<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

Kliner, V., Soto-Montero, T., Nespoli, J., Savenije, T. J., Ledinsky, M., & Morales-Masis, M. (2025). Pulsed Laser
Deposition of Halide Perovskites with over 10-Fold Enhanced Deposition Rates. Journal of Physical Chemistry Letters,
16(6), 1453-1460. https://doi.org/10.1021/acs.jpclett.5c00047

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1021/acs.jpclett.5c00047

Downloaded viaTU DELFT on February 14, 2025 at 10:44:21 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY This article is licensed under CC-BY 4.0 @ ®

pubs.acs.org/JPCL

Pulsed Laser Deposition of Halide Perovskites with over 10-Fold
Enhanced Deposition Rates

Vojta Kliner,* Tatiana Soto-Montero, Jasmeen Nespoli, Tom J. Savenije, Martin Ledinsky,
and Monica Morales-Masis*

Cite This: J. Phys. Chem. Lett. 2025, 16, 1453—-1460 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information
ABSTRACT: The potential of the vapor-phase deposition of metal halide perovskites . Thickness
(MHPs) for solar cells remains largely untapped, particularly in achieving rapid deposition ?,

rates. In this study, we employ in situ photoluminescence (PL) to monitor the growth £
dynamics of MHPs deposited via pulsed laser deposition (PLD), with rates ranging from 6 to z T

80 nm/min. Remarkably, the PL intensity evolution remains consistent across both low- and
high-deposition rates, indicating that increased deposition rates do not significantly alter the
fundamental mechanisms driving MHP formation via PLD. However, microstructural analysis

and time-resolved microwave conductivity (TRMC) measurements reveal that increasing ™\
deposition rates lead to randomly oriented films on contact layers and reduced charge mobility \
compared with films grown at lower deposition rates. These findings emphasize the critical -
role of controlling initial nucleation and the value of in situ PL monitoring in optimizing the
vapor-phase deposition of MHPs for enhanced photovoltaic performance at high deposition
rates.

In the realm of renewable energy, the quest for efficient, powder precursor mixture compacted into a target.'””"* Both
cost-effective solar cell technologies has led to significant PLD and the target fabrication are dry methods, meaning that
interest in metal halide perovskites (MHPs)."” These materials the use of toxic solvents is avoided.'* Additionally, PLD allows
possess high absorption coeflicients, tunable direct bandgaps, for precise control over film thickness and deposition rates via
and long carrier diffusion len%ths, resulting in high power varying the amount of laser pulses, laser energy, and laser pulse
conversion efficiencies (PCEs).” The advancement of MHPs frequency, respectively.

has primarily relied on solution-based methodologies, while Here, we demonstrate that increasing the laser pulse
physical vapor deposition (PVD) techniques have been less frequency from the previously optimized 4 Hz (6 nm/min)
explored (with the exception of coevaporation). Nonetheless, to 40 Hz (80 nm/min) results in a 13-fold increase in the
PVD techniques are attractive to both the industrial and deposition rate for MA,_FA,Pbl; thin films. To further
academic sectors, as these techniques could play an important understand the growth of PLD-deposited perovskite films at
role in the commercialization of MHPs in photovoltaics.*” various deposition rates, we integrated an in situ photo-
Moreover, PVD techniques offer advantages such as conformal luminescence (PL) monitoring tool into the PLD chamber.
growth and precise control over film uniformity and thickness, These measurements offer valuable insights into defect
critical factors for upscaling and incorporating thin films in formation processes, allowing us to directly compare the
heterostructures such as tandem solar cells. Despite these properties of MHP film growth at rates up to 13 times faster
advantages, one of the main challenges facing vacuum than our standard process. Additionally, we complemented our

deposition  techniques is the typically low deposition rates, findings with microstructural analysis and time-resolved
which need to be significantly increased to ensure high microwave conductivity (TRMC) measurements. '3

throughput in order to make these methods competitive for In Situ PL Monitoring during PLD of MHPs. We
industrial use.* The accessibility of wafer-scale pulsed laser showcase a comprehensive analysis of the PL intensity

deposition (PLD) systems brings 121_‘? one step closer to evolution during the deposition of MHPs on ITO/2PACz
scalability and improved throughput.

PLD is a versatile thin film fabrication technique that
employs laser energy to eject material from a single solid target
in the form of a plasma plume that transfers the material onto a
substrate where nucleation and growth processes occur.”
PLD’s primary strength lies in its capability to deposit complex
chemical compositions, such as hybrid MHPs, from a single
source. The latter typically consists of a customized ball-milled
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Figure 1. In situ PL evolution and complementary ex situ data of MA,_,FA Pbl; samples grown on ITO/2PACz at a deposition rate of 6 nm/min.
(a) Ex situ XRD patterns as a function of estimated thicknesses; the dashed lines in gray, yellow, and brown represent the Pbl, (100), FAPbI,
(100), and MAPbI; (100) diffraction peaks, respectively. (b) PL peak position evolution during in situ measurements with scattered ex situ data
points measured after deposition in ambient conditions for comparison. (c) PL signal evolution as a function of thickness with scattered normalized
ex situ data points measured after deposition in ambient conditions. (d) Ex situ PL signal as a function of energy for thin films with varying

thicknesses.

(2PACz: (2-[9H-carbazol-9-yl]ethyl) phosphonic acid) using
PLD, initially at our optimized deposition rate of 6 nm/min.
As a reference, we employed a well-established
MA,_,FA,_Pbl; recipe developed by our research team.'>'
Reference thin films of MAssFA;4sPbl; were grown from a
single source target (MAL:FAIL:Pbl,, 6:2:1; molar ratio) at a
deposition rate of 6 nm/min and using a laser pulse frequency
of 4 Hz. The evolution of the PL spectra was monitored during
the entire deposition process by tracking the PL peak position
and maximum intensity, as displayed in Figure 1b,c.

We observed a steep increase in the intensity of the PL
signal during the initial stage of PLD, corresponding to the
formation of MHP grain nuclei. The PL intensity reached an
absolute maximum at 150 pulses (~3.5 nm). Immediately after
this point, a significant decrease in the PL intensity was
recorded, which is attributed to the coalescence of grains and
the formation of defective grain boundaries. This behavior is
consistent with recent observations by Held et al. during the in
sitt PL monitoring of coevaporated MAPDI; films at a
deposition rate of 1.4 nm/min.'® The authors demonstrated
that perovskite formation in the initial nucleation stage is
almost defect-free, accompanied by high PL yields. However,
once the perovskite grains begin to coalesce, it leads to
compressive stress, forming defective grain boundaries and
thus causing a significant PL quenching.lé’17

The reduction in PL intensity is correlated with the
formation of nonradiative recombination centers at these
defective sites. Consequently, the PL signal remains almost
constant, with a very slow decline and minor fluctuations until
the end of the deposition. The oscillations in the PL signal/
peak in the late stage of the deposition (>150 nm) are likely a
consequence of the varying optical cavity effects.'” For the
completed 400 nm thick MHP film, the PL intensity is
typically about 10% of its maximum value for all samples, as
shown in Figure 1d. This low PL intensity signal on thick films
indicates the presence of nonradiative centers, which directly
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contribute to a decrease in quasi-Fermi level splitting, therefore
leading to open circuit voltage losses at the solar cell device
level, as observed in Figure S1 for the as-deposited thin films in
a pin architecture.'’

Moreover, the position of the PL peak during this initial
stage of growth is markedly shifted to higher energies by 0.15
eV in comparison to that of the bulk (see Figure 1b,d). A
compelling explanation for this phenomenon, supported by
previous research, is the quantum confinement effects due to
the formation of perovskite nanocrystals in the early stages of
deposition.'”*°~** When these nanocrystals are excited by an
external source, they emit radiation characterized by specific
wavelengths that are intrinsically dependent on the nanocryst-
al’s size.'®*¥*?° Note that, during the initial stages of
perovskite growth, accurately determining the thickness of
the layer is challenging due to its nonhomogeneous nature.
However, the thickness estimation presented here relied on the
assumption of proportionality between the number of UV laser
pulses and the thickness of the perovskite layer forming during
PLD; see Figure S2. The specified thickness value at the
beginning of the deposition is, therefore, only indicative.

To support these in situ measurements, we prepared a series
of samples with approximate thicknesses of 2.4, 3.6, 12, 24,
120, and 190 nm to explore noteworthy regions using ex situ
X-ray diffraction (XRD) and PL measurements in ambient
conditions (22 °C, 30—40 RH); see Figure la and gray hollow
points in panels b and c. The ex situ PL data (gray hollow
points in Figure 1b) highlight the importance of in situ
measurements as the peak position does not precisely align
with the in situ PL data, particularly at the beginning of the
deposition. At this stage, the PL peak position observed in ex
situ measurements is significantly shifted to lower energies
(bulk value). This shift could be caused by the dynamic nature
of the PLD deposition process; removing the sample from the
chamber may allow it to relax, potentially leading to surface
rearrangements. Additionally, exposing the ultrathin film,
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Figure 2. Structural, optical, and morphological comparison of MA,_,FA Pbl; thin films grown on glass/ITO/2PACz substrates employing slow
and accelerated deposition rates. (a) Ex situ XRD analysis of thin films deposited using different pulse laser frequencies in scanning mode; to
enhance readability, the curves were artificially shifted along the y-axis. In situ PL evolution of (b) PL peak position and (c) PL signal for various
deposition rates as a function of thickness. SEM cross-section image (d), absorber layer grown at 6 nm/min (left) in the ITO/2PACz/PVK stack
and at 80 nm/min (right) in the ITO/2PACz/PVK/C60/BCP stack.

composed of perovskite nanocrystals, to ambient conditions
may also induce changes in the film’s properties. However, we
do not attribute this shift to the act of breaking the vacuum
itself. To test this, we measured the PL transition from the
deposition pressure (0.02 mbar) to high vacuum (1-1077
mbar) and observed no shift in the PL peak position. Figure
1a shows the evolution of the PbI, (100) and perovskite (100)
diffraction planes as the material grows along these preferential
orientations. Notably, the first few nanometers (up to
approximately 10 nm) of growth are Pbl,-rich. This behavior
has been observed previously for PLD and other vapor
deposition methods, where the inorganic Pbl, tends to stick
preferentially on the contact layer during the initial phase of
deposition followed by reactions and interdiffusion with the
organic components, ultimately leading to the formation of the
MHP film,"**77*

In addition, our data show the nontrivial nature of the Pbl,
content in later deposition phases, suggesting an interplay
between reactions and diffusion of the deposited and arriving
material. While it may initially seem that only Pbl, is present
during the early stages of growth, the strong PL signal suggests
that perovskite has to also be present, as shown in Figure S3.
This discrepancy is likely due to the limited signal-to-noise
ratio of the XRD system used, which may not be sensitive
enough to detect the perovskite phase at this stage. The PL
signal of Pbl, can not be observed in the current experimental
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setup since the PL excitation energy (532 nm or 2.33 eV) is
below the one of Pbl, (2.40 eV).

In Situ PL Monitoring at Increased Deposition Rates.
One of the most frequently mentioned requirements for the
successful implementation of PVD methods for MHPs is the
need to increase the deposition rate to meet industrial
demands and achieve high throughput.’’ To address this, we
investigated the differences in optoelectronic and structural
properties at various deposition rates by increasing the UV
pulsed laser frequency from 4 Hz (6 nm/min) to 40 Hz (80
nm/min). This enhancement reduced the deposition time by a
factor of 13, allowing a uniform coating of a 2.5 X 2.5 cm? area
for a 400 nm thick film in just S min (instead of 75 min); see
Figure S4.

Figure 2b,c shows the evolution of the PL peak position and
the PL signal at various deposition rates. Our observations
indicate that higher deposition rates do not significantly affect
the evolution of the PL signal. From this, we can conclude that
the fundamental growth mechanisms of perovskite formation
in the vapor phase during PLD remain unaffected despite
variations in deposition rate. However, the overall absolute PL
signal shows a slight decrease at higher deposition rates,
suggesting an increased formation of defect states under these
conditions. This is reflected in the lower photovoltaic
performance of the cells at high deposition rates compared
to that of the reference cells grown at low deposition rates

(Figure S1).

https://doi.org/10.1021/acs.jpclett.5c00047
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Figure 3. (a) In situ photoluminescence (PL) analysis during the PLD growth of MA,_,FA Pbl; and MA,_,FA Pbl,/ Cl, at 80 nm/min deposition
rate. Photoconductance traces for PLD grown MA;_,FA Pbl; and MA,_.FA Pbl,/Cl, films with 6 nm/min (b) and 80 nm/min (c) deposition

rates.

The structural analysis of MA; ,FA Pbl; films grown on
ITO/2PACz using the scanning mode at deposition rates of 6
nm/min (400 nm), 27 nm/min (380 nm), and 80 nm/min
(330 nm) is presented in Figure 2a. Note that the difference in
thickness is due to the challenges imposed when employing
PLD in the scanning mode, which will require a hardware
modification for future experiments; see Figure SS. The film
deposited at 6 nm/min shows distinct perovskite diffraction
peaks at 20 = 14.2° and 28.5°, corresponding to the cubic
MA,_.FA Pbl, (100) and (200) planes, indicating a strong
preferential orientation along these planes. In contrast, the film
grown at an 80 nm/min rate exhibits nearly anisotropic growth
along all feasible diffraction planes. Similar XRD results were
recently reported by Piot et al. during the fast growth of
MAPbIL, via coevaporation.”” Additionally, the overall degree
of crystallinity is lower for films grown at rapid deposition rates
than for those grown at lower deposition rates. Furthermore,
the suppression of the small Pbl, peak in the XRD pattern for
films grown at rapid deposition rates’”’* suggests that the
growth is more organic-rich at faster rates; the effect of
modifying the target composition is presented in Figure S6.
Thus, fine-tuning the target composition is most likely required
when thin films are grown at rapid rates. Moreover, when
comparing the medium deposition rate of 27 nm/min with the
rapid 80 nm/min rate, we observed minimal differences in the
XRD pattern. Given the complex relationship between crystal
orientation and solar cell performance, understanding the full
impact on overall performance remains challenging and
requires a further dedicated study.””*°

Figure 2d displays the scanning electron microscopy (SEM)
cross-section image revealing a columnar grain growth
structure for films deposited at both low and high deposition
rates, which is advantageous for vertical charge transport on
finalized solar cells. Larger grain sizes are still preferable, as
fewer recombination centers at grain boundaries help facilitate
more efficient charge extraction.”” AFM images in Figure S7a,b
show similar surface morphologies for both films grown at slow
and rapid deposition rates, with a root-mean-square roughness
of rpgm = 21 nm measured over a S X S5 ym area. A more
detailed analysis reveals that the AFM image for a slower
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deposition rate (Figure S7a) shows approximately 24grains/
um? with an average grain size of about 110 nm. In contrast,
the AFM image for a faster deposition rate (Figure S7b)
contains approximately 43grains/um? with highly inconsistent
grain sizes ranging from 40 to 250 nm. This variation may
result in local inhomogeneities that affect the electrical
properties and, generally, a less compact thin film, which is
undesirable for PSCs.**

In Situ PL Monitoring of MA,_FA,Pbl; with and
without PbCl, at High Deposition Rates and Electronic
Characterization. Leveraging the in situ PL capabilities, we
conducted further in situ PL measurements during the PLD
growth of MA,_ FA Pbl; on glass/ITO/2PACz substrates with
a modified composition by partially substituting Pbl, with 20
mol % of PbCl, in the target mixture.”””” Previously, we
observed improvements in morphology, crystallinity, and
performance with this substitution, specifically in the fill factor
(FF) of solar cells, leading to a 1% gain in power conversion
efficiency despite the no detectable presence of PbCl, in the
final composition.”” The addition of chloride-based additives
has been widely reported to slow down the crystallization
dynamics, act as a bulk defect passivation strategy, enhance
charge carrier lifetimes, and improve the overall performance
of perovskite solar cells (PSCs).””**~*' As summarized in
Figure 3a, the PL evolution remained virtually unchanged for
both composition variants and deposition rates, indicating a
broadly applicable growth mechanism of perovskite film
formation via PLD. Yet, a slight delay in the PL decay/
coalescence of the individual grains indicates a reduced
nucleation density when PbCl, is added to the target mixture.
This results in lower overall defect densities in the films and
therefore in a higher final PL signal value as compared to the
film without PbCl,.

Additionally, the XRD patterns in Figure S8a show that the
addition of PbCl, not only preserves the preferential
orientation growth along the [001] direction but also enhances
the overall crystallinity of the films even at higher deposition
rates. This is also visible in the SEM top-view images in Figures
S8b—e. In detail, the SEM images show that the
MA,_FA,Pbl;/Cl, film deposited at a high rate presents

https://doi.org/10.1021/acs.jpclett.5c00047
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grains with textured surfaces and more defined boundaries
compared to the corresponding SEM image without PbCl,.
These findings confirm the benefits of incorporating PbCl, to
enhance the crystallization process and diminish the non-
radiative defect density.

Time-resolved microwave conductivity (TMRC) measure-
ments were performed to study charge carrier dynamics of
chloride and nonchloride passivated PLD grown films,
respectively, MA,_,FA,Pbl;/Cl, and MA,_,FA,Pbl;, at differ-
ent deposition rates. Note that samples employed for this
experiment were deposited on fused silica, and changes in the
crystallization dynamics due to the different surface polarity
between 2PACz and fused silica are expected; see Figure S8.
The corresponding TRMC signals are shown in Figure 3b,c.
Generally, the initial increase in the signal originates from the
generation of free charge carriers by a short laser pulse. The
decay of the signal is attributed to the immobilization of excess
charge carriers via trapping or the recombination of electrons
and holes. Thus, a less pronounced decay is related to fewer
recombination processes.

In detail, the maximum TRMC signal is related to the
product between the charge carrier photoconversion yield and
mobility sum. The maximum TRMC signal corresponds to the
mobility sum when considering the photoconversion yield
equal to 1 for these perovskites at room temperature.
Therefore, the mobility sum is ~3 cm®* V™' 57! for a low
deposition rate and ~1 cm®* V™' 57! for a high deposition rate,
which are comparable to values reported previously for
perovskite thin films deposited by vacuum-based techniques.*”
The relatively low TRMC values are related to the small grains
limiting the mobility, thus the potential device fill factor.”
Figure 3c displays the noticeably reduced TRMC signals for
the case of accelerated deposition rates, likely as a result of
increased defect densities due to poorer structural properties
(crystallinity, density). Nevertheless, we observed a small
(~20%) but reproducible increase in the maximum TRMC
signal upon addition of PbCl,, independent of the deposition
rate. Moreover, as shown for the intensity-normalized TRMC
traces recorded at different intensities in Figure S9, a more
pronounced second-order recombination is visible upon PbCl,
addition. Indeed, when the dynamics is dominated by second-
order recombination, the TRMC signal becomes lower with
increasing laser intensity due to the corresponding increasing
concentration of photogenerated carriers band—band recombi-
nation. We attribute the rise in the TRMC signal and the
enhanced second-order behavior to the passivation of crystal
defects, as previously discussed.””** These findings further
confirm the positive impact of PbCl, addition, even at high
deposition rates, now verified by charge carrier dynamics
measurements.

In summary, we employed PLD as a PVD technique for the
growth of MHPs at elevated deposition rates ranging from 6 to
80 nm/min. The latter was realized by changing the laser pulse
frequency from 4 to 40 Hz. By in situ monitoring the growth
evolution of MA,_,FA,Pbl,/Cl, films during PLD, we found
that the fundamental growth mechanisms remain consistent
across this range of deposition rates. However, the crystallinity,
photovoltaic performance, and mobility of the rapidly
deposited thin films are lower than those of the reference
films deposited at the standard 4 Hz rate. Furthermore, the
incorporation of bulk passivation using PbCl, has shown
improvements in overall film quality. This study also highlights
the importance of in situ monitoring of perovskite growth and
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the exceptional versatility of PLD, which allows rapid
adjustment of deposition conditions, such as switching targets
or interrupting deposition within seconds. This advancement
offers an opportunity to achieve better control over crucial
solar cell parameters, such as open-circuit voltage, through
PLQY evaluations and fill factor by charge carrier mobility
measurements. This presents significant potential for exploring
novel photovoltaic materials and a variety of PVD passivation
techniques that still need to be unveiled.

B EXPERIMENTAL METHODS

Target Preparation. All the chemicals were purchased in
powder form and used without further purification: methyl-
ammonium iodide (MAI, >99.99% greatcell solar), formami-
dinium iodide (FAI, >99.99% greatcell solar), lead iodide
(Pbl,, 99.999% Sigma-Aldrich), and lead chloride (PbCl,,
ultradry, 99.999%, Alfa Aesar). Powders were mixed inside a
N, glovebox in nonstoichiometric ratios as previously
optimized, 1:8 ino%anic:organic precursor ratio and MAI:FAI
75:25 molar ratio.'>'>*7 Subsequently, the precursors were
ball-milled and pressed using 470 MPa to form a ~2.5 mm
thick disc of 20 mm diameter.

Pulsed Laser Deposition (PLD). Samples were grown in a
customized (TSST Demcon) vacuum chamber (base pressure
~1 X 1077 mbar) in an Ar atmosphere (working pressure: 0.02
mbar). The material is ablated from a solid rotating target to
achieve uniform ablation by employing a Coherent KrF
excimer laser (4 = 248 nm). The laser fluence is then adjusted
to 0.31 J-cm™? for all depositions. The spot size is set by the
metal mask to 2.33 mm’. A target-to-substrate distance was
kept constant at 55 mm. To ensure homogeneous coverage,
the sample stage with substrates was scanned in a square
scanning pattern of 36 X 36 mm?® at varying speeds from 1.5 to
2 mm/s. The pulse laser frequency was varied in the range
from 4 to 40 Hz (~6 to 80 nm/min) to achieve rapid
deposition rates. The number of laser pulses was modified to
complete full scanning cycles for the experiments requiring
higher pulsed laser frequencies. The stationary mode was
employed during in situ PL measurements.

X-ray Diffraction (XRD). XRD patterns were measured
using PANalytical X'Pert PRO with a Cu X-ray source in an
ambient atmosphere at room temperature.

Photoluminescence Spectroscopy (PL). Ex situ PL
spectra were measured by using a custom-built setup. The 520
nm fiber-coupled laser diode module with adjustable current
(Matchbox series) was used as an excitation source.

In situ PL spectra were measured with a long-distance self-
built PL setup designed by using the Thorlabs cage system and
Thorlabs optical components. As an excitation source, a
focused 532 nm collimated laser-diode-pumped DPSS Laser
Module with a constant power of 4.5 mW (round beam) was
employed. The distance between the sample and the objective
lens was 301 mm. A fiber-coupled StellarNet BLUE-Wave
Miniature Spectrometer was used in both PL setups. A
thickness correction for the PL intensity has been applied as
shown in Figure S2.

Device Preparation. ITO glass substrates (20 X 15 mm,
Ossila) were cleaned in ultrasonic baths sequentially
containing a 2% v/v solution of Hellmanex III, acetone, 2-
propanol, and deionized water, each for 10 min, followed by a
1S min UV-Ozone treatment. Immediately after this, the
substrates were loaded into a N, glovebox to statically coat
self-assemble monolayers via spin-coating (100 uL, S000 rpm
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for 30 s, 2PACz, TCI America, 1 mg/mL in Ethanol, stirred
overnight). After this, the ITO/2PACz substrates were
annealed at 100 °C for 10 min, followed by a washing step
(2 % 100 pL of ethanol dynamically added (5000 rpm for 30
s)). The MHP absorber was deposited using PLD. After
deposition, the ITO/2PACz/PLD-Perovskite samples were
coated with 25 nm of Cy (99.5%, Ossila), 7 nm of BCP
(Lumtec), and 100 nm of Ag (99.99%, Kurt J. Lesker) via
thermal evaporation (NANOVAK evaporator). The contact
layer thickness was monitored with a quartz crystal micro-
balance (QCM).

Device Characterization. The J—V characteristics of the
devices were recorded using a solar simulator (SINUS-70
ADVANCED, Wavelabs) and an Ossila Source-Measure Unit
under AM1.5G spectrum illumination (ambient conditions
30—35% humidity) in both forward (Jsc — Voc) and reverse
(Voc — Jsc) directions with a scan rate of 0.11 V s™' and
illuminated masked area of 1 mm®. The intensity was calibrated
with a monocrystalline silicon WPV N-type broadband
reference solar cell to match the global standard AM 1.5 G
spectrum with an intensity of 100 mW cm ™.

Time-Resolved Microwave Conductivity (TRMC).
During TRMC measurements, an ultrafast Nd:YAG (4 = 650
nm) laser with pulses of the duration of 3.5 ns on average at a
repetition of 10 Hz is used to photogenerate charge carriers in
the perovskite layer. The light intensity of the excitation laser
pulse is tuned between 10° and 10'* photons cm ™2 by using an
array of neutral density filters. At the same time, microwaves
generated by a voltage-controlled oscillator with frequencies
between 8.2 and 12.2 GHz pass through the perovskite sample
located in a microwave cavity cell. The cavity enables highly
sensitive measurements by creating a standing wave at a
specific resonant microwave frequency whose maximum
electrical field overlaps with the sample. The reduction of
the microwave power as a function of the time elapsed after the
laser pulse AP(t) resulting from the interaction between
microwaves and the photogenerated free (mobile) carriers is
then recorded. The intensity-normalized reduction in micro-
wave power can be related to the time-dependent variation in
the conductance AG(t) of the perovskite thin film, which is
related to the integrated change in the electrical conductivity
Ao(t) over the full perovskite layer thickness. This scales with
the time-dependent concentrations of free electrons and holes
and their mobilities sum (X6 = 6, + 6;,). Hence, the maximum
TRMC signal, expressed by AG,,,, normalized by the intensity
of the laser I, the form factor f, and the elementary charge e
and corrected for the absorbed fraction of light F, at the
excitation wavelength, can be expressed by the product
between the charge carriers photoconversion yield ¢ and Xo.
If every absorbed photon generates a single electron—hole pair,
which commonly occurs in direct bandgap perovskites with
low exciton binding energy at room temperature, ¢ is equal to
1. Hence, the maximum TRMC signal enables one to estimate
Zo.
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