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While perovskite-based photovoltaics (PV) is progressing toward commercialization, it remains an open
question which fabrication technology — solution-based, vapor-based, or combinations — will pave the
way to faster economic breakthrough. The vast majority of research studies make use of solution-
processed perovskite thin films, which benefit from a rapid optimization feedback and inexpensive to
procure tools in modern research laboratories, but vapor phase deposition processes dominate today’s
established thin-film manufacturing. As research and development of vapor phase processed perovskite
thin films are still strongly underrepresented in literature, their full potential is yet to be identified. In this
collaborative perspective of academic influenced by industrial views, we convey a balanced viewpoint

Received 27th September 2023, on the prospects of vapor-based processing of perovskite PV at an industrial scale. Our perspective
Accepted 2nd January 2024 highlights the conceptual advantages of vapor phase deposition, discusses the most crucial
DOI: 10.1039/d3ee03273f process parameters in a technology assessment, contains an overview about relevant global industry

clusters, and provides an outlook on the commercialization perspectives of the perovskite technology
rsc.li/ees in general.

“ National Renewable Energy Laboratory (NREL), Golden, CO, USA. E-mail: tobias.abzieher@gmail.com, david.moore@nrel.gov
b Helmholtz Zentrum Berlin (HZB), Berlin, Germany

¢ BlueDot Photonics Inc, Seattle, WA, USA

4 Nanjing University, Nanjing, China

¢ Centre Suisse d’Electronique et de Microtechnique (CSEM), Neuchdtel, Switzerland

T Ecole Polytechnique Fédérale de Lausanne (EPFL), Institute of Electrical and Micro Engineering (IEM), Photovoltaics and Thin-Film Electronics Laboratory, Neuchdtel,
Switzerland

£ Swift Solar, San Carlos, CA, USA

" Korea Research Institute of Chemical Technology (KRICT), Daejeon, Republic of Korea

! Universitat de Valéncia, Valéncia, Spain

J Martin-Luther-University Halle-Wittenberg, Halle, Germany

¥ Universidad Pablo de Olavide (UPO), Seville, Spain

! Philipps-University Marburg, Marburg, Germany

™ Department of Chemical Engineering and Biotechnology, University of Cambridge, Cambridge, UK

" Department of Physics, University of Cambridge, Cambridge, UK

° Fraunhofer Institute for Solar Energy Systems, Freiburg, Germany

P University of Freiburg, INATECH, Freiburg, Germany

9 University of Colorado Boulder, Boulder, CO, USA

" MESA+ Institute for Nanotechnology, University of Twente, Enschede, The Netherlands

* Department of Physics, King’s College London, London, UK

‘ Nanyang Technological University, Singapore, Singapore

“ Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany. E-mail: ulrich.paetzold@kit.edu

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ee03273f

This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci., 2024,17,1645-1663 | 1645


https://orcid.org/0000-0002-2733-0136
https://orcid.org/0000-0003-3538-7586
https://orcid.org/0000-0002-5916-8540
https://orcid.org/0000-0001-9962-9535
https://orcid.org/0000-0003-0821-476X
https://orcid.org/0000-0002-8846-2263
https://orcid.org/0000-0001-9784-6253
https://orcid.org/0000-0002-9244-915X
https://orcid.org/0000-0003-3256-1366
https://orcid.org/0000-0002-8303-7292
https://orcid.org/0000-0001-9609-9030
https://orcid.org/0000-0003-0390-6839
https://orcid.org/0000-0001-5132-1232
https://orcid.org/0000-0002-6963-1682
https://orcid.org/0000-0002-1557-8361
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ee03273f&domain=pdf&date_stamp=2024-02-12
https://doi.org/10.1039/d3ee03273f
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03273f
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE017005

Open Access Article. Published on 23 2024. Downloaded on 05/11/25 17:40:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

Broader context

View Article Online

Energy & Environmental Science

Worldwide, perovskite PV is progressing rapidly toward commercialization, with the first solar module manufacturers expected to enter the market by 2024/
2025. Despite this rapid progress, it is yet unknown which fabrication technology - solution-based, vapour-based, or combinations - will eventually pave the

way toward the economic breakthrough at the terawatts scale. Although vapor phase deposition processes dominate today’s established thin-film
manufacturing, this processing route is heavily underrepresented in the majority of research studies on perovskite photovoltaics that employ solution-

processed perovskite thin films. For this reason, the authors of this perspective feel urged to reach out to the community with our perspective on vapour phase

deposition of perovskite PV.

Introduction

Photovoltaics (PV) is one of the cornerstones for a resilient and
sustainable energy supply in the 21° century and at the same
time an integral element of the solution for the most pressing
challenge of mankind: global climate change. At this juncture,
photovoltaic energy conversion vastly relies on mono-crystalline
silicon-based PV. While ongoing technological improvements of
silicon-based PV will steadily decrease their costs, significant leaps
ahead in cost reduction and performance are unlikely as the
technology approaches its practical as well as theoretical limit in
power conversion efficiency (PCE). Among the various candidates
for next-generation PV technologies, organic-inorganic hybrid
perovskite thin-film PV have positioned themselves a front runner
in less than 15 years of development, achieving PCEs of 26%
for single-junction solar cells and PCEs approaching 34% for
multi-junction solar cells, already outpacing well established and
longer researched PV technologies including organic photovol-
taics (OPV, PCE up to 19.2%), cadmium telluride (CdTe, PCE up to
22.3%), copper indium gallium diselenide (CIGS, PCE up to
23.6%), and even multi-crystalline silicon solar cells (PCE up to
23.3%)." This tremendous improvement within an unprecedented
short development period is based on excellent optoelectronic
material properties - including high absorption coefficients,” high
initial defect tolerance,® high charge carrier mobility and long
lifetimes, "™ as well as tunability of its bandgap.” Moreover, on a
laboratory scale significant advances are demonstrated with
regard to the weak spots of perovskite-based PV, such as the yet
unproven durability of perovskite semiconductors thin films
under operational conditions as well as understanding how to
safely manufacture and deploy their potentially hazardous mate-
rials (mostly related to the use of lead and commonly employed
solvents).* ™" To date, perovskite-based PV seems at the edge of
commercialization, as evidenced by the considerable number of
start-up companies as well as the wide interest in the technology
from established PV manufacturers, equipment suppliers, and
materials companies (see Discussion below). Nevertheless, it
remains an open question if the technology will also be successful
in the highly competitive PV mass market and which fabrication
technology - solution-based, vapor-based, or combinations — will
pave the way to faster economic breakthrough for the various
perovskite-based PV technologies, e.g., perovskite-based single-
and multi-junction PV, or light-weight and flexible perovskite PV.

High-quality perovskite semiconductors are commonly pro-
cessed via two distinct routes: solution-based or vapor-based

1646 | Energy Environ. Sci., 2024, 17, 1645-1663

approaches. Solution-based approaches apply inks that contain
the precursor materials and suitable solvent systems that
are spin-coated,"*** blade-coated,”>*” slot-die-coated,'52°
spray-coated,’>* or inkjet-printed on a substrate.>*® In con-
trast, vapor-based processing employs dry and solvent-free meth-
ods that transfer the precursor materials into their vapor state by
evaporating or subliming them under vacuum conditions, fol-
lowing a condensation of the vapor on a substrate and the
formation of a highly uniform perovskite thin film. Both deposi-
tion routes can also be combined in different ways, e.g., in two-
step fabrication processes.”’*° Further information about the
concept of vapor phase deposition of hybrid perovskite semi-
conductors, including a recapitulation of its known challenges
and current research status is found in Box 1.

Despite the dominance of vapor phase deposition processes
in the manufacturing of other commercial thin-film PV tech-
nologies and optoelectronic applications in general, research
on vapor phase processed hybrid perovskite semiconductors —
although an internationally prevalent research topic (see Fig. S1
in the ESIT) - remains heavily underrepresented compared to the
solution-based counterparts. In 2021, only one research article
was published on vapor-based deposition approaches for each
200 research articles on solution-based methods according to
the Perovskite Database Project.*! Solution-based approaches
still dominate the advances of the field, given their facile and
fast process optimization as well as straight forward integration
in research laboratory environments. Moreover, research on
solution-based approaches is often driven by the vision of
realizing low-cost and high-throughput roll-to-roll fabrication,
similar to newspaper printing or by spraying functional layers on
desired surfaces inspired by a simple painting of a wall. While
the success of solution-based approaches for perovskite-based
PV on the laboratory scale is undeniable, its implementation
into industrial processes is complex.**** In that regard, solution-
based approaches have encountered crucial limitations in other
areas of opto-electronic device manufacturing before - especially
during the initial commercialization stage where a fast and
investment-efficient market entry is indispensable. A prominent
example is the fabrication of organic light-emitting diodes
(OLEDs) for the fabrication of consumer electronics. While
research of OLEDs on the laboratory scale was extensively driven
by solution-based approaches, commercialization of the technol-
ogy and the formation of a mass market were enabled by vapor-
processed devices.***® Moreover, thin-film PV markets (includ-
ing disappeared technologies) are also nearly exclusively

This journal is © The Royal Society of Chemistry 2024
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dominated by vapor-based fabrication techniques (e.g:, for tech-
nologies like CdTe (First Solar, Inc., closed-space sublimation),
CIGS (Solar Frontier, sputtering and selenization), or OPV
(Heliatek GmbH, thermal evaporation)). Reasons for the challen-
ging implementation of solution-based approaches into indus-
trial large-scale fabrication are mostly related to the complex
interaction between precursor materials, solvents, and proces-
sing environment, resulting in a broad pool of process para-
meters that need to be optimized, controlled, and monitored
during fabrication.** A high level of control of all these steps
becomes particularly important, and at the same time more
challenging, when transferring processes to the large areas
required for PV applications. In contrast, vapor-based approaches
rely on a low number of process parameters limited to the
deposition rates of the individual precursor materials, the exact
process conditions (e.g:, process pressure and system design), and
the substrate conditions (e.g, temperature and surface condi-
tions), enabling a process that is comparably simple to monitor,
control, and reproduce. The latter is not only a major asset in
high-throughput and large-area processing, but also explains the
great success of these techniques in developing a mass market for
previous technologies. In that regard, promising results for larger-
area vapor-processed perovskite solar modules have been reported
recently.®”°

Following these preliminary remarks, current developments
in research and commercialization of perovskite-based PV are
characterized by a surprising discrepancy: the strong focus on
solution-based deposition techniques significantly departing
from historically successful approaches for the commercializa-
tion of opto-electronic technologies. In the present perspective,
we convey a balanced viewpoint on this apparent discrepancy
and provide an outlook on the prospects of vapor-based proces-
sing of hybrid perovskite semiconductors on an industrial
scale. First, we present a techno-economic considerations of
vapor- and solution-based deposition techniques that allow for
the determination of strategic opportunities and challenges of
vapor-based approaches. Second, we present an overview about
essential steps required for a fast transition of vapor-based
approaches from laboratory to industry, together with a discus-
sion of how academia can assist to facilitate this transition.
Third, by involving and collecting the input of a worldwide
network of researchers with proven track records in the field of
vapor phase deposition of hybrid perovskite semiconductors,
unique and self-contained viewpoints on the topic are made
accessible. In addition, converse with early-stage companies in
the field of perovskite-based PV as well as companies with long-
established experience in the commercialization of opto-
electronic technologies has fed into our assessment and is
reflected in our discussion, facilitating novel insights into
current developments. Finally, to support our viewpoint on
the urgent need for strengthening the development of vapor-
based deposition techniques and a closer cooperation between
research and industry, we provide unique key insights into
today’s perovskite industry viewpoints on the perspective of
vapor-processed perovskite-based PV. The latter will stimulate
further discussions about the prospects of this technology, the

This journal is © The Royal Society of Chemistry 2024
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perspective of vapor-based approaches, and help answer the
pressing question whether industry will first commercialize via
vapor or solution processing, in order to enable high-quality
opto-electronic devices and their successful commercialization
into the mass market.

Key challenges of perovskite PV
commercialization: a basic technology
assessment

When evaluating the chances for economic success of perovskite
PV and associated production technologies, various parameters
need to be considered that go beyond the performance of solar
cells on the laboratory scale. In fact, for a successful entry into
the PV mass market, the overall costs (e.g., levelized costs of
electricity, LCOE, in US$ per kWh) that encompass all steps
from materials supply to decommissioning or recycling of a solar
module, need to be considered (cradle-to-grave approach). While
unique selling points can justify slightly higher overall costs
compared to established technologies when employed in niche
markets, on the long run, perovskite-based PV is expected to
have its main application in the mass market.>*® Thus,
perovskite-based PV need to outperform established PV technol-
ogies (ie., silicon and CdTe) with regard to LCOE that are
expected to achieve values of US$0.05 per kWh for residential
PV and US$0.03 per kWh for large-scale utility PV by 2030
(according to the goals set by policy makers such as the SunShot
2030 initiative of the U.S. Department of Energy)."’ When
comparing solution- and vapor-processed perovskite PV, the
overall LCOE are expected to be only slightly affected by the
life-cycle chains before and after the actual fabrication process
given their similar raw materials and device architectures. In
order to gain further insights into the perspectives of vapor-
processed perovskite PV, a basic techno-economic analysis (TEA)
for vapor-processed perovskite solar modules is performed and
compared to a TEA for solution-processed perovskite solar
modules recently published by the U.S. National Renewable
Energy Laboratory (NREL).*’ This will allow identifying the
principal differences between both approaches and highlight
necessary directions of research and development. Details,
assumptions, and limitations of the basic TEA methodology
are described in the ESL}

When assessing cost differences between solution- and
vapor-deposited devices, both the general production costs of
the absorber layer as well as the capital expenditures (CAPEX) of
the employed deposition equipment must be considered. NREL
recently published full TEA data for several PV technologies,
including perovskite single-junction solar modules,** which are
used here as the starting point for the following discussion and
serve to substantiate this perspective. This report breaks down
both the CAPEX and production costs for only the absorber
deposition (gate-to-gate approach) and the costs given below,
for both vapor and solution processing, are only inclusive of the
absorber layers. For solution-based absorbers processed in a
sheet-to-sheet production line with an annual production

Energy Environ. Sci., 2024,17,1645-1663 | 1647
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capacity of 2 GW and a target power conversion efficiency for
the solar modules of 16%, production costs of US$0.023 per
Watt and a CAPEX of US$0.30-0.33 per Watt of annual capacity
have been estimated, which are used as the benchmark for vapor
processing. In order to prevent distortion due to speculation, the
performance metric is chosen in line with the current certified
PCEs for perovskite solar modules <19%. Generally, if higher
PCEs are enabled via non-substantial changes in the absorber
chemistry, solvent systems, deposition methods, or choice of
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contact layers that do not change raw costs dramatically, then
the difference in costs that are discussed in the following will not
change either. In contrast, if the deposition process changes for
example as a result of more complex multi-layer deposition
approaches (e.g., by adding a two-dimensional capping layer)
adjustments will be required that are too speculative in their
exact impact to be implemented here. As in any TEA of non-
established technologies, there are several assumptions for
unknowns made in both the original report by NREL for solution

Box 1: Vapor phase deposition of halide perovskite semiconductors in a nutshell
Vapor phase deposition belongs to the most advanced and successful industrial fabrication techniques for opto-electronic thin films. It is not surprising that

these techniques also play a crucial role for the development of halide perovskite semiconductors and their application particularly in solar cells.'*"'*” In fact,
vapor phase deposition of halide perovskite thin films by multi- and single-source approaches were already employed by Era et al. and Mitzi et al., respectively,

in the late 1990s."**'?° Even though these studies did not identify the semiconducting characteristic of halide perovskite materials, they evaporated these layers
a decade before the demonstration of the first solar cell employing a halide perovskite material by Kojima et al. in 2006."*° Since these early attempts, the

concept of vapor phase deposition has not changed significantly and can be categorized into three approaches: (1) the deposition of pre-prepared powder or
films from a single source (single-source approach), (2) the simultaneous deposition of several individual precursor materials (co-deposition approach), and (3)
the sequential deposition of individual precursor materials (layer-by-layer approach). To date, co-deposition is by far the most researched approach as it enables
simple tuning of the thin-film composition with evaporation equipment commonly employed in research.

In vapor-based approaches, one or more precursor materials (e.g., one organic and one inorganic halide salt) are vaporized simultaneously or sequentially by
increasing their vapor pressure above the surrounding pressure inside a vacuum chamber kept under high-vacuum conditions (~ 10~ mbar range). While the

energy for transferring the precursor materials into their vapor state is in most cases supplied by radiation energy from electrically powered heating wires
wrapped around an IR-transparent crucible or by direct contact of the precursor materials with a high-temperature surface in special evaporation boats, other

energy sources including high-energy electron beams, laser radiation, or electric arcs are similarly suitable. Following the transfer of the vaporized molecules
through the vacuum chamber, condensation of the molecules on a cold (compared to the thermal energy of the molecules) substrate surface takes place that is

accompanied by the nucleation and crystallization of a high-purity thin film. The composition of the resulting thin film, which is tuned by the ratio of organic

and inorganic salts reaching the substrate, can be readily monitored by quartz crystal monitors (QCMs) in real time.

81131 The crystallization kinetics of vapor-

processed perovskite films differs fundamentally from solution-processed films and is subject to ongoing research and development.
Liu et al. demonstrated for the first time the suitability of the co-evaporation approach for the fabrication of perovskite solar cell absorbers in 2013 by simultaneously

depositing lead chloride (PbCl,) and methylammonium iodide (CH;NH;I) resulting in a first solar cell with a power conversion efficiency (PCE) of 15.4%."** In
addition, it was shown that next to complex mesoporous device architectures mostly employed in solution-processed solar cells, planar layer stack sequences are

similarly suitable for the fabrication of efficient perovskite-based solar cells, simplifying the fabrication process significantly. Having paved the way for the general
applicability of vapor-based deposition techniques, a fast rise in research activity on vapor-processed perovskite absorbers was observed that ultimately resulted in the

demonstration of solar cells with PCEs > 24%,*%*’

only slightly lower than for their solution-based counterparts with record PCEs of 26%." In addition, good long-

term stability for up to 3,600 h at 85 °C has been proven for unencapsulated perovskite solar cells employing co-deposited absorbers, which might be even higher than

for comparable solution-processed devices.'**

This progress is particularly remarkable considering the overall rather small community (with a share of perovskite

related publications of less than 1%) researching that field compared to the broad community investigating solution-based approaches.** Reasons for the fast

improvement in performance are related to (1) a better understanding of the chemical processes taking place during co-deposition of organic and inorganic

salts,2:00:65:81,94,97 @)

a better understanding of the growth mechanism during the co-deposition and the influence of substrate surface properties on it,

52,54,97,98 (3)as

well as the use of alternative absorber composition next to methylammonium lead iodide (CH;NH;Pbl;).°®7>134713¢ A particularity of the simultaneous co-deposition

approaches, already observed in early studies,”*>®

and vulnerability to decomposition.”®*%'3”

is the omnidirectional sublimation characteristic of the organic halide salts given their low enthalpy of evaporation
Depending on the design of the vacuum chamber, this particularity can complicate the monitoring of the individual

deposition rates and influences the composition of the deposited thin films. In response, some research groups employed cold surfaces inside the vacuum chamber

to adsorb the omnidirectional evaporation component®>*!3*

as well as monitoring approaches via multiple QCMs.

8194 In addition, alternative deposition

approaches are researched.*>**'*®!3° Important progress was made by gaining insights into the film formation mechanisms during co-deposition. For example, a

strong influence of the substrate material’s surface properties on the crystallographic and morphological properties of the resulting thin film was found,”**® insights

that enabled a better screening of suitable materials the absorber is deposited onto.”*
Of particular interest for an industrial application of vapor-processed perovskite solar cells are fully evaporated layer stack sequences, in which all functional
layers of the solar cell are prepared by vapor-based approaches. The concept was pioneered by Polander et al. in 2014, who achieved fully evaporated perovskite

solar cells with PCEs as high as 10.9%,"*°

and applied and refined in the meantime by others.

521417145 particularly, these concepts lower the complexity of the

fabrication process compared to mixed approaches also employing solution-based approaches and most importantly enable a simple upscaling of the
deposition process toward industrially relevant device areas. First promising prototype solar modules have been demonstrated,’*%'4>!4¢ exhibiting low
upscaling losses comparable to other much longer researched thin-film technologies.*® Finally, applying vapor-processed perovskite solar cells in tandem
applications - for example in combination with textured silicon bottom solar cells - open promising applications that can significantly enhance the

performance of established PV technologies.'*” As a result of the high conformity of vapor-deposited layers, high-quality film formation can be achieved even

on highly textured silicon bottom solar cells,®>*48715¢

which is usually tricky to access by solution-based approaches.

51 First fully textured perovskite-silicon

tandem solar cells employing vapor-processed deposition techniques for the deposition of the top perovskite solar cell have been demonstrated recently

achieving PCEs exceeding 30%.2%8:13%:152

Furthermore, solvent incompatibilities make vapor processing also a highly relevant deposition technique for

monolithic all-perovskite tandem solar cells.”>"*” Given the outstanding scientific progress achieved in shortest time as well as their beneficial properties,
vapor-processed perovskite solar cells are indeed considered to play an important role in the industrialization of the perovskite PV technology.

1648 | Energy Environ. Sci., 2024, 17, 1645-1663

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03273f

Open Access Article. Published on 23 2024. Downloaded on 05/11/25 17:40:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

I PERQ)i
nw 0 line

1 w  PEROling [~y
L3 w  PEROline
front U4 I
electrode . charge
"ansport Jaye, ‘;i’:\';kite
Orber

- b) cation A
* @ inorganic compound (e.g., Pbl) H .>’<r~ organic compound (e.g., CH3NH;l) _

rear electrode (metal) N

& ' “ -
N 'y Ié
PERQJ; =~ -y :
i ROline _ IJF:EROIine a

i

View Article Online

Perspective

cation B anion X

e.g., CH;NH;* e.g., Pbz eg. I

glass substrate

|PER0Iine

- I
Charge

ransport layer
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together with the general processes taking place during the co-evaporation of organic and inorganic compounds (see enlarged detail). (b) Sample layer stack

sequence for opaque perovskite solar cells.

processing and the present TEA for vapor processing. Specifi-
cally, the following discussion is based on very conservative
assumptions with regard to key factors such as production yield
(90% for both, solution and vapor processing), material usage
(same for both techniques), and post-treatment or annealing
(disregarded but critical for solution processing) that are more
likely to be favorable for solution processing in these calcula-
tions, thus, more likely to result in a rather conservative outcome
for the case of vapor processing. A detailed discussion about
these assumptions is found in the ESL¥

In terms of overall costs, the principal differences between
vapor and solution processing are the production costs, mostly
affected by throughput (accurately expressed in industrial
deposition equipment by the dynamic deposition rate in
nm m min~ ', which is the thickness of the deposited film
multiplied by the substrate speed) and yield, and the CAPEX
associated with the vacuum equipment. Under the assumption
that all other layers in the device stack are the same for both
absorber deposition routes, these differences only impact the
deposition of the absorber layer. Both at the research and
industrial scales, high production yields are easier to achieve
via vapor-based deposition methods, resulting in a decisive cost
advantage of these methods over solution processing. On the
other hand, production throughput, which impacts both the

This journal is © The Royal Society of Chemistry 2024

total production costs and the CAPEX, is typically lower for
vapor processing given the generally lower deposition rates of
common vapor processing methods. However, production
throughput in vapor processing can be readily manipulated
by placing multiple deposition sources in series, by applying
deposition sources with larger evaporation zones, or by increas-
ing the deposition rate for each individual source (as long as
the employed materials feature sufficiently high temperature
resistances). In fact, there have been demonstrations, at the
laboratory scale, of deposition rates above 100 nm min~ ' by
sputtering, flash sublimation, and vapor transport techniques,
all methods that operate between 1 x 10* and 1 x 10°°
Torr.**** Therefore, the herein employed CAPEX model
refrains from considering ultra-high-vacuum equipment and
only considers the use of less expensive high-vacuum equip-
ment. Given these preliminary notes, deposition rates and the
number of sources are obviously the most important para-
meters that need to be optimized in order to bring production
costs and CAPEX to a competitive level. It is highlighted that
combinations of deposition rates and number of linear sources
are found here that enable competitive values for both produc-
tion costs and CAPEX (see Fig. 1), despite the often-claimed
unbeatable cost advantage of solution-based methods. The
annual production capacity is fixed here at 2 GW which can be

Energy Environ. Sci., 2024,17,1645-1663 | 1649
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Fig. 1 Basic techno-economic analysis for vapor processed perovskite absorbers. The number of linear sources as well as the deposition rates are found to
be the most important parameters to achieve competitive production costs (left) and capital expenditures (right). Despite the often-claimed cost benefit of
solution processing of perovskites, similar (gray) or better values (blue) are found for vapor processing if high enough rates can be accessed. Only the
perovskite deposition step is considered here with the assumption that the other fabrication steps result in similar costs for solution and vapor processing.

achieved by including multiple, parallel production lines in the
factory. The number of linear sources in series is per production
line. As the number of sources is reduced, the number of
complete lines in the factory increases to maintain the total
capacity which increases the total CAPEX. Deposition rates of
480 nm min~ " or greater, with six or more deposition sources in
series enable production costs and CAPEX as low as US$0.011
per watt and US$0.03 per watt, respectively, equivalent to
solution deposition. In addition to the general process of vapor
deposition being cost competitive, it needs to be highlighted
again that additional cost-beneficial factors of vapor processing
have not been included in the above discussion (see discussion
in the ESIT). These include the lower production of hazardous
waste burden as well as safety management requirements due to
the omission of hazardous solvents, the availability of deposition
equipment and long-established process know-how, potential
benefits of a lack of annealing procedures in vapor-processed
films, as well as the expected higher yield and reproducibility of
vapor-based methods as demonstrated by established thin-film
technologies (e.g., the OLED technology).

Status and outlook for vapor phase
fabrication methods: how to become a
game changer for the
commercialization of perovskite
photovoltaics?

Having discussed that from an economic point of view vapor-

processed perovskite PV is generally able to compete with
solution-based approaches, a comprehensive discussion
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covering key technological challenges of vapor-based techni-
ques along with potential solutions are presented in the follow-
ing. In agreement with the discussion before, it is highlighted
that - to date - the slow throughput fabrication along with high
CAPEX costs are the most critical aspects that hamper the
implementation of vapor phase fabrication of perovskite PV
on an industrial scale. Therefore, the first and foremost goal
needs to be the development of competitive vapor deposition
strategies capable of realizing (1) highly efficient absorber
materials at (2) industrially viable throughput rates (dynamic
deposition rates in industrial terminology) with (3) the lowest
possible complexity of the deposition process, enabling a
reliable process environment for a reproducible high-yield
mass production with minimum demands on monitoring and
process control. A major outcome of this discussion is the
suggestion for more research and development on innovative
deposition strategies besides the established co-evaporation
approaches, such as sequential as well as closed-space or
single-source deposition approaches.

Performance

When it comes to the performance of vapor-processed perovs-
kite absorbers, remarkable progress has been made recently by
the extensive academic network (see Fig. S1 in the ESIf) —
particularly for intensely investigated material compositions
like single-cation materials (e.g., MAPbI;) and double-cation
materials (e.g., CSFAPbI;). Not only are wide ranges of vapor-
processed perovskite compositions steadily approaching thin-
film qualities of their solution-based counterparts, but in some
cases such as methylammonium-free compositions they out-
perform already today solution-processed absorbers (see
Fig. 2)."*" For this reason, it must be highlighted that the
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Fig. 2 State-of-the-art achievements for vapor processed perovskite-based solar cells. Exemplary comparison of champion solar cells employing
single- and double-cation hybrid perovskite absorbers prepared by either solution- (left) or vapor-based (right) approaches with respect to the
theoretical detailed balance of the individual solar cell parameters. It is noted here that the figure does not provide a benchmark, but only revisits the
state-of-the-art metrics of three prominent examples. MAPbIs is highlighted here as it is still the most studied vapor processed perovskite material.
CsFAPDblz and CsFAPb(I,Br;_,)s are examples for highly efficient vapor processed standard- and wide-bandgap materials.

often-claimed preeminence in thin-film quality of solution-
based approaches is most likely not founded on fundamental
scientific limitations of vapor-based approaches, but rather just
a result of the personnel and monetary disparity in research
and development in the field, which resulted in a significant
backlog for vapor processing over the years. In fact, one could
likewise expect equal or even better thin-film qualities for
vapor-processed perovskite materials given their simpler
nucleation and thin-film formation processes as well as the
absence of residual solvents and pinholes in the final thin film.
It should be noted here that the vapor-processed CsFAPbI;
absorber employs PbCl, as a crystallization agent while the
solution-based reference does not. As PbCl, in vapor processing
acts similarly on the crystallization dynamics as the for example
the exact choice of solvent systems or anti-solvent treatments in
solution processing, the comparison chosen here is believed to
be still reasonable.

When comparing champion solar cells prepared with
solution- or vapor-based perovskite absorbers (see Fig. 2 and
Fig. S2 as well as Table S2 in the ESIT), the latter in many cases
outperform their solution-based counterparts in terms of fill
factor, given the improved uniformity and conformality of
vapor-based deposition - characteristics that are of particular
importance for the prevention of losses via shunt and series

This journal is © The Royal Society of Chemistry 2024

resistances at larger scales. However, lower open-circuit vol-
tages and lower short-circuit current densities is often observed
for vapor-based absorbers devices (see Tables S3 and S4 in the
ESIT). Deficits in open-circuit voltage in vapor-processed per-
ovskite solar cells are attributed to a generally lower opto-
electronic absorber quality accompanied by the presence of
non-passivated defect states inside the absorber as well as at its
interfaces with adjacent charge transport layers, resulting in
non-radiative recombination and in turn a limited maximum
extractable open-circuit voltage of the solar cell.**”° In fact,
both photoluminescence quantum yield (PLQY) and charge
carrier lifetimes of vapor-processed perovskite absorbers -
especially for co-evaporated hybrid perovskite materials — have
been shown to be up to one order of magnitude lower com-
pared to their solution-processed counterparts,®® indicating a
particular need for improvements of the bulk (and interface)
quality of vapor-processed absorbers. In that regard, small
grain sizes that are likely to come along with a significant
number of detrimental grain boundary defects have been
reported as an ongoing issue for the dominating co-
evaporation processes. While methods to manipulate the ver-
tical grain structure via adjustments of the employed substrate
material have been reported,® efforts to enlarge the lateral
grain structure (e.g,, via a fine-tuning of the substrate
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temperature) typically do not result in a similar improvement of
the opto-electronic quality of the absorber.’*** Therefore, a
deeper understanding of how process parameters influence the
morphological properties of vapor-processed perovskite absor-
bers and what currently limits the formation of higher quality
absorbers is key for the further advancement of vapor-
processed perovskite materials - also evident from existing
learnings of already commercialized vapor-processed thin-
film technologies like organic PV and organic LEDs.”® In that
regard, deepening the understanding of crystallization kinetics
for vapor-processed perovskite films in general is pivotal and
needs to be further advanced by the research community -
similarly to the progress that has been made for solution-
processed films. Generally, it is believed that the complex
evaporation characteristics in these co-evaporation approaches
accompanied by a complex set of chemical interactions
between the inorganic and organic compounds as well as
potential decomposition products of the chemically fragile
organic halides (see Discussion below),’***®° strain related
effects,*%> and the limited thermal stability of perovskite
materials that restricts the use of high-temperature, diffusion-
assisted deposition processes are the main reasons for the non-
ideal crystallization dynamics and in turn small grain sizes.***
Furthermore, considering that significant morphological
improvements in solution-processed approaches have been
achieved by adding additives that slow down reaction rates
(e.g., DMSO) or control crystal growth (e.g., alkylammonium
chloride), it can be inferred that the lack of similar studies on
these approaches for vapor-based processes is another reason
for smaller grain sizes compared to the solution-based
counterparts.®*®” Recently, alternative deposition strategies, par-
ticularly sequential deposition methods, have been shown to
result in improved absorber morphologies with notable improve-
ments in open-circuit voltages as a result of the changing film
formation ~ mechanism.****®*  Dynamic  co-evaporation
approaches including seed layer depositions have also shown
promising improvements in film morphology and device
performance.®®’° In addition, the formation and incorporation
of decomposition products into the absorber can be circum-
vented by employing less harsh deposition procedures for the
organic compound like hybrid methods (i.e., the vapor proces-
sing of the inorganic compounds and solution processing of the
organic compounds).”’>° Nevertheless, the suitability of these
two-step processes for the fabrication of high-quality perovskite
absorbers particularly in an industrial setting still requires
further confirmation and investigation.

While the concept of defect passivation of the perovskite
absorber and its interfaces has been proven to be crucial for the
realization of high-efficiency perovskite solar cells and is now a
well-established strategy in solution-based approaches,”*”* the
adoption of similar passivation approaches has been woefully
neglected for vapor-based perovskite solar cells. Only a handful
of studies investigated the influence of interface passivation for
vapor-processed perovskite solar cells so far, however, always
with a beneficial effect on the open-circuit voltage when inte-
grated into the layer stack sequence.*®”*”® Most importantly,
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recent vapor-processed champion solar cells achieving power
conversion efficiencies >24% employed a highly specialized
passivation approach at the backside interface of the vapor-
processed absorber, enabling an open-circuit voltage deficit of
only 10%,,s compared to its detailed balance limit, being on
par with the solution-based counterparts with similar absorber
composition.*>*” A stronger focus on the development and
implementation of advanced passivation strategies is therefore
a logical next step toward more competitive vapor processing of
perovskite solar cells. Not only is the development of multi-
interface passivation approaches that vastly reduces recombi-
nation at the interfaces between the absorber and charge
transport layers crucial, but also considerations about how
these approaches can be reasonably implemented in an indus-
trial setting. The development of vapor-based passivation stra-
tegies that can be integrated directly into the absorber
fabrication process are considered exceptionally suitable in
that regard and should be particularly targeted by research and
development.”* For the selection of potential passivation stra-
tegies, the extensive research that has already been performed
on passivation strategies in solution-based approaches should
be considered a helpful resource.

While losses in open-circuit voltage are mostly related to
electrical losses in the device that affect vapor and solution-
based absorbers alike, the typical reduction in short-circuit
current density appears to be a particular issue for the vapor
phase deposition of perovskite thin films. When comparing
both fabrication approaches (see Fig. 2 and Fig. S2 in the ESIT),
short-circuit current density deficits of solar cells employing
vapor-processed perovskite absorbers are often up to 10%gps
larger than those of their solution-based counterparts (see
Tables S3 and S4 in the ESIY). First and foremost, the lack of
suitable passivation strategies for vapor-processed perovskite
absorbers does not only limit the open-circuit voltage but also
indirectly influences the charge carrier extraction given the
trade-off between increasing the absorber thickness to max-
imize current generation and decreasing thickness to keep
recombination at an acceptable level. As a consequence, most
vapor-processed perovskite solar cells still employ absorber
thicknesses not exceeding 500 nm while high-efficient
solution-based approaches with optimized passivation utilize
absorbers as thick as 900 nm, enabling a close to perfect
absorption of the incident sunlight. This emphasizes one more
time the preeminent role the development of passivation
strategies should play in the development of highly efficient
vapor-processed perovskite solar cells. Moreover, lower short-
circuit current densities can also be attributed to very planar
vapor-processed perovskite thin films that provide neither light
scattering nor a texture-induced facilitated light incoupling.

Throughput

When developing highly efficient vapor processing approaches,
deposition rates need to be considered as the most important
side constraint. Industrially viable deposition rates for the
perovskite absorber should ideally be in the range of
1000 nm min~ ' and above (synonymous with deposition times
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in the range of just one minute) to be able to compete with
solution processing approaches as well as other thin-film PV
technologies. Such high deposition rates in vapor processes
have been demonstrated for other thin-film materials to be
achievable in an industrial setting. For example, First Solar, Inc.
successfully deposits its cadmium telluride absorbers at rates
of 10000 nm min~ " and above using a technique called vapor
transport deposition.”®”” Despite these encouraging achieve-
ments, vapor-based approaches for perovskite materials
reported so far are rather slow-throughput approaches whose
deposition rates typically do not exceed values of 10 nm min~" -
particularly for approaches that result in the highest perfor-
mance (see Fig. 3). The overall deposition rate of a vapor
process is affected by two parameters: (1) geometrical consid-
erations of the deposition system and its evaporation sources
and (2) fundamental temperature limitations of the employed
precursor materials. Deposition rates can be significantly
enhanced by increasing the number of consecutive deposition
sources, increasing the evaporation area of the source, or by
lowering the throw distance between sources and substrate. Up
to date, academic research on vapor processing is focused on
systems employing point-like evaporation sources, whose appli-
cation in an industrial setting is considered to be of less
relevance. For the further advancement of the throughput in
vapor-processed perovskite absorbers, the development of alter-
native (e.g., linear or arial) source geometries and investigation
of their suitability for the fabrication of uniform and reprodu-
cible perovskite thin films is considered crucial. In that regard,
also the continuous operation of these sources (e.g., by adding
appropriate powder feeding systems) needs to be investigated,
as downtime for material replacement is considered a major
bottleneck on the way toward high-throughput vapor proces-
sing of perovskite materials - particularly compared to fast
solution-based printing techniques.
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While for the development of industrially capable evapora-
tion equipment major learnings can be directly translated from
existing thin-film technologies, input from academia is vital for
the development of intrinsically faster deposition processes.
Most importantly, a thorough understanding of the limitations
of established vapor processes and how they can be overcome is
required. In that regard, a better understanding of the challen-
ging evaporation characteristics of the organic halides is of
particular importance. To date, high performance perovskite
solar cells prepared by vapor-based approaches rely on the use
of organic halides (i.e., methylammonium and formamidinium
halides), which have been reported to show at least partial
decomposition at elevated temperatures and in turn are limited to
lower evaporation source temperatures (typically <200 °C), thus,
slow deposition rates.’>®>’®”® The extent and impact of this
decomposition are complex and hardly understood but experi-
ence in the field shows that the exact evaporation characteristics
and interaction with the inorganic compounds deviate signifi-
cantly between different organic halides (i.e., methylammonium
vs. formamidinium halides) and may even be affected by other
parameters like the purity level of the materials,*>®' the exact
deposition process (i.e., co-evaporation vs. sequential methods),
and the base pressure achievable inside the deposition chamber.
Generally, the decomposition of methylammonium halides seems
to be less detrimental as the reported main decomposition path
(into highly volatile methylamine and hydrogen halides) is rever-
sible, while for formamidinium halides stabile decomposition
products (e.g., sym-triazine) can form whose effect on film for-
mation and device performance is unknown yet.***>”%” Overall,
absorbers employing organic halides show a significant decline in
performance when deposition rates (in point-source tools) are
increased above a certain “comfort zone” (see Fig. 3). This might
also limit the chance of success for single-source approaches in
which organic and inorganic compounds are deposited from just
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Fig. 3 Deposition rates of vapor-processed perovskite absorbers. Summary of achieved power conversion efficiencies of perovskite solar cells based on
vapor processed inorganic (yellow) and hybrid organic—inorganic (blue) perovskite absorbers as a function of deposition rates. Only the duration of the
actual absorber deposition process without potential posttreatments is considered. Deposition processes that employ critical solution-based steps are

not considered here.
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one source, given the inevitable decomposition of the organic
halides at the elevated temperatures required to simultaneously
deposit the inorganic compounds. While alternative single-source
techniques such as laser deposition or sputtering were
proposed,**®>#* they were not able to fully leave the “comfort
zone” either because of lower performance or only limited
improvements in deposition speed and proof of their suitability
in an industrial setting is yet to be demonstrated. Classical multi-
source co-evaporation approaches, which are the most successful
approaches when it comes to versatility and performance on a
laboratory scale, do not offer much room for improvements either
(other than geometrical source considerations discussed before),
as they are similarly limited by the maximum accessible deposi-
tion rate of the organic compounds. It is therefore not surprising
that evaporation rates are stagnating when comparing the first
reports on vapor-processed perovskite absorbers and recent cham-
pion solar cells (see Figure Tables S3 and S4 in the ESIY).
Inorganic metal halides, on the other hand, are capable of with-
standing significantly higher temperatures and better perfor-
mances have been demonstrated for fully inorganic perovskite
absorbers (e.g., CsPb(L,Br; ,);) that are prepared at higher deposi-
tion rates (see Fig. 3). Moreover, recent work on continuous flash
sublimation of inorganic perovskite solar cells was able to boost
the deposition rates to values above 100 nm min~" while at the
same time exceeding the power conversion efficiency of signifi-
cantly slower approaches.””> Even though these inorganic materi-
als systems are capable of faster deposition rates, their application
in a potential photovoltaic mass market is doubtful in the
current stage of research given their challenging phase proper-
ties that negatively impact the stability of these materials.®*
While a stronger focus on inorganic perovskite materials
might not be the uppermost priority for the field, the high-
quality, high-throughput deposition approaches developed
for these inorganic halide materials can open promising routes
for the high-throughput deposition in sequential deposition
approaches.

In sequential deposition approaches (e.g, two-step approaches),
the deposition of the organic and inorganic compounds is
decoupled, facilitating in principle high-throughput deposition
of the inorganic compound for example via a flash-sublimation
approaches that is expected to achieve deposition times below
one minute. In a second step, the organic compounds are then
deposited on top of the inorganic layer and diffused into the
inorganic framework in a subsequent annealing step. Similar
approaches, still based on slow-paced depositions of the individual
layers though, have recently demonstrated exciting performance
of vapor-processed perovskite solar cells close to those of their
solution-based counterparts, however, have not been indepen-
dently reproduced in the community yet.*>**® While methods
exist for the industrially compatible deposition of the inorganic
compounds, processes for the fast incorporation of the organic
compounds will require distinct efforts in research and develop-
ment. Following industrially established methods in the optoelec-
tronic mass market like vapor phase transport approaches, closed
space sublimation, and other more chemically driven vapor
deposition approaches might be promising routes for speeding
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up the deposition of the organic compounds, however, are cur-
rently less researched.**> Obviously, alternative methods for the
deposition of the organic compounds will also benefit classical co-
evaporation approaches and can boost their potential deposition
rates. Alternatively, for most applications, the deposition of the
organic compounds does not even have to be vapor based. Given
the fact that both uniformity (e.g., for larger-area applications) and
conformity (e.g., for tandem applications on top of textured
surfaces) are primarily defined by the first deposition step, hybrid
methods consisting of a vapor processing of the inorganic com-
pounds followed by a fast solution deposition of the organic
compound are considered equally suitable. Similar approaches
have been successfully employed recently for the fabrication of
some efficient tandem solar cells including fully textured mono-
lithic tandem solar cells that exceed PCEs of 31%.>>*%¢%” Most
importantly, these hybrid methods can introduce additional levers
to control thin-film properties (e.g:, for the development of absor-
ber bulk passivation strategies) that are less accessible in the
parameter-limited vapor-based approaches, however, at the same
time they also add additional process complexity in an industrial
setting given the complex interaction between the solid and liquid
phases as well as the required handling of solvents. Most impor-
tantly, an interruption in the vacuum sequence when going from
the vapor-based deposition of the inorganic layer to the solution-
based deposition of the organic precursor and back to a vapor-
based deposition of the charge extraction layer is required that is
less favorable from an engineering and operational standpoint as
it is believed to limit production throughput significantly.

Monitoring and process complexity

The success of the commercialization of a certain deposition
approach not only depends on its performance and throughout
but also greatly on the maturity of its complete industrial chain,
which does not only include the deposition approach itself but
also the availability and reliability of deposition and process
monitoring equipment. The latter is a benefit of vapor-based
approaches that have been employed for the fabrication of
high-quality opto-electronic devices in an industrial mass mar-
ket setting for decades. First Solar, Inc., the industry leader in
both cumulative deployed thin-film photovoltaics and thin-film
photovoltaics manufacturing capacity is a noteworthy example
in that regard.®*°° For this reason, equipment manufacturers
like the VON ARDENNE GmbH in Germany or Evolar AB in
Sweden, the latter was recently acquired by First Solar Inc.,”
already preparing themselves for a future vapor processing of
perovskite PV.°>® Developing adapted processes that circum-
vent well-known challenges of state-of-the-art approaches (e.g.,
co-evaporation) is crucial. Research on co-evaporation
approaches has revealed challenges for the process control
and monitoring that are linked to the unique evaporation
characteristics of the organic compounds. While the inorganic
compounds evaporate rather directly, the organic compounds
do not travel straight to the substrate and the formation of a
high process pressure is typically observed, which adds addi-
tional complexity to the process. In turn, monitoring is aggra-
vated by the comparably low sticking coefficients and/or
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surface dependent adsorption characteristics of the organic
molecules on conventional quartz crystal monitors (QCMs),
the additional reaction paths between organic and inorganic
compounds (e.g., delayed conversion processes on the substrate
that are not easily reflected in the detected rates by QCMs),
or cross-reading effects if the organic compounds interact
with QCMs positioned to primarily sample the inorganic
deposition.”>**"® Furthermore, impurities in the organic com-
pound have been shown to also affect the rate detection.®*®!
This can not only result in a lack of possibilities for a fine-
tuning of material compositions but also limits reproducibility
of co-evaporation approaches significantly when not taken into
account. Kim et al. and Zanoni et al. have shown for the case of
methylammonium iodide that the complex evaporation char-
acteristic of the organic compound can be monitored more
reliably if the combined rate of the organic and inorganic
compound close to the substrate is monitored.®"** Neverthe-
less, it needs to be evaluated whether the use of QCMs are
suitable in an industrial setting and whether monitoring only
the composition is a sufficient measure to evaluate the quality
of the resulting thin films. In contrast to the OLED industry,
where QCMs are commonly employed, the materials used for
the fabrication of a perovskite absorber are of much higher
density and processed thin films much thicker, reducing the
available lifetimes of the QCMs significantly - particularity
for high-throughput processes. Lifetime extending features
including shutters and revolver-based multi-QCM systems will
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be required. Nevertheless, QCMs still might not be the first
choice for continuous process monitoring. In general, research
has shown that the quality of a perovskite absorber does not
depend solely on the composition but its complete thin-film
formation - both in solution- and vapor-based deposition
approaches alike.”® For example, the complex interactions
between the polar organic compounds (and their decomposi-
tion products) and the substrate material as well as process
pressure, substrate temperature, and other process parameters
have been shown to highly influence thin film formation and in
turn device performance.’°*® It seems therefore necessary
for a high-quality vapor process to expand the monitoring also
to properties of the actual film formation (e.g., via electro-
optical characterization methods), which is often employed in
an industrial setting. For example, in situ reflectometry or
photoluminescence spectroscopy are common low-cost techni-
ques for in-line metrology and have recently been studied for
vapor-processed perovskite materials as well.”® Furthermore,
optical emission spectroscopy might be a way to continuously
monitor the evaporation rates if the material fluxes are high
enough. A stronger focus on the development and investigation
of these alternative monitoring approaches for perovskite-based
materials together with a general screening of more relevant
process and thin-film characteristics is considered crucial for the
advancement of vapor processing and its transfer to an indus-
trial setting. Process control and monitoring as well as the
overall process complexity will further benefit from a reduction
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B equipment manufacturer
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Fig. 4 Global distribution of industrial activities in the field of perovskite-based photovoltaics. Distribution of the 89 companies identified in this work
working in the field of perovskite-based photovoltaics separated into the three business sectors materials supply, deposition equipment manufacturers,
and solar module manufacturers. Individual companies have been counted several times in case their business model expands over different business

sectors. Early-stage companies are marked in light colors.
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of the number of individual evaporation sources in a system that
have to be monitored. However, thin film quality and through-
put cannot be compromised ultimately. In that regard, the
authors highlight again the utmost urgency for the development
for higher-rate deposition processes and equipment. Recent
investigations on single source, laser, or sputtering approaches
for the deposition of perovskites might be of particular
interest,***>83100:191 " gequential deposition strategies that
decouple the deposition of inorganic and organic compounds
might also be of interest as they circumvent some issues of the
complex thin-film formation in co-evaporation by decoupling the
monitoring of the composition and the film formation. For a
practical application, further progress is also required in the
development of deposition strategies that can be operated con-
tinuously. So far, most vapor-based deposition approaches
reported in literature, particularly simultaneous deposition
approaches, must be considered as batch approaches given the
requirement for a regular replacement of the raw materials
because of a loss in their quality when kept in a preheated
evaporation boat for a prolonged time. While strategies for the
continuous supply of the inorganic compounds have been
reported,*” similar approaches do not exist for organic halide
salts, highlighting again how crucial investigations about alter-
native incorporation methods of the organic compounds are not
only for increasing deposition rates, as discussed above, but also
for the general suitability of vapor-based approaches in an
industrial setting.

From laboratory to production —
industry perspective for perovskite-
based photovoltaics

Given the enormous potential, perovskite-based photovoltaics
raises strong interest in industry. Not only has the outstanding
progress in research led to the formation of several start-up
companies around the globe, but also major established PV
companies have announced to expand their research and devel-
opment activities into the field. According to the 14™ edition of
the International Technology Roadmap for Photovoltaic,*® sta-
keholders from industry predict a market entry of some first
between 2025 and 2027 (see also discussion below and Fig. S3 in
the ESIf). In the following, a brief overview about current
industrial activities in the field of perovskite-based PV is pre-
sented that will reveal unique insights into preferred deposition
strategies. Global industrial activities in the field have been
examined based on publicly accessible information (e.g., com-
pany homepages, press releases, social media posts, and job
advertisements) between the end of 2021 and mid of 2023. In
addition, the identified companies were directly approached to
gain further insights into strategic company decisions — particu-
larly about preferred deposition methods as well as expected
commercialization dates. To the authors’ best knowledge, this
collection of data represents a fair and comprehensive industry
overview of perovskite-based PV industries. In total, 89 compa-
nies have identified to actively working in the field of perovskite-
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based PV in one of the three following business sectors: materi-
als supply, deposition equipment manufacturing, and solar
module manufacturing. A list of these companies together with
basic publicly available information about them can be found in
the ESIT (see Table S5 in the ESIY).

The global distribution of perovskite industry clusters and
their size is directly related to two distinct criteria: (1) the
historic experience of certain regions in established PV tech-
nologies and (2) the research strength in the field of perovskite-
based PV as well as ties between research and industry. East
Asia, Europe, and North America are identified to have devel-
oped the most extensive industry clusters by size today (see
Fig. 4). In accordance with their historic industrial strength, a
strong interest in the perovskite PV technology from solar
module manufacturers is present in China. In contrast to other
world regions, this interest not only resulted in the formation of
a number of early-stage companies (e.g., Microquanta Semicon-
ductor Co. Ltd or Wuxi Utmolight Technology Co. Ltd),'*>'*® but
is backed by a number of established major players in the silicon
market. This includes JinkSolar or the LONGi Green Energy
Technology Co. Ltd. that announced a fast growth and upscaling
of perovskite-based tandem technologies.'*>'% Similarly, also
Japan shows a considerable interest where a number of well-
known technology companies like the Panasonic Corporation,
the Toshiba Corporation, or the Kaneka Corporation have
announced the expansion of their research and development
toward perovskites.'°°%® However, the motivation for these
companies seems to be different and the focus is more on the
development of low-cost single junction perovskite solar cells as
an alternative to silicon-based solar cells. Notably, the perovskite
technology also stimulates interest in regions whose total solar
module industry has not expanded vastly in the last decade. In
that regard, lively activities with the formation of new solar
module research and fabrication sites are observed for example
in Europe and the United States. Both regions benefit from
several early-stage companies (e.g., Saule Technologies, Oxford
PV, or Swift Solar Inc.) as well as established companies such as
the Meyer Burger Technology AG (Switzerland, Germany) or First
Solar Inc. (United States) that have announced plans to integrate
perovskites into their research and development focus.*1%9712
Noteworthy is also the extensive start-up environment with
companies like CubicPV Technologies Inc., the Energy Materials
Corporation, Swift Solar Inc., or TandemPV Inc. in the United
States, which ranks highest worldwide by bare number."*>"3~1
A major reason for this extensive network is the agile investment
and funding environment in the United States but is further
promoted by recent incentives of the U.S. administration includ-
ing the Investing in America Agenda and the Inflation Reduction
Act.'™"" Finally, also other business sectors next to solar
module manufacturers prepare themselves for the commerciali-
zation of the perovskite technology. In that regard, both equip-
ment manufacturers and materials suppliers are concentrated in
regions that have a strong historic background in the production
of process equipment or materials supply. A particularly
strong industry cluster for process equipment is observed in
Germany where companies like APEVA SE, the SINGULUS

This journal is © The Royal Society of Chemistry 2024
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deposition techniques by business sector and region. (b) Worldwide share of different deposition techniques for module and equipment manufacturing
for established and early-stage companies. This information has been collected by an industry survey or via publicly available information as outlined in

the ESL}

TECHNOLOGIES AG, or the VON ARDENNE GmbH commercia-
lize large-area and high throughput process equipment for
perovskite deposition.”®'®''? Moreover, other European com-
panies like FOM Technologies (Denmark) as well as EVOLAR AB
(Sweden), the latter of which was recently acquired by First Solar
Inc. (United States), have positioned themselves in the field.”>"*°
With respect to materials suppliers — particularly for raw materi-
als - successful companies are established worldwide ranging
from East Asia (e.g., Tokyo Chemical Industry Co. Ltd. (Japan) or
the Luminescence Technology Corporation (Taiwan)) to Europe
and Australia (e.g., Greatcell Energy Pty. Ltd (Australia) or
Dyenamo AB (Sweden))."***** For an extended list of companies
that were identified to working in the field, the reader is referred
to Table S5 in the ESL{

This journal is © The Royal Society of Chemistry 2024

When it comes to the deposition techniques that companies
target to employ for the industrial scale deposition of perovs-
kite materials, this industry outlook reveals a strong interest in
vapor phase deposition processes worldwide (see Fig. 5a). In
stark contrast to the previously discussed heavy focus of
scientific publications on solution processing, around 40% of
all identified module manufacturers and 70% of all equipment
manufacturers stated activities in vapor phase deposition or
combinations of vapor phase deposition and solution proces-
sing for the scalable processing of perovskite thin films. The
interest in vapor phase deposition processes is manifested in
all large industry clusters worldwide (East Asia, Europe, and
North America). Furthermore, among the established solar
module manufacturers, i.e., those solar module manufacturers
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that already have a significant production capacity in place, the
importance of vapor phase deposition processes is even stron-
ger. Out of the 15 world-largest solar module manufacturers by
annual production capacity (i.e., in the silicon and CdTe busi-
ness), seven companies have been identified to actively work on
perovskite PV, with six companies evaluating either vapor phase
processing or a combination of vapor phase and solution
processing. The motivation of these major players to rely nearly
exclusively on (partial) vapor phase processing is attributed to
their interest in combining perovskite materials with estab-
lished PV technologies in monolithic multi-junction solar cells.
Despite the outstanding progress of tandem solar cells employ-
ing solution-based deposited perovskite absorbers in research,
the high-quality deposition on textured surfaces, the high
production yield and reproducibility, as well as the simple
integration into existing production lines are key decision
criteria that warrant the use of vapor phase deposition in this
potentially most important application of perovskite materials.
While also attracting significant interest from established
companies, solution processing of perovskite PV appears to
be dominated by early-stage companies for both solar module
and equipment manufacturing (see Fig. 5b). In contrast to
manufacturers that target the production of multi-junction
solar modules, the focus of these companies in many cases is
on the development of high-throughput single-junction solar
modules making use of a direct transfer of the extensive
process know-how for solution processing from research to
industrial fabrication. Activities on vapor processing of perovs-
kite materials are backed up by a significant number of tool
manufacturers (as well as materials suppliers that are, however,
less specific to a certain deposition method) that commercia-
lize processing tools for vapor phase processes - i.e., several
tool manufacturers stated market entry of production line
ready tools starting from 2024 onwards. This is just in time,
considering that most solar module manufacturers state com-
mercialization dates of first products starting from 2025
onwards (see Fig. S3 in the ESIT). First movers like Oxford PV
have even released commercialization dates as early as 2023/
2024 which seems ambitious given several bottlenecks (e.g.,
operational durability) of the technology are still not completely
solved yet. In summary, despite the fact that the vast majority of
research studies makes use of solution-processed perovskite
thin films, vapor phase deposition processes have already
found their way to an industrial setting and gain more and
more momentum. As research and development of vapor-
processed perovskite thin films is still heavily underrepre-
sented in literature, their full industrial potential is yet to be
identified.

Outlook

Can vapor phase deposition of perovskite thin films be a short
track to a successful commercialization of perovskite PV? Here,
we highlight the conceptional advantages of vapor phase pro-
cessing and rationalize why we believe a stronger focus on these

1658 | Energy Environ. Sci., 2024, 17, 1645-1663

View Article Online

Energy & Environmental Science

methods is pivotal for of the commercialization of perovskite
PV. Worldwide, perovskite PV is progressing rapidly toward
commercialization, with the first solar module manufacturers
expected to enter the market by 2024/2025. Despite this rapid
progress, it is yet unknown which fabrication technology -
solution-based, vapor-based, or combinations - will eventually
pave the way toward the economic breakthrough at the tera-
watts scale. Today, all major global technology clusters, i.e.,
North America, Europe, and East Asia, encompass stakeholders
with a focus on solution-based as well as vapor-based proces-
sing of perovskite thin films.

This perspective highlights the tremendous technological
and economical potential of vapor phase deposition of perovs-
kite thin films for PV manufacturing at industrial scale. The
prime archetype for scalable, high-yield, and high-throughput
perovskite PV manufacturing is the established thin-film PV
industry (e.g., CdTe, CIGS, as well as organic PV and OLED
industry), which is widely based on vapor phase processing. It is
therefore not surprising, that also for perovskite-based PV a
notable interest from industry on vapor-based deposition is
again observed. The interest is particularly driven by recent
advances in performance of vapor-based perovskite solar cells
with certified PCEs up to 24.1%, which continue to close the
gap to their solution-processed counterparts. A large variety of
different vapor phase processes have been explored in research,
including co-evaporation, sequential evaporation, and hybrid
processing methods. Compared to their solution-based coun-
terparts, vapor phase processes stand out due to their solvent-
free, homogeneous, and pinhole-free deposition on planar and
textured substrates. The latter is particularly critical for the
manufacturing of monolithic tandem solar cells in combi-
nation with textured silicon, which are expected to become
the first commercial perovskite product with major market
share. While it is often claimed that solution-based processing
promises lower production and lower capital expenditure costs,
our basic techno-economic analysis reveals that for high
deposition rates and large-scale manufacturing tools, vapor
phase processing can compete with solution processing in both
categories, provided that key challenges of vapor processing are
solved: first, state-of-the-art performance with respect to effi-
ciency and durability needs to be achieved, motivating further
research efforts with respect to perovskite compositions, charge
transport layers, passivation strategies, and device architec-
tures. Second, high-rate vapor phase processes (particularly
for the organic halides) need to be developed that speed up the
deposition by at least one to two orders of magnitude. To date,
sequential vapor-phase processes may offer the highest, however,
still too slow dynamic deposition rates. Research on new high-rate
deposition concepts like closed-space sublimation, flash sublima-
tion, or sputtering approaches as well as the exploration of
industrial designs for evaporation sources has just started and
needs to be emphasized. Finally, in order to enable high-yield and
large-scale production, efficient and robust process regimes need
to be identified and methods for reliable monitoring developed.
In this regard, a better understanding of the evaporation char-
acteristics of the precursor materials and the thin-film formation

This journal is © The Royal Society of Chemistry 2024
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processes during vapor phase deposition along with the develop-
ment of in situ and in-line monitoring techniques for efficient
process control are crucial.

Next to addressing the aforementioned key challenges of
vapor phase deposition processes, future materials research
targeting higher performance, durability, and manufacturabil-
ity needs to place a much stronger emphasis on vapor-
processed perovskite PV. According to our industry surveys,
close to half of the companies in the field state activities on
vapor phase deposition processes, while the vast majority of
scientific studies focus on solution processing (i.e., more than
99% of all studies published in 2021). Considering this stark
contrast and the pressing timeline for commercialization, there
is an urge for global research and development activities to
support the industrial developments by investing much more
effort and shifting resources toward the advancement of vapor
phase processing of perovskite thin films.
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