techniques,23,24 where it plays a crucial role in modulating
crystallization dynamics and enhancing the optoelectronic
properties of PVK materials.
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Specically, mixed cation, mixed halide perovskites,
CsxFA1−xPbI3−xBrx exhibit thermal stability,25 phase stability,26

and tunable bandgaps (Eg),27 which satisfy the requirements for
use as top cells in PVK/c-Si tandem devices enabling current
matching. For PVK/c-Si tandem devices, a p–i–n structure is
preferable due to the low parasitic absorption of the hole
transporting layer.28 To date, studies on sequential multi-cycle
vacuum deposited CsxFA1−xPbI3−xBrx remain limited. Feng
et al.29 demonstrated a sequential deposition method involving
PbI2, FAI, and CsI, coupled with in vacuo annealing, achieving
a champion efficiency of 21.3%. Similarly, Li et al.17 reported an
efficiency exceeding 24% by rst co-evaporation of PbI2, CsI,
and PbCl2, followed by subsequent deposition of FAI. These
studies highlight the high potential of sequential thermal
evaporation technology for achieving elevated PCEs. However,
both studies focus on the n–i–p structure and iodide-based PVK
absorber, which are unsuitable as top cells when aiming for
tandem device preparation.17,29

Based on the process proposed in our previous work,30,31 we
demonstrate here efficient p–i–n PSCs based on multi-cycle
thermally deposited CsxFA1−xPbI3−xBrx. In this work, the
impact of post-deposition annealing is systematically investi-
gated in terms of crystallinity, morphology, opto-electronic
properties and performance. We nd that the grain size
increases on average from 500 nm to 1 mm as the annealing
temperature increases from 130 °C to 170 °C. We demonstrate
that a trace amount of PbCl2 improves the PCE by enhancing
the open circuit voltage (Voc) and ll factor (FF), which is
attributed to the improved absorber crystallinity. With these
optimized parameters, we fabricate p–i–n solar cells with cell
area of 0.09 cm2, achieving an efficiency of 18.5% with a Voc of
1.001 V, a short circuit-current (Jsc) of 23.75 mA cm−2, and a FF
of 78.5%. These results show comparable device performance,
especially the high FF, to co-evaporated MA-free based perov-
skites. Furthermore, the best PSCs achieve the highest PCE of
17.06% for 0.36 cm2. Our ndings provide an alternative
approach for thermal evaporated absorber preparation and
scaling up in PSC applications.
2. Methodology
2.1 Materials

Indium tin oxide (ITO)-coated glass substrates and PTAA were
purchased from Yokou. CsBr, fullerene (C60) and BCP were
purchased from Sigma-Aldrich. CH(NH2)2I (FAI), PbCl2, and
PbI2 were purchased from Greatcell Solar Materials. All chem-
icals are used as received.
2.2 Film and device preparation

ITO-coated glass substrates were cleaned with acetone, ethanol,
and oxygen plasma for 5–10min. As a hole-extraction layer, 1.5mg
mL−1 PTAA was spin coated at 6000 rpm (acceleration 2000 rpm),
and then annealed at 100 °C for 10 min. Then, the samples were
transferred to a vacuum chamber (Perovap, CreaPhys) for PVK
deposition at a base pressure of 10−6 mbar. PVK lms are
prepared with a simplied approach consisting of a multi-cycle
2730 | Sustainable Energy Fuels, 2025, 9, 2729–2737
sequential thermal deposition method described in our previous
studies.30,31 To obtain a Cs0.15FA0.85PbI2.85Br0.15 lm, three
precursors were sequentially evaporated, PbI2, FAI, and CsBr, into
one stack with a total thickness of 200–250 nm. Aerwards, two
additional stacks were deposited by repeating the same sequence
to reach a total target thickness of about 600 nm. A 1.8% molar
ratio of PbCl2 to 1 of PbI2 was thermally deposited between the
PbI2 and FAI layers in each stack for samples w/ PbCl2. Fig. 1a
shows a schematic illustration of the sequential evaporation
process. The detailed parameters for the deposition of each
precursor are reported in Table S1.† The nal PVK layers prepared
in three cycles were annealed on a hot plate at different annealing
temperatures (130 °C, 150 °C, and 170 °C) and times (10 min,
15 min, and 20 min). Aerwards, the samples were transferred
into a second vacuum chamber (Optivap 2, CreaPhys) for the
thermal evaporation of a 20 nm-thick C60 layer, and a 2 nm-thick
BCP layer, followed by a 100-nm thick Ag electrode (Optivap 1,
CreaPhys) using metal masks to dene the cell area.
2.3 Characterization

X-ray diffraction patterns (XRD) were measured with a Bruker
D8 Advance diffractometer equipped with a Cu-Ka X-ray source
at a wavelength of 1.54 Å.

The top-view morphology and cross-section of PVK lms and
devices were measured using a scanning electron microscope
(SEM, Thermo Scientic) with an accelerating voltage of 5 kV.

The absorption of samples was measured by ultraviolet-
visible spectroscopy (UV/vis, PerkinElmer, Lambda 950) over
a wavelength range of 300–850 nm.

The photoluminescence spectra of the samples were inves-
tigated by steady-state photoluminescence (PL, HORIBA, FL3-
111) with an excitation wavelength of 405 nm; besides, the
emission light was ltered using a 550 nm lter. Time-resolved
photoluminescence spectra were recorded using an Edinburgh
LifeSpec spectrometer equipped with a single-photon counter.
The lms were excited at 405 nm, and the emission light was
ltered using a 550 nm lter.

Time-resolved microwave conductivity (TRMC) was applied
to investigate the photo-induced carrier lifetime, mobility, and
recombination dynamics (band-to-band recombination, trap-
ping, and detrapping). The effective electron and hole mobil-
ities (

P
m) are derived from themaximum TRMC signal (DGmax),

which is normalized by the absorptance at an excitation wave-
length of 650 nm. The charge carrier half-lifetime is obtained
from the photoconductance decay.

For the determination of the Urbach energy, sub-bandgap
excitations from 750 nm to 950 nm (intervals of 25 nm) were
performed. Thanks to the excellent sensitivity of TRMC, we
calculated the absorption coefficient down to ∼10−2 cm−1 from
the photoconductance and photo-induced carrier density upon
sub-bandgap excitation, considering mobility, lm thickness,
photon uence and reection losses as previously reported.32

The Urbach energy, EU, is obtained by tting the linear portion
of the absorption coefficient (on a logarithmic scale) within the
energy spectrum below the bandgap and calculating the inverse
of the corresponding slope as shown in eqn (1).
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic illustration of sequential thermal evaporation to prepare a PVK absorber. (b) XRD patterns of PVK films w/o and w/ PbCl2
subjected to different annealing temperatures for 10 minutes, and the XRD patterns are shifted for an easier comparison. Both the diffraction
peak of PbI2 and PVK are illustrated with different symbols. (c) Cross-sectional SEM of PVKs at varying annealing temperatures (10 minutes) for
both w/o and w/ PbCl2 samples. (d) FWHM and absolute peak intensities of the (100) crystal plane of w/o and w/ PbCl2 samples as a function of
annealing temperature. (e) Grain size distribution of PVK films w/ PbCl2 at different annealing temperatures. Grain sizes were measured using
ImageJ software and data were extracted from top view SEM images in Fig. S1.†
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lnðaÞ ¼ lnða0Þ þ 1

EU

�
hu� Eg

�
(1)

The current density–voltage (J–V) characteristics were recor-
ded using a Keithley 2604 source-measure unit along with
a solar simulator (OAI TriSol Class AAA) at 1 sun intensity,
corrected by calculating the 1.2–1.28 sun shown on the run
screen of the system. The J–V curve was obtained by scanning
from 1.2 to −0.2 V and −0.2 to 1.2 V with a step size of 20 mV in
both the forward and reverse sweeps. The active area of the solar
cells was determined using the top metal contact, measuring
0.09 cm2 and 0.36 cm2.

3. Results and discussion

Based on the sequential thermal deposition approach described
above, we investigated the impact of PbCl2 on the lm
This journal is © The Royal Society of Chemistry 2025
properties at different annealing temperatures, including
crystal structure, morphology, and optoelectronic properties.
Samples without PbCl2 are denoted as w/o, while those with
PbCl2 are referred to as w/ in the subsequent text and gures.

Fig. 1b presents the X-ray diffraction (XRD) patterns of
samples w/o and w/ PbCl2 annealed at temperatures ranging
between 130 °C and 170 °C. Themajor peaks of the PVK lms are
located at 14.05° and 28.16°, which are assigned to the (100), and
(200) crystal planes of cubic PVK, respectively. The absence of
signicant peak shis across different conditions implies iden-
tical lattice constants (Table S2†) even with the introduction of
trace amounts of PbCl2. However, the increasing peak intensities
indicate improved crystallinity with higher annealing tempera-
tures for both w/o and w/ PbCl2 samples. This observation is
consistent with both top-view (Fig. S1†) and cross-sectional-view
(Fig. 1c) SEM images. In Fig. 1c, the grain size shows a strong
dependence on the annealing temperature. For both w/o and w/
Sustainable Energy Fuels, 2025, 9, 2729–2737 | 2731
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PbCl2 samples, large grains form when the temperature exceeds
150 °C, whereas annealing conditions at lower temperature
(#150 °C) result in smaller grains throughout the lm. To further
investigate the effect of PbCl2, the full width at half maximum
(FWHM) and the peak intensities of the w/o and w/ PbCl2 samples
are reported in Fig. 1d as a function of annealing temperature.
Interestingly, the w/ PbCl2 samples annealed at 130 °C show
similar intensity and FWHM to the w/o PbCl2 samples annealed
at 150 °C (highlighted in light orange and light blue bars in
Fig. 1d), indicating improved crystallinity in the presence of
PbCl2. Furthermore, both w/ PbCl2 samples annealed at 150 °C
and 170 °C exhibit almost columnar grain growth, as shown in
the cross-sectional SEM (Fig. 1c). This columnar growth has been
reported to be benecial for efficient charge carrier collection,33–35

as evidenced by the high FF in cell performance (Fig. S2†). In
addition to the cross-sectional SEM, the grain size distribution
statistics are summarized in Fig. 1e for samples w/ PbCl2 at
different annealing temperatures. These data are extracted from
the top-view SEM shown in Fig. S1.† Similar to the observations
made in Fig. 1d, the grain size distribution conrms that in the
presence of PbCl2, an annealing temperature of 150 °C is suffi-
cient to convert the precursors into a dense PVK lm with large
grain sizes. Table S3† compares the grain size statistics obtained
from top-view SEM with the crystallite size calculated using the
Scherrer equation, both of which demonstrate improved crystal-
linity with increasing annealing temperature. This enhancement
in crystal grains is consistent with previously published studies
on both solution-processed and co-evaporated PSCs.24,36,37

Following the structural and morphological analysis, Fig. 2
shows the comparison of optoelectronic properties of w/o and
w/ PbCl2 samples annealed at 150 °C. The UV-vis absorption
spectra of the PVK lms are shown in Fig. 2a. The higher
absorption measured for the sample w/o PbCl2 compared to the
Fig. 2 Opto-electronic properties of the w/o and w/ PbCl2 samples anne
PL, (c) TRPL decay, (d) PL intensity and half-lifetime as a function of ann
highlighted in light orange and light blue bars, (e) TRMC traces recorded
samples.

2732 | Sustainable Energy Fuels, 2025, 9, 2729–2737
w/ PbCl2 one can be related to small thickness variations.
Fig. S3† shows the evolution of absorption with increasing
annealing temperature for both w/o and w/ PbCl2 samples,
together with a zoomed-in view of the absorption edge in the
inset. Unlike the samples w/o PbCl2 shown in Fig. S3a,† the
addition of PbCl2 in Fig. S3b† results in almost no change in the
absorption edge for PVK lms annealed at different tempera-
tures. This difference indicates that PVK is fully converted
already at a lower annealing temperature of 130 °C in the
presence of PbCl2. Our conclusion is consistent with the XRD
and SEM results discussed above. Fig. 2b displays the steady-
state photoluminescent (PL) spectra of the two types of lms.
Compared to the w/o PbCl2 lm, no signicant shi in the peak
position is observed in the PL spectrum of the PbCl2-based lm.
This aligns with the XRD peak positions provided in Table S2,†
suggesting that Cl− is not incorporated into the PVK lattice but
rather enhances the crystallization and conversion during
annealing.36

To support the above conclusion, XPS spectra at different
etching times are recorded to investigate the elemental
composition of the PbCl2–PVK-based lm, as shown in Fig. S4.†
Interestingly, both the surface and bulk show no Cl signal. This
could result from either a Cl content below the detection limit
or from the fact that Cl evaporates in the form of an organic salt,
as reported in ref. 36. However, the improved PL intensity with
the introduction of PbCl2 indicates that the PbCl2-based lm
has fewer non-radiative recombination centres.38 Similarly, the
TRPL decays are shown in Fig. 2c for both samples. The w/ PbCl2
PVK lm shows a longer half-lifetime compared to the w/o PbCl2
lm, indicating improved crystalline quality of the PbCl2-based
lms. To further verify the role of PbCl2, PL intensities and half-
lifetimes are summarized in Fig. 2d as a function of annealing
temperature (130 °C, 150 °C, and 170 °C) for both w/o and w/
aled at 150 °C for 10 minutes. (a) Absorptance spectra, (b) steady state
ealing temperature; the comparison of PL intensity and half-lifetime is
under laser pulses at 650 nm, (f) Urbach energies for w/o and w/PbCl2

This journal is © The Royal Society of Chemistry 2025
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PbCl2 samples. The samples w/ PbCl2 annealed at 130 °C show
similar PL intensity and even a higher half lifetime (s1/2)
compared to the w/o PbCl2 sample annealed at 150 °C, high-
lighted in the light orange and light blue bars. This result
indicates that introducing PbCl2 has similar effects to
increasing the annealing temperature, both of which are related
to enhanced lm crystallinity and decreased trap states. Given
that PbCl2 improves PVK crystallization as evidenced by XRD
and PL, we applied time-resolved microwave conductivity
(TRMC) to study the electronic properties and charge-carrier
dynamics. An enhancement in the charge-carrier mobility by
a factor of about 1.3 from 14.5 cm2 V−1 s−1 to 19.0 cm2 V−1 s−1

was observed, implying a signicantly improved diffusion
length for the w/ PbCl2 PVK (Fig. 2e). The increased mobility in
the w/ PbCl2 sample can be attributed to the larger grains, as
observed by SEM. Finally, the Urbach energies (EU), dening the
sub-band gap tail states in the PVKs, were obtained by using
TRMC for both samples.32 Fig. 2f shows the logarithmic
absorption coefficient, ln(a), as a function of the photon energy,
Eph. From the resulting slope near the offset, the Urbach energy
(EU) can be derived, amounting to 14.5 and 13.9 meV for the w/o
PbCl2 and w/ PbCl2 PVK lms, respectively (Fig. S5†). These
relatively low EU values39 for both samples are indicative of a low
Fig. 3 Photovoltaic performance of solar cells w/o and w/ PbCl2 anneal
champion PSC and (b) PCE distribution of 20 cells for each condition,
a function of grain size based on PSCs with thermally deposited absorbers
to the structure used in this study, while square symbols represent solar c
versus time over nearly 30 days with the solar cells are stored in a N2 fill

This journal is © The Royal Society of Chemistry 2025
degree of energetic disorder, implying a low concentration of
sub gap tail states.

Next, we investigated the inuence of annealing on the
performance of solar cells, rst w/o PbCl2 and later-on w/ PbCl2.
The cell conguration is illustrated in Fig. S6.† Doubling the
annealing time from 10 to 20 minutes at 150 °C shows a negli-
gible impact on the photovoltaic parameters of the cell, as
indicated in Fig. S7.† This result suggests that higher annealing
temperatures are necessary to achieve improved PVK crystalli-
zation and enhanced cell efficiency, as evidenced by the high
mobility (above 50 cm2 V−1 s−1) shown in Fig. S8.† However,
PTAA is not thermally stable when the temperature is increased
to 170 °C, even though this temperature is optimal for the
absorber. The J–V curve of solar cells annealed at 170 °C in
Fig. S8,† shows a signicantly reduced PCE of below 10%
compared to around 15% for the reference case annealed at
150 °C. Therefore, most of the discussion in the following part is
limited to PVK annealed at 150 °C. The record solar cells with
PbCl2-based PVK achieved a PCE of 18.5% in the forward bias
scan (Voc = 1.001 V; Jsc = 23.75 mA cm2; FF = 78.5%), compared
to 15.8% for the sample w/o PbCl2 (Voc = 0.85; Jsc = 23.88 mA
cm2; FF = 76.3%). For a more exhaustive comparison, we report
in Table S4† the solar cell parameters from the literature based
ed at 150 °C. (a) J–V curves in forward and reverse scan modes of the
extracted from Fig. S2.† (c) Recently reported mobilities and PCEs as
. Sphere symbols represent the PTAA/PVK/C60 architecture,20 identical
ells with other p–i–n.24,40–47 (d) Normalized PCE (nPCE) of p–i–n devices
ed glovebox between measurements. The solar cells area is 0.09 cm2.

Sustainable Energy Fuels, 2025, 9, 2729–2737 | 2733

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4se01744g


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

4:
18

:0
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
on p–i–n cell structures. As evidenced by the lm crystallinity
and opto-electronic properties, the champion cell w/ PbCl2
shows improved Voc and FF compared to the sample w/o PbCl2
(Fig. 3a), benetting from the enhanced passivation and the
extended carrier diffusion length (lifetime and mobility). The
PCE statistical distribution is summarized in Fig. 3b based on
20 solar cells for each condition, where the average PCEs are
approximately 15.0% and 17.6% for the samples w/o and w/
PbCl2, respectively. The corresponding statistical distributions
of the photovoltaic parameters (Voc, Jsc, and FF) are reported in
Fig. S2.† Moreover, the statistics of the FF in reverse and
Fig. 4 Influence of annealing temperature on J–V curves and external pa
of PSCs with active areas ranging from 0.09 to 0.36 cm2 annealed at 150
PSCs as a function of annealing temperature and cell area. Data of more t
prepared in the same batch.

2734 | Sustainable Energy Fuels, 2025, 9, 2729–2737
forward scans are summarized in Fig. S9† for PSCs w/o and w/
PbCl2. In contrast to the samples w/o PbCl2, the PbCl2-based
PSCs show comparable FF values for reverse and forward scans,
demonstrating that PbCl2 effectively reduces the hysteresis, in
agreement with ndings for spin-coated PSCs.48,49 The reason of
this improvement in hysteretic behavior could be attributed to
fewer defect states near the surface of PVK/transporting layers.50

To further link the lm morphology and optoelectronic prop-
erties to cell-level performance, we plotted the PCE and carrier
mobility as a function of grain size in Fig. 3c, including data
reported in the literature based on similar cell structures (p–i–n)
rameters of w/ PbCl2 PSCs. (a–c) Dark, forward, and reverse J–V curves
°C. (d–f) Distribution of external parameters (PCE, Voc, Jsc, and FF) of

han 20 cells are collected for each variation. The cells reported here are
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and fabricated with thermally deposited absorbers. The data
distribution clearly delineates two main regions, indicating that
both PCE and carrier mobility are largely inuenced by the grain
size.

Beneting from the reduced trap states, stability tests of the
PSCs stored for 30 days in a glovebox proved that both PSCs w/o
and w/ PbCl2, retained 77% and 88% of their initial efficiency,
respectively (Fig. 3d). Besides, the sample with the introduction
of PbCl2 also showed improved stability when the bare lms
were stored in ambient air compared to the reference sample;
the corresponding photo is shown in Fig. S10.†

The PCE values of the PSCs reported above are all based on
a cell area of 0.09 cm2; therefore we prepared devices with a cell
area of 0.36 cm2 based on the absorber w/ PbCl2. Fig. 4a–c show
dark and illuminated current density–voltage (J–V) curves in the
forward and reverse scan directions of the champion PSCs with
cell areas of 0.09 cm2 and 0.36 cm2, all annealed at 150 °C. The
corresponding external parameters measured in the reverse/
forward scans and the corresponding hysteresis values are re-
ported in Table S5.† From the J–V curves, it is evident that the FF
drops as cell area increases. Despite similar dark J–V charac-
teristics, there is amarked difference in the slope of the light J–V
curve at the 0 bias-voltage region, indicating signicant photon-
shunting as the cell areas increase. This is due to problems in
carrier transport and interfacial accumulation. Interestingly,
preliminary attempts to increase the cell area from 0.09 cm2 up
to 1 cm2, show no Voc drop, as shown in Fig. S11,† which
suggests the feasibility of preparing large-area cells without
pinholes using this deposition technology. To further explore
the impact of annealing temperature on cell performance as the
cell area varies, we applied annealing temperatures of 130 °C,
Fig. 5 Uniformity test of the large area PVK film in terms of thickness, cry
films shown here are fabricated with PbCl2 and annealed at 150 °C for 10
substrate size in the photograph is 15.6 × 15.6 cm2, (b) thickness mappin
photograph of PVK films at different positions for the measurement of cr
Absolute peak intensity for the (100) crystal plane and bandgap as a functio
(d). (f) Boxplot distribution of PCEs at 6 different locations, with each loc

This journal is © The Royal Society of Chemistry 2025
150 °C, and 170 °C to the absorber for cells with areas of 0.09
cm2 and 0.36 cm2. The corresponding cell statistics are
summarized in Fig. 4d–f. Similar to what has been reported in
the literature, Fig. 4d demonstrates a decrease in PCE as the cell
area increases. However, this drop mainly results from reduc-
tions in both Jsc and FF because of carrier transport issues, as
discussed in Fig. 4a–c. Notably, when increasing the active area
from 0.09 cm2 to 0.36 cm2, the Voc remains largely unaffected,
especially at low annealing temperatures, which helps exclude
the inuence of PTAA degradation. The Voc for larger cell areas
shows relative variations between 1% and 2% as compared to
the 0.09 cm2 PSCs. These ndings further conrm the reduced
trap densities and high uniformity of the thermally evaporated
PVK thin lms over larger areas. Moreover, it indicates that PCE
losses over large areas are primarily due to the increased elec-
trode resistance.

To assess the uniformity of large-area PVKs deposited via
sequential evaporation, a 15.6 × 15.6 cm2

lm (Fig. 5a) was
deposited on glass and evaluated in terms of homogeneity of
thickness, PL, and device performance. The thickness mapping
of the sample in Fig. 5b indicates that the PVK layer thickness
varies by less than 15% between the center and edges, con-
rming the potential of this deposition technique for fabri-
cating highly efficient large-area devices. Besides, the non-
uniformity decreases to less than 9% when excluding the
external edges, as shown by the yellow dash line in Fig. 5b. In
Fig. 5c, the PL distribution reveals relatively comparable signal
intensities, indicating uniform emission properties across the
lm. In addition to the full area test, specic samples were
selected from different regions for both lm-level and device-
level measurements. Fig. 5d shows the selected positions of
stal structure, optoelectronic properties, and device performance. PVK
min. (a) Photograph of the sequentially thermal deposited PVK film. The
g of the film shown in (a), (c) PL mapping of film shown in (a), and (d)
ystal structure, optoelectronic properties, and device performance. (e)
n of samples from different positions on the large area film as shown in
ation having 20 cells with an area of 0.09 cm2, as shown in Fig. 4a.

Sustainable Energy Fuels, 2025, 9, 2729–2737 | 2735

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4se01744g


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

4:
18

:0
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the large-area PVK lm (1, 5, 7, 9, 11 and 15) for PL and XRD
investigations. It was found that the peak intensities of the (100)
plane from XRD and bandgap values extracted from PL in
different regions are comparable, as shown in Fig. 5e. This
result suggests uniform crystallization and composition
throughout the large-area PVK lms. Fig. 5f and S12† present
the performance of 0.09 cm2 wide solar cells, demonstrating
that all photovoltaic parameters exhibit less than 10% variation
across different positions, conrming the uniformity and reli-
ability of the fabricated large-area PVK devices.

4. Conclusion

In conclusion, we fabricated and characterized Cs0.15FA0.85-
PbI2.85Br0.15 lms and p–i–n devices using sequential thermal
evaporation. We found that the grain size of PVK lms increases
signicantly from less than 200 nm to almost 1 mm as the
annealing temperature increases from 130 °C to 170 °C. The
introduction of minor amounts of PbCl2 in the sequential
evaporation improves the perovskite crystallinity as evidenced
by XRD, SEM, TRMC and PL as well as device performance. We
experimentally demonstrated that the introduction of PbCl2 in
the PVK lm reduces the optimal annealing temperature
promoting crystallization already at 150 °C. This nding
enables the use of a wider range of organic hole transport layers
that might not withstand higher temperature processes. The
champion efficiency in this work is observed in devices w/ PbCl2
and annealed at 150 °C, achieving a maximum power conver-
sion efficiency of 18.5% and exhibiting a Voc and a FF of 1.001 V
and 78.5%, respectively, for 0.09 cm2 wide cell. Building on
these optimized parameters, we increased the device size up to
0.36 cm2. Despite the increase in cell area, larger area devices
showcase a Voc >1 V. Besides, 15.6 × 15.6 cm2 perovskite lms
were prepared with uniform crystallization and comparable
photovoltaic parameters, showing less than 10% variation
across different positions. These results indicate the potential
of this technology for the commercialization of perovskite solar
cells.
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