Downloaded via UNIV DE VALENCIA on October 27, 2025 at 12:27:11 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to |egitimately share published articles.

MATERIALS . e+ e+

pen Access

This article is licensed under CC-BY 4.0 @ @

www.acsmaterialsletters.org

Vacuum Deposition of Triple-Halide Wide-
Bandgap Perovskites Enabled by Sublimation
of Mixed Organic-Halide Pellets

Manuel Piot, Lidén Gil-Escrig, Federico Ventosinos, Cristina Roldan-Carmona, Anna Robinson,
Javier A. Schmidt, Michele Sessolo,* and Henk J. Bolink™

Cite This: ACS Materials Lett. 2025, 7, 3692—-3698

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Controlling the sublimation of organic com-
pounds during perovskite deposition via coevaporation is
challenging. The sublimation behavior of these materials
depends strongly on their purity, and their low sticking
coefficient on sensors complicates deposition rate monitoring,
hindering reproducibility, particularly when multiple organic
sources are involved. We introduce a novel approach in which
the precursor powder is pressed into a pellet, reducing material
consumption and pressure fluctuation during coevaporation.
This pellet can also incorporate multiple compounds, enabling,
for example, the simultaneous sublimation of methylammonium
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iodide and chloride from a single source. Combined with a Pb(I,_,Br,), source, this method makes it possible to deposit
triple-halide MAPIBrCl perovskite films. We confirm the incorporation of chloride in the perovskite lattice, which proves to be
beneficial for the charge transport properties of the film, increasing the fill factor in wide-bandgap solar cells. Using this
approach, we achieved a champion PCE of 19.5% for a 1.66 eV bandgap perovskite.

promising candidates for the next generation of

photovoltaics. Metal-halide perovskites combine a
variety of optoelectronic properties particularly suitable for
this application, such as high absorption coefficient due to a
direct bandgap, high charge carrier lifetime, and tunable
bandgap.' ™ In addition, perovskites are cost-effective and
easily prepared at the lab scale. As such, these materials have
been the focus of intensive research over the past 15 years,
resulting in a substantial and rapid development that brought
the state-of-the-art power conversion efficiency (PCE) to
27.0%."* Although perovskite deposition via solution-processing

P erovskite solar cells (PSCs) have rapidly become very

received comparatively more attention due to its low initial
investment and ease of fabrication, high-vacuum thermal
evaporation represents a promising alternative, with demon-
strated efficiencies exceeding 20% for coevaporation® ® and
26% in the case of sequential vacuum deposition.” In
particular, this deposition technique allows for improved
conformality and homogeneity in the case of deposition over
large-areaw’11 and/or textured substrates,'”'® which is of
particular relevance for tandem solar cells.

One of the challenges of perovskite coevaporation is the
control over the deposition rates of the perovskite precursors,
in particular those of organic salts such as methylammonium
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iodide (MAI). For MAI, different studies suggest that its
sublimation properties depend strongly on the impurity
1,'"*~'® which can impact the perovskite formation. In
addition, the poor adhesion of organics to the quartz crystal

leve

microbalances (QCMs) used to monitor the evaporation rates
complicates the process and hinders the reproducibility. This
shortcoming might be alleviated by a rigorous calibration and
by monitoring the MAI rates indirectly through a QCM
located at the substrate level.'®'” Other materials such as
methylammonium chloride (MACI) used in solution process-
ing of perovskites'®™>' and in the work on evaporated
perovskite solar cells’” are found to be especially difficult to
evaporate in a reproducible manner.*’

In the literature, chloride (Cl) is often reported to enhance
charge carrier transport properties in perovskite films,
consequence of a reduction in the defect density.”'**%*"**
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Figure 1. a) MAI source temperature and chamber pressure over MAPIBr deposition time using a MAI pellet and MAI powder for a targeted
deposition rate of 1.8 A/s at the substrate level. b) Material consumption of MAI and Pb(I,_,Br,), precursors during those two depositions.

Resulting films were both 500 nm thick.
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Figure 2. a) Normalized PL spectra of MAPIBr films containing different amounts of Cl. b) XRD patterns of the same perovskite films, where
reflections corresponding to Pbl, and ITO are highlighted with * and #, respectively. c) Zoom of the XRD patterns around the (102) peak to

showcase the peak shift.

Another study on solution-processed perovskite reports a
change in the grain growth dynamics when Cl is added to the
precursor solution, resulting in apparent larger grains.19
However, the authors found that chloride assists only the
perovskite formation, as it does not persist in the crystal
structure after annealing. Instead, it was found that Cl leaves
the film during the annealing step in the form of MACI,
possibly due to the low solubility of chloride in pure-iodide
systems.”> Nevertheless, in the context of vacuum-deposited
perovskites, the use of chloride has not been extensively
investigated. This is partly due to the fact that most organic
ammonium chloride salts exhibit nonconstant sublimation
behavior and are thus difficult to control in perovskite
evaporation processes.

In this work, we present a simple approach for the controlled
sublimation of methylammonium-based organic compounds
by pressing the precursor powder into a pellet. We show that
the pellet can be sublimed the same way as the loose powder
but with a reduced material consumption and improved
control, as evidenced by a lower chamber pressure.
Furthermore, pressing pellets of a mixture of different powders
such as MAI and MACI makes it possible to evaporate multiple
materials at the same time and incorporate a small amount of
chloride into the perovskite film. This new approach is
successfully demonstrated to deposit thin films of the wide-
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bandgap perovskite MAPb(I,_Br,); (hereafter referred to as
MAPIBr for simplicity) with different concentrations of
chloride, as determined by the MACI proportion in the pellet.
We show that chloride is effectively incorporated in the
perovskite lattice, where it enhances charge-transport proper-
ties and also increases the material’s bandgap. The modified
vacuum-deposited MAPIBr:Cl perovskite is used as the active
layer in a p-i-n solar cell, achieving a PCE of up to 17.9% for a
1.74 eV bandgap, outperforming the chloride-free counterpart
with respect to their radiative efficiency limit. Finally, by
reducing the bromide content to target a bandgap optimal for
perovskite/silicon tandem applications (i.e, in the range of
1.65—1.7 €V),**7** a PCE of 19.5% was achieved for a 1.66 eV
bandgap when combining chloride inclusion with perovskite
surface passivation.

We begin by comparing the deposition of MAPIBr
perovskite films using MAI powder or a MAI pellet. The
pellet is prepared by grinding the MAI powder using a mortar
and pestle and pressing the resulting fine powder in a 10 mm-
diameter die with a hydraulic press (more details can be found
in the Experimental method in the Supporting Information).
The MAI (in either powder or pellet form) is then placed
inside an alumina crucible and heated in a high-vacuum
chamber for sublimation. Simultaneously, the lead iodide

https://doi.org/10.1021/acsmaterialslett.5c01161
ACS Materials Lett. 2025, 7, 3692—3698


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01161/suppl_file/tz5c01161_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01161?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01161?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01161?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01161?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01161?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01161?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01161?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01161?fig=fig2&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.5c01161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

e) . . . ; ;
1.0F
4 MAPIBr (L, = 0.20 pm)
0.8 X *  MAPIBICly, (Ly = 0.47 um) -
0614 1
4\
04RO ) .
o i) *
02k w -
. <
ool -
o e T N
02+ T TTTTTmTTT 7
1 1 1 1 1 A]
0 5 10 15 20 25 30
A [pm]

Figure 3. SEM images of (a-b) MAPIBr and (c-d) MAPIBrCl,, samples; scale bar is 300 nm in all micrographs. The cross-sectional images,
taken on full devices, reveal the presence of small features in the MAPIBr perovskite film that disappear in the presence of MACL. e) SSPG
measurement of MAPIBr films with and without chloride in the organic pellet. Fitted curves are indicated by the dash-dotted lines. Results
indicate that the lateral diffusion length of the film doped with chloride is more than twice that of the reference sample.

(PbL,) and lead bromide (PbBr,) are cosublimed from a single
source as a Pb(I,_,Br,), mixture, as described previously.”

Figure la presents the MAI source temperature and
corresponding chamber pressure as functions of the perovskite
deposition time. Using the loose MAI powder, the pressure
inside the chamber increases by one order of magnitude above
that of the pellet during the initial heating stage. In addition, a
lower temperature is required to reach the desired deposition
rate when a powder is used. This is likely a consequence of the
higher surface area of the powder, allowing it to sublime more
easily. Additionally, MAI consumption is reduced by about 20
wt% when sublimed from the pellet, whereas it remains similar
for the Pb(I,_,Br,), source, as shown in Figure 1b.

As mentioned above, the inclusion of chloride has been
reported to be beneficial for the properties of multi-halide
perovskites. To explore its effect in a coevaporation process, we
incorporated MACI in controlled amounts in the MAI pellet
and sublimed it from a single source. We prepared 4 different
pellets with different MACI content (by mass, wt%), namely 0,
S, 15, and 20 wt%. Those pellets were used as source material
to sublime MAI:MACI alongside the Pb(I,_Br,), precursor
with a 1:7 PbBr,:Pbl, ratio, to form perovskites with different
amounts of chloride, referred to as MAPIBr, MAPIBrCl;,
MAPIBrCl;5, and MAPIBrCly,, respectively. Note that this
nomenclature does not reflect the actual composition of the
perovskite but rather refers to the precursors used to prepare it.
We initially characterize 500-nm-thick perovskite films
deposited on the hole transport material (HTL) used in our
devices, as detailed later in the text. As shown in Figure 2a, the
photoluminescence (PL) peak blue-shifts when the MACI
content in the pellet is increased, from 752 nm for MAPIBr to
717 nm for MAPIBrCly, This change indicates a bandgap
increase of the corresponding perovskite from 1.65 to 1.73 eV
and also suggests that chloride is incorporated into the crystal
lattice, as smaller halides typically increase the bandgap.30 The
X-ray diffraction (XRD) patterns depicted in Figure 2b are
compatible with a tetragonal perovskite phase and a coexisting
Pbl, phase, as evidenced by the peak at 20 12.6°.
Interestingly, the perovskite peaks shift to wider angles as
the MACI content increases (Figure 2c), indicating a reduction
of the lattice constant. This suggests that Cl, with an atomic
radius (181 pm) smaller than that of iodide (220 pm), is

3694

incorporated within the perovskite structure. The presence of
bromide might also help bridge the radii difference between
iodide and chloride and promote the chloride solubility inside
the crystal structure. The addition of chloride also seems to
improve the crystallinity of the film (higher signal-to-noise
ratio) as well as the conversion of Pbl,, although the trend is
not monotonic. In fact, the changes observed in the XRD
patterns could also be influenced by a difference in the film
orientation, as the intensity of the peaks (I) around 26 ~ 20°
and 25° decreases with increasing MACI content, and their
ratios to the most intense reflection at 260 = 14.2° change
substantially. Using pseudocubic indexing, the peak at 26 ~
14.2° corresponds to the (100) planes and those at ~20.0° and
~25.0° to the (110) and (111) planes, respectively. The
progressive decrease of 1(110) and I(111) relative to I(100)
with increasing MACI indicates a stronger (100) out-of-plane
texture in the films. The presence of ClI in the perovskite film
was confirmed by X-ray fluorescence (XRF) (Table S1).
However, a precise analysis of the Cl concentration is difficult
to perform quantitatively, as the main chloride peak (K,; =
2.623 eV) overlaps with a secondary peak of lead (M, = 2.658
V). The fact that chloride seems to be incorporated within the
perovskite crystal structure is in contrast with other reports,
where chloride assists the perovskite crystallization by affectin

the grain size but does not remain in the crystal structure.'”’

In our case, scanning electron microscopy (SEM) images in
Figure 3a—d suggest that the average domain size remains
unchanged upon the addition of chloride, although the
MAPIBrCl,, sample shows grains with sharper features. The
films are composed of relatively small grains, which is typical
for coevaporated perovskites, but the cross-sectional images
confirm that the layers are continuous and flat. Moreover,
small features visible in the MAPIBr film disappear in the
presence of MAC], indicating that chloride does impact the
growth and crystallization of the film.

It is worth noting that increasing the MACI content to above
15% does not lead to a further blue-shift of the PL peak nor a
change in the XRD peak position, which might indicate that
the chloride intake is a self-limiting process. A possible
explanation is that Cl incorporation into the MAPDbI; lattice is
limited by thermodynamic solubility: the ionic size mismatch
between I” and CI” makes higher substitution energetically
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Figure 4. a) Device stack employed in this work. b) EQE of MAPIBr PSCs without and with MACI in the MAI organic pellet. c)
Representative J—V curves (forward and reverse scan in solid and dashed line, respectively) of those same devices. d) Corresponding

statistics of PV parameters from reverse scan.

unfavorable, so that additional Cl is more likely to segregate or
form secondary phases rather than enter the perovskite lattice.
Similar solubility limits for Cl incorporation have been
suggested in earlier experimental and theoretical studies.””****

To evaluate the charge transport properties of the films, we
employed the steady-state photocarrier grating (SSPG)***
and the moving grating (MGT)***” techniques. Both
techniques were developed to study amorphous silicon, but
they have been also successfully applied to perovskite
semiconductors.”*™*' A brief explanation of the working
principle of each technique is given in the Supporting
Information. The main parameter extracted from SSPG is
the diffusion length (Ly) of the minority carriers, using the
expression by Ritter et al.”*** to fit the # parameter (which is
the ratio of photocurrents with and without grating
illumination) as a function of the grating period A.
Considering the absorption coeflicient at the wavelength of
the laser (here 633 nm) and the sample thickness, we adjusted
the laser intensity to achieve a generation rate of approximately
10*! cm™ 57!, equivalent to 1-sun conditions. We analyzed the
two extremes of our sample series, MAPIBr and MAPIBrCl,,
and good fits were obtained for both samples, as shown in
Figure 3e. Adding a minor amount of Cl to the perovskite
results in a significant increase in the diffusion length, from 200
to 470 nm, implying better bulk transport properties. While
these diffusion lengths are lower than values typically reported
for perovskites, we note that the SSPG technique gives the
lateral (in-plane) diffusion length, whereas in the case of solar
cells, the diffusion length of interest is in the perpendicular
direction (out-of-plane). This general discrepancy between low
lateral diffusion lengths and efficient carrier collection in PSCs
was recently rationalized in a study from Cho et al.**

Additionally, as shown in Figure S2, MGT measurements
show that chloride incorporation not only enhances the
transport properties but also changes the semiconductor
character from p- to n-type. Although the microscopic origin
for this change is not yet fully understood, one possible
explanation is a modification of the defect distribution, shifting
the Fermi level closer to the conduction band. In a p-i-n
configuration, this change is relevant because in an n-type
absorber, the minority carriers (holes) are generated closer to
the hole transport layer at the front interface, which can
facilitate their extraction.

The MAPIBr films with and without Cl were used to
fabricate fully evaporated p-i-n PSCs with the following stack,
represented in Figure 4a: antireflective coating (ARC)/Glass/
ITO/CS90112/TaTm/perovskite/Cqy/BCP/Ag, where
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CS90112 is 2,2',2"-(cyclopropane-1,2,3-triylidene)tris(2-
(cyanotetrafluorophenyl)acetonitrile), TaTm is
N4,N4,N4" ,N4"-tetra([1,1'-biphenyl]-4-y1)-[1,1":4’,1" -ter-
phenyl]-4,4”-diamine), and BCP is bathocuproine (further
details about device fabrication can be found in the
Experimental method in the Supporting Information). The
perovskites, namely, MAPIBr and MAPIBrCl,,, were employed
in this device stack to evaluate the effect of chloride on the
device performance. EQE spectra and J—V curves obtained
under simulated AM1.5G light spectrum are depicted in Figure
4b and c, respectively, with the corresponding statistics in
Figure 4d. As expected from the blue-shifted PL signal shown
in Figure 2a, the effective bandgap derived from the EQE
increases from 1.65 to 1.74 eV (see Figure S3 for derivation),
in good agreement with the PL peak position. Consequently,
the V. increases from 1.13 to 1.17 V with higher chloride
content and for the same reason, the J,. decreases from 19.8 to
18.3 mA/cm’. Interesting is the increase in fill factor (FF) from
78.8 to 81.0% with increasing Cl composition, which is
attributed to the higher diffusion length observed from the
SSPG analysis (Figure 3e). The n-type character revealed by
MGT (Figure S2) may also contribute to the increase in the fill
factor. In p-i-n solar cells, if the absorber is n-type, the
photogenerated holes are efficiently extracted at the front
interface while electrons, as majority carriers, are collected at
the rear, leading to improved charge collection and higher FF.
While the PCE value of the MAPIBrCl,, devices is on average
slightly lower than the chloride-free MAPIBr reference (i.e.,
17.4 instead of 17.7%), the former perovskite presents better
performances when compared to its radiative limit (i.e., the
maximum theoretical J—V values for a given bandgap*’). As
shown in Figure S4, this improvement is due to a better J,. and
FF with respect to the detailed balance values for a 1.74 eV
absorber, reaching 60% of the maximum potential PCE and
exceeding that of the chloride-free PSCs. On the downside, the
relative percentage of the V. limit becomes slightly lower,
possibly as a consequence of the larger bandgap which tends to
show greater V,_ losses."

The incorporation of chloride in the perovskite resulted in a
bandgap which is too large for application in efficient
perovskite-silicon tandem devices, where an optimal value of
approximately 1.65—1.68 eV is required.26_28 Hence, we
reduced the bromide content from a PbBr,:Pbl, ratio of 1:7
(i-e, 12.5 wt%) to 1:9 (i.e., 10 wt%), while keeping the MACI
at 20 wt% in the pellet. This resulted in a new bandgap of 1.66
eV (derived from EQE in Figure SSb), within the targeted
range, and averaged PCE of 18.3% (1.14 V V,,, 20.18 mA/cm*

oc)
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Figure 5. a) Representative J—V curves (forward and reverse scan in solid and dashed lines, respectively) of MAPIBrCl,, devices containing a
lower amount of bromide, with and without EDAI, passivation. b) Device statistics (from reverse scan).

Jsw and 79.5% FF), as shown in Figure Sa and b. Furthermore,
an additional passivation step was introduced by thermally
evaporating 1 nm of ethylenediammonium diiodide (EDAL)
on top of the perovskite surface. This thin layer reduced
drastically the nonradiative recombination induced by the
deposition of the subsequent Cg, layer, as seen from the PL
intensity shown in Figure S5¢, and led to a V. gain of 40 mV
and a 1.5% (absolute) increase in FF. This surface passivation
effect is in line with other reports in the literature where the
same or similar molecules were used for the same
purpose.*™* Overall, devices of 19.3% PCE on average
could be achieved (1.18 V V,, 20.20 mA/cm? J,,, and 81.0%
FF) with a champion device of 19.5%. Preliminary thermal
stability tests (85 °C in the dark) are shown in Figure S6. The
V,. remained constant and the J,. decreased by less than 5%,
while the main performance loss was due to a reduction in fill
factor (Figure S6c), suggesting that degradation is more related
to transport layers or interfaces than to the perovskite film
itself.

In conclusion, we propose a novel approach to sublime
organic materials by pressing them into a pellet, leading to
better control over the evaporation process and reduced
material consumption. In addition, other organic compounds
can also be introduced in the pellet in varying amounts, adding
novel components to the perovskite without complicating the
deposition process. Notably, MACI was used in conjunction
with MAI to obtain the triple-halide MAPIBrCl perovskite with
enhanced charge-carrier transport properties, leading to an FF
improvement in PSC devices and to 60% of the theoretical
maximum efficiency for that bandgap. Lastly, by reducing the
bromide content and passivating the perovskite surface with a
thin EDAI, layer, fully vacuum-processed devices with a
bandgap of 1.66 eV and PCE of up to 19.5% were obtained.
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