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Loading Precursors into Self-Assembling Contacts for
Improved Performance and Process Control in Evaporated

Perovskite Solar Cells

Matthew R. Leyden,* Viktor Skorjanc, Aleksandra Miaskiewicz, Stefanie Severin,
Suresh Maniyarasu, Thomas Gries, Johannes Beckedahl, Florian Scheler, Maxim Simmonds,
Philippe Holzhey, Jona Kurpiers, Lars Korte, Marcel Rof3,* and Steve Albrecht*

Organo-lead-halide perovskites are promising materials for solar cell applications
with efficiencies now exceeding 26% for single junction, and over 33% for silicon
tandem devices. Evaporation has proven viable for industrial scale-up but presents
challenges for perovskite materials. Perovskite precursor is introduced into self-
assembling MeO-2PACz hole transport layers for application to 4 source perovskite
coevaporation. This allows precursors that can be difficult to add via evaporation,
like methylammonium chloride. These precursor molecules influence growth
during evaporation, film behavior during annealing as measured by photolumi-
nescence, and aid the conversion to perovskite as shown by X-Ray diffraction.
Devices have improved power conversion efficiency and stability compared to a
control sample within the same evaporation. The best cells reach ~21% efficiency
and comparable performing ~20% cells maintain their original efficiency after
1000 h of maximum power tracking at 25 °C. This process provides significant

These desirable attributes have allowed
perovskite materials to demonstrate certi-
fied photo conversion efficiencies (PCE)
up to ~26.5%.1>%) This is comparable to
the best single-crystal solar cell (27.3%).”
Perovskites have the highest efficiency
among thin film solar cells, exceeding cop-
per indium gallium selenide (CIGS—23.6%)
and cadmium telluride (CdTe—22.6%).”)
Perovskites are characterized by an octahe-
dral crystal structure and ABX; stoichiome-
try, where A is a cation, B is often a metal,
and X is an anion. Most recent attention has
been on lead- or tin-based perovskites,
where the anion is iodide, bromide, or chlo-
ride. The highest-performing perovskite

process flexibility for perovskite evaporation and requires no additional steps.

1. Introduction

Perovskite materials such as metal-halide perovskites show
great potential in optoelectronic applications, most notably as
a solar cell absorber material. Their higher absorption coefficient
allows thinner absorber layers (<1 um).!"! The carrier mobility
of many perovskites is relatively balanced and good enough
to yield fast carrier extraction for thin-film solar cells.
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solar cells typically use an organic cation
like formamidinium (FA) or methylammo-
nium (MA), but the inorganic material
cesium is also often used. In addition, mix-
tures of the different A, B, or X-sites allow fine-tuning of the
bandgap.!*

There are several ways to fabricate perovskite solar cells, com-
mon methods include solution processing and coevaporation.
Evaporation has a few advantages compared to solution process-
ing, especially in application of perovskites to tandem solar cells,
where perovskites can complement an established technology.
Perovskites have a tunable bandgap and can be optimized to
be compatible with the corresponding bottom cell, and silicon
tandems have demonstrated efficiencies of 33.9%.1”! Silicon solar
cells are often textured with pyramids that better help capture
light. However, if pyramids are too large (greater than 1pm),
it can be challenging for solution deposition to achieve a pin-
hole-free film. This limitation can be alleviated by using smaller
random pyramids.” Evaporated perovskites are highly confor-
mal and can be deposited on high aspect ratio surfaces like
random pyramids.[®! Furthermore, evaporated perovskites do
not use toxic solvents like dimethylformamide (DMF) for precur-
sors, or antisolvents like chlorobenzene.’® Additionally, the
commonly used solvent dimethyl sulfoxide (DMSO) has been
linked to the rapid degradation of perovskite solar cells.l’)
Evaporated perovskites can be patterned by shadow masking,
which potentially skips post-patterning steps such as laser abla-
tion. Evaporation is a proven technology for many industrial
applications. Evaporated films do not experience the severe edge
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effects seen in solution processing, and can transition to larger
area substrates without significantly changing process condi-
tions.'” Evaporated CdTe solar cells are the dominant thin film
solar technology, and in part, have been successful because of
high deposition rates ~10 pm min~"."") Recently efficiencies
from evaporated processes have become competitive, where
sequential evaporation techniques are now on par with the best
solution-processed cells (PCE of 26.1%).l'” This demonstration
of high efficiency and its intrinsic advantages show promise for
the evaporation of perovskite solar cells.

For all its advantages, perovskite evaporation is not without
its challenges. Perovskite evaporation can be two orders of
magnitude slower than spin coating in terms of fabrication time
due to limited evaporation rates. Second, evaporation is less com-
monly used due to higher capital equipment costs. Industrially
relevant evaporation equipment can cost millions of dollars.!""!
Third, it can be challenging to incorporate new materials into
an evaporation process. A new material typically requires a
new evaporation source, adding complexity. Furthermore, many
desirable materials may not evaporate easily (e.g., because they
are too volatile), making a process difficult to control.'*'*
Molecules used in low-dimensional perovskites (Dion—Jacobson,
or Ruddlesden-Popper perovskite) may stabilize and passivate
perovskite films."! These passivating cations are frequently used
at concentrations much lower than other cations, which can
be challenging to deposit correctly by codeposition due to rate

www.solar-rrl.com

sensor error and cross talk. These challenges facing evaporated
perovskites are not insignificant, however, we will show in this
paper that loading transport layers with perovskite precursor can
improve performance and provide new possibilities in evapo-
rated perovskite processes.

Molecules  like  (2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl)
phosphonic acid (MeO-2PACz) can form self-assembled mono-
layers (SAMs) or self-assembling contacts. The phosphonic acid
tail binds to hydroxyl groups on the surface of the transparent
conducting oxide (e.g., indium tin oxide—ITO) used for solar
cells. Carbazole-based SAM molecules have gained popularity
as robust hole transport layers (HTLs) for perovskite solar
cells.*® As shown in Figure 1, as-spun films of SAM are often
not a literal monolayer. A monolayer is only formed if the solu-
tion concentration is low, or the subsequent film is rinsed.
Solution-based perovskite deposition techniques effectively
wash off SAM molecules that have not formed strong bonds
to the substrate. In evaporated processes, these loosely bound
SAM molecules can affect how perovskite films are formed.[®
However, this influence of the SAM on the perovskite growth
is not the only factor determining film quality. Our baseline pro-
cess using SAM-based HTLs is sensitive to small variations in
evaporation conditions, which can significantly impact solar cell
performance. A robust process with a wide process window is
important for industrialization. Therefore, a substrate that better
defines film growth is advantageous to reproducibility.
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Figure 1. L-HTLs incorporate perovskite precursors into evaporated perovskite films to improve performance. a) Diagram of a 4-source perovskite
codeposition. b) Sketch of an as-spun MeO-2PACz HTL. c) Sketch of a loaded transport layer containing perovskite precursor molecules (here: MACI,
FBACI). d) Structure of our perovskite solar cell. ) Sketch of the deposition process using a loaded transport layer, with perovskite precursor represented
as red dots, f) with a subsequently evaporated perovskite film, and g) an annealed film, which has incorporated precursors into the perovskite film.
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A recent publication used a method of pre-embedding a tin
oxide electron transport layer with formamidinium iodide
(FAI) and CsBr for sequentially spin-coated perovskite solar
cells.'’”] This method improved the efficiency of solar cells,
reduced the concentration of lead iodide at their buried interface,
and reduced the strain of the subsequent perovskite films.
We independently developed an analogous approach of loading
perovskite precursor molecules into self-assembling contacts to
provide flexibility for perovskite evaporation. We will refer to this
film as a loaded hole transport layer (L-HTL).

2. Results and Discussion

To create a L-HTL, perovskite precursor material is added to the
solution of the HTL. The as-spun film contains MeO-2PACz and
perovskite precursor but still functions as a hole-transporting
layer. The precursor material from the HTL can diffuse into
a subsequently evaporated perovskite film. Anything that is
cosoluble with the SAM molecules can potentially be used.
This requires no additional processing step, or additional sources
in the evaporator, and can include materials that are otherwise
undesirable to deposit via evaporation. Below, we demonstrated
the precursor methylammonium chloride (MACI) in L-HTLs,
which is comparatively more volatile than other perovskite
organic cations. Additionally, we included a small portion of
4-fluoro-benzylammonium chloride (FBACI), which can be diffi-
cult to deposit by coevaporation. Larger cations like FBACI
are widely reported to increase photoluminescent yield and
improve the stability of solar cells."! L-HTLs allow the perovskite
evaporation community to apply materials that previously may
have only been used by solution processing. The process of
pre-embedding is comparable to our use of an L-HTL, however,
the motivations to pursue a loaded transport layer differs here in
application to evaporated perovskites.

We used 4-source coevaporation to deposit perovskite
films, which included lead iodide, lead bromide, cesium iodide,
and formamidinium iodide. Using this set of materials, we
can potentially tune the perovskite bandgap, ranging from a
low bandgap of FAPbI; (~1.5 eV) to CsPbIBr, (=2 eV). Our base-
line coevaporation process is described in the Supporting
Information. Based on rates and tooling factors, we estimate
our composition to be FA(gCsg,Pbl, ;Brg 3, or ~11% bromide,
and a final thickness of =700 nm. We measured perovskite films
using X-Ray photoelectron spectroscopy to measure the relative
chemical composition (XPS, Table S1, Supporting Information).
The ratios measured by XPS approximately agree with the ratios
estimated from our tooling factors. However, the XPS measure-
ment showed concentrations of FA and iodide at the surface were
lower than what we would expect from tooling factors.

The amount of lead iodide formed in a coevaporated film can
depend on the concentration of MeOQ-2PACz solutions.
Thinner films of MeO-2PACz resulted in perovskite films with
more lead iodide, suggesting a deficiency in FAI during evapo-
ration. Another report claimed that the phosphonic acid groups
on MeO-2PACz aided the capture of FAI for coevaporated per-
ovskites. A monolayer SAM (no loosely bound MeO-2PACz)
required coevaporating ~30% more FAI than films using a thick
MeO-2PACz HTL.'™® This strong dependence on the substrate
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surface suggests perovskite formation happens at the surface,
rather than as a pure vapor-based reaction. MeO-2PACz may
template a perovskite structure that facilitates continued capture
of FAIL Alternatively, the MeO-2PACz might stay at the top sur-
face of the growing film, continuing to facilitate FAI capture dur-
ing deposition. We have found that only using thicker films of
MeO-2PACz is not always sufficient to capture enough FAI for
proper and consistent growth. Also, simply increasing the depo-
sition rate of FAI is not an effective strategy as solar cell perfor-
mance is negatively impacted by FAI excess. A robust process
that is tolerant to variations in FAI ambient pressure and depo-
sition rates, would lead to more consistent solar cell production.
Therefore, we developed the strategy of loaded HTLs.

For initial trials, we loaded HTLs with MACI at concentrations
of 4 and 16 mM, with a concentration of MeO-2PACz of 4 mM.
The precursor MACI is commonly used for high-performance
solution-processed solar cells.”) Initially, it was unclear if the
SAM would properly function as a minority solute (i.e., more
MACI than MeO-2PACz), and if loading the solution would inter-
fere with SAM film formation. We measured the thickness of the
spun film with and without loading via ellipsometry. We found
the thickness of the film remained approximately unchanged at
~5nm, even for the higher concentration of 16 mM of MACI
(Supporting Information Methods). This was surprising but
may be reasonable considering that MACI is a smaller molecule
than MeO-2PACz. We can place an upper bound on the inclusion
of MACI if we assume that the entire HTL film (=5 nm) is only
made of MACL. The reports on the density of MACl vary, here we
use 0.49gcm 2.1 Assuming FAI is added until perovskite
forms a stoichiometrically balanced film, this 5nm of MACI
would make up a ~1% molar fraction of the cation in the resul-
tant perovskite film. This is only an estimate but provides an
order of magnitude to base expectations. As will be shown, a
small fractional change in cation concentration can offer a
significant improvement in perovskite film performance.

We can gain insight into the growth process by measuring the
in situ photoluminescence (PL) during evaporation. The PL emit-
ted from the perovskite layer from the first 5 min of growth is
shown in Figure 2. Once the shutter is open the perovskite nucle-
ates on the substrate emitting at a high bandgap of ~1.8eV.
The bandgap then rapidly decreases in the first few minutes
of deposition. As the deposition progresses, typically this shift
will slow down. A bandgap of 1.8 eV is higher than expected from
the nominal stoichiometry. This initial high bandgap may be
from weak quantum confinement effects as the film is thin
(~3-10nm), and likely forming islands. The bandgap and size
(thickness) range are comparable to iodide-based low-D perov-
skite single crystals (e.g., n=4, 1.87 eV, ~61nm).”” Once the
film gets thicker the bandgap stabilizes, likely resembling bulk
behavior. Alternatively, there could be some initial preferential
nucleation of high bromide perovskite, which will be the subject
of further investigation.

We compare the control film to one using a loaded transport
layer, where we see similar behavior, except the PL relaxes to a
lower bandgap value (Figure 2b). Films loaded with MACI often
result in lower bandgap perovskite. This may partially be due
to the change in the nucleation behavior during the first
few minutes of deposition shown in Figure 2b. Figure Sla,
Supporting Information, additionally shows the in situ PL from
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Figure 2. Films using loaded transport layers form a lower bandgap perovskite more quickly and yield a more phase pure perovskite. a) In situ PL from a
4-source evaporation on a control MeO-2PACz substrate, and one loaded with 4 mM MACI. Time zero is set when the shutter is opened. The bandgap
as measured by peak PL position for the first few minutes. b,c) XRD patterns from annealed films from a control and an L-HTL with MACI and FBACI:
(b) X-Ray diffraction patterns show reduced peaks for the undesirable crystal phases of lead iodide and the 6H polytype. (c) The patterns also show a shift
in the (200) peak of perovskite using an L-HTL and the absence of the shoulder seen in the control (arrow).

a growth using a washed SAM. The washing should remove most
MeO-2PACz not covalently bonded to the ITO. Perovskite grown
on this washed film has a PL that shifts to lower bandgaps more
slowly, corroborating the idea that excess MeO-2PACz helps with
FAI absorption. The PL intensity will often increase with film
thickness but appears to saturate when the film is approximately
a few hundred nanometers thick and can absorb most of the
light. However, sometimes we see an abrupt drop in the PL
intensity (Figure S1b, Supporting Information). This drop is pos-
sibly from high strain in the perovskite during growth, and a
restructuring of the film that results in loss of PL intensity.
Alternatively, this drop in PL originates from a change in depo-
sition conditions that leads to higher defect density.

We used X-Ray diffraction (XRD) to measure the composition
of the crystalline component within our perovskite thin films. We
compared the crystal structure of a perovskite using an L-HTL
(6 mM MACI and 0.6 mM FBACI) with a control sample with
only MeO-2PACz (Figure 2c¢,d, and Figure S2, Supporting
Information). The largest difference in these patterns is that
the control sample had a more pronounced lead iodide peak
(26 ~ 12.7°). This suggests a more significant fraction of lead
iodide remained unconverted for the control sample. The film
using an L-HTL had a comparatively small lead iodide peak,
which is expected from adding A site precursor. In the pattern
of the control film, there is a small peak at ~~12.2°, which we asso-
ciate with a hexagonal phase (6 H) of (FAPDI;),(MAPDBr3);_
perovskite.?!] Additionally, the phases of 4 H and 2 H may also
be present at 11.6° and 11.8° but are much less pronounced.
These hexagonal polytypes are correlated with more rapid degra-
dation of perovskite.*”) These polytypes are largely absent in
patterns from the film using an L-HTL, suggesting that it should
be less prone to degradation. This improvement in the crystal
structure may be from the inclusion of MACI, which is reported
to assist in reducing the formation of these polytype phases.**!
The (200) perovskite peak (20 ~ 28.6° and ~28.4° for control and
L-HTL) is shifted to a lower value for the L-HTL samples, which
suggests a larger lattice parameter and smaller bandgap.**
Indeed, the bandgap measured by PL for the control was ~1.65
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and ~1.62 eV for the L-HTL. Additionally, we can see a shoulder
on this peak for the control sample, indicating phase heteroge-
neity, likely from higher bromide content material. This feature
was not in the L-HTL sample, indicating homogeneity and
improved film quality. The addition of bulky cations like
FBACI can lead to the formation of low-dimensional perovskite,
even when the average order is relatively high.*>) However, it is
used here in low enough concentrations that we see no direct
evidence of such a phase from XRD or PL, and the molecule pre-
dominantly exists on the surface of bulk perovskite.

XRD diffractograms showed that the L-HTL appears to help
complete conversion to perovskite, and is consistent with our
scanning electron microscope (SEM) images. We use SEM as
a technique to measure surface morphology and identify changes
in composition. From previous experience and existing litera-
ture,”! we believe SEM can be used to identify lead iodide at
the surface. Figure 3a—f shows a perovskite film loaded with
4 mM (MACI) compared to a control film evaporated in the same
batch. In the control sample, we observe what appear to be lead
iodide crystals on the top surface.”® These crystals are largely
absent in the L-HTL sample, suggesting a more complete conver-
sion to perovskite. Additionally, we measured the thickness
of the films shown in the SEM images to be ~640 nm for the
L-HTLs and ~590 nm for the control. The thickness of the sam-
ples as measured by a profilometer was ~670 nm for the L-HTL
and ~660 nm for the control. The differences in thickness by
technique may reflect averaging over a larger area by the profil-
ometer. This increase in thickness when using L-HTLs is also
consistent with a volume expansion from lead halide to perov-
skite. This volume increase is seen in publications using sequen-
tial deposition.””! The thicker perovskite using the L-HTL film is
consistent with a more complete conversion to perovskite. Again,
control samples typically had some lead iodide as observed by
SEM and XRD. There are reports of an improvement in perfor-
mance with some fraction of lead iodide. For example, increasing
the excess of lead iodide leads to increased open circuit voltage in
evaporated perovskites.”®! The perovskite evaporation recipe
reflects earlier iterations of solar cell performance optimization.

© 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH
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Figure 3. Loaded transport layers provide a more complete conversion of lead halide to perovskite with higher PLQY. a-c) SEM images from the control
film, and d—f) images of a film created using an L-HTL with 4 mM MACI, both films were prepared during the same evaporation. The cross sections in (a)
and (d) reveal a slightly thicker film for the L-HTL (=640 nm) compared to the control (=590 nm). Images (b) and (c) show apparent lead iodide crystals
on the control sample that are absent in the L-HTL sample (e) and (f). g) PLQY and h) bandgap as measured by PL of L-HTL perovskite films as a function

of halide choice and annealing.

In contrast, minimizing lead iodide reduces possible degradation
by the photolysis of lead iodide,’*” and improving homogeneity is
reported to correlate with better stability.**!

From XRD and SEM, it appears that L-HTLs contribute to a
more complete conversion to perovskite. Both examples so far
used chloride-based salts. To better resolve the role of the halide
in this conversion process, we measured the photoluminescence
quantum yield (PLQY) of perovskite films using L-HTLs with
formamidinium cations with varying halides (Figure 3g). Here,
we use FA instead of MA to isolate the role of halides. The PLQY
was calculated from the emitted PL from samples excited with a
laser at ~1 sun equivalent intensity (Supporting Information
Methods). Additionally, these graphs show the impact on PL
from annealing. Immediately after deposition, the PLQY of
the sample loaded with FAI was like the control. This indicates
additional FAI loading does not strongly affect the evapora-
tion process. However, after annealing the additional material
appears to react, as the PLQY became superior to the control.
Control samples often lose a portion of their PL intensity
from annealing. Bromide and chloride loading behaved
differently, where the PLQY was higher than the control imme-
diately after deposition. Bromide- and chloride-based precursors
appear to actively incorporate into the film during the deposition
process, as the PLQY was higher than the control before
annealing. Additionally, we see that the PLQY increased after
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annealing. This suggests that these precursors are only partially
converted to perovskite during deposition, and the rest is
incorporated during annealing. We expected that chlorine aids
perovskite film growth yielding higher PLQY,*" and
indeed we see films loaded with FACI showed a higher PLQY
than those loaded with FAI (Figure 3g). For this batch, all
films had a similar reduction in bandgap from annealing
(Figure 3h).

We fabricated solar cells using HTLs loaded with MACI and
FBACI The molecule FBACI was chosen as a typical representa-
tive of the bulky cations used for the formation of low-D perov-
skites. We expected both materials to improve our PLQY,
resulting in a higher open circuit voltage (Voc) for solar cells.
In Figure S3, Supporting Information, we show films loaded with
2 concentrations of 4 and 16 mM for both materials. The concen-
tration of MeO-2PACz was 4 mM. The higher concentration of
16 mM was used to see if adding a significant molar excess inter-
feres with the function of the HTL. Both precursors (MACI and
FBACI) can increase the Vo when added at 4 mM concentrations.
Using higher concentrations of MACI caused the Vo to abruptly
drop. This drop in Voc did not happen for the FBACL. We con-
clude that a monolayer of MeO-2PACz can self-assemble and bind
to the ITO surface, even as a minority solute. However, too high
a concentration of MACI may take the film outside the range of
optimal performance, as seen here using 16 mM MACL
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Both MACI and FBACI treatments improved the short circuit
current (Jsc). The bandgap of the 4 mM FBACI and 4 mM MACI
samples were both 1.65 eV, which were both higher than that of
the control ~1.64 eV. This indicates that the Jsc improvement
was not a result of bandgap change. This was especially surpris-
ing for the FBACI as we primarily anticipated an improved Voc.
Films using MACI and FBACI both appear visibly darker suggest-
ing an improvement in the absorption coefficient. To clearly
illustrate how an L-HTL can impact absorption we show the
external quantum efficiency (EQE) of a batch where the control
appeared to be deficient in FAL In this batch, the films grown
with an L-HTL had significantly improved Jsc from increased
absorption (Figure S4, Supporting Information).

Additionally, adding either MACI or FBACI improved the
apparent shunt resistance. If we disregard cells with obvious
shunts and measure the shunt resistance from the slope of
J-V curves at short-circuit we see that the average shunt resis-
tance is more than twice as high as that of the control (1.7, 1.4,
and 0.6 Q cm? for the MAC], FBAC], and control). This improved
shunt resistance is one factor leading to the improved fill factor
(FF) for L-HTLs. The exact origin of the poor shunt resistance
from the control perovskite is not certain but may originate from
the interface between the perovskite and HTL. One caveat about
the use of FBACI is that it increases the hysteresis.

We tried adding both materials concurrently to see if improve-
ments were constructive. We kept the concentration of MACI
at 4mM but limited the concentration of FBACI to 0.6 mM to
reduce hysteresis. The results appear largely constructive and
are shown in Figure 4 and Table 1. The loaded perovskite solar
cells have substantially increased Jsc. The loaded samples had a
higher average and maximum Vg than the control. However,
the Vo was not higher for all cells, which may partially originate
from the control (1.64eV) having a larger bandgap than the
L-HTL ~1.63 eV. The reduced bandgap could also explain some
of the increase in Jsc for the L-HTL film. The L-HTL cells showed
improvement in the shunt resistance compared to the control
(1.2 versus 0.7 Q cm?). This improved shunt resistance contrib-
uted to an overall improvement in the FF. The net result is a
substantial improvement in PCE, with peak performers going
from ~17% to over 19% for L-HTL films.

We measured the PL of the films used to prepare devices in
Figure 4 at different stages of fabrication, immediately after evap-
oration, after annealing, and a complete solar cell with Cyo and
Bathocuproine (BCP). Additionally, we estimated the quasi-fermi
level splitting at these stages of fabrication and compared values
to the Voc measured from complete solar cells (Figure S5,
Supporting Information).

Ceo can quench the PL of perovskite films and limit Voc. The
molecule ethylenediammonium diiodide (EDAI,) is reported as
an evaporated surface treatment between perovskite and Cg that
improves the Voc.22 We treated one substrate with EDAI, and
compared it to another film prepared in the same evaporation.
Both substrates used an L-HTL with 4 mM MACI and 0.6 mM
FBACL Improvements in Vo are reportedly from n doping
the perovskite, preventing the quenching of hole carriers of
the perovskite by Cgo.*?! In this batch, we saw some improve-
ment in Voc and PCE from the EDAI, treatment. However,
in this example, there was a slight loss in FF. The champion cell
of this batch showed a PCE of ~19.1% under maximum power
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point (MPP) tracking for 5 min. A second evaporation using an
EDALI, treatment is shown in Figure S6, Supporting Information.
These samples showed a more pronounced impact on the
Voc and no loss in FF from EDAI, (Table S2, Supporting
Information). Additionally, EDAI, can increase the PLQY of
films independent of interaction with Cqq (Figure S7, Supporting
Information) and likely provides a multifunctional improve-
ment for Voe.

To probe charge transfer between the perovskite and the ITO,
we measured the time-resolved surface photovoltage (TRSPV) of
perovskite thin films (Figure S8a, Supporting Information).
There is a published model of the TRSPV response for perovskite
on carbazole-based SAMs.P**! This model identifies 5 significant
features, which are defined by surface trap density at the HTL
and relevant rate constants. First, (i) there is an initial positive
signal corresponding to electron trapping at the surface. (ii) This
is followed by a rapid rise of a negative signal associated with
hole extraction into the ITO/HTL layer. (iii) The decay of this
initial negative pulse i defined by the rate of electron-hole recom-
bination. (iv) A secondary shoulder can arise from detrapping
electrons bound at the perovskite-HTL interface. (v) The final sig-
nal decay is defined by the recombination of these detrapped
electrons, and potentially holes that re-enter the perovskite from
the ITO/HTL layer. This publication also notes that MeO-2PACz
has a noticeable signal from electron detrapping (iii).

We measured TRSPV on 3 samples, a control film with only
perovskite on MeO-2PACz, a film using an L-HTL with 4 mM
MAC], and an L-HTL using 1 mM FBACL The hole extraction
(ii) appears comparable for the control and MACI samples.
However, the signal from FBACI is smaller suggesting a reduced
rate of hole extraction. This reduced rate of hole extraction could
explain the hysteresis seen in some FBACI samples. The rate of
recombination (iii) is slower for the MACL and FBACI samples,
with a slope that is approximately half that of the control. The
most significant difference from the control sample appears
in the second peak associated with electron detrapping (iv),
where the MACI and FBACI samples appeared to de-trap an
order of magnitude sooner (=10 versus ~100 ps) and with a
larger signal than the control. Reduced recombination and a
faster onset of detrapping may indicate fewer or shallower traps.
These improvements could correlate with the improved FF seen
in devices using MACI and FBACIL.

To complement the TRSPV data, we measured time-resolved
photoluminescence (TRPL) for the same 3 films (Figure S8b,
Supporting Information). For short time scales (=107°s), the
FBACI sample produces higher PL, possibly from a reduced rate
of hole extraction. At longer time scales (=10~ to ~107”s), we
see higher PL from MACI and FBACL The MACI sample
appeared to have a similar rate of hole extraction as the control,
so reduced non-radiative recombination is a likely source of the
PLincrease. At ~10~°s, we see a change in the slope of PL decay,
which could be the onset of electron detrapping, which causes a
more rapid decay in PL. We do not see such a change for the
control, which may not see de-trapping until much later.

Combining all treatments (6 mM MACI, 0.6 mM FBACI, and
0.3 nm of EDAL), we reached an efficiency of 20.3% compared
to the 18.0% of the best cell of the control evaporated in the
same batch (Figure 5). This cell using an L-HTL had a higher
Jsc than the control (23.8 versus 21.9 mA cm™?), which was

© 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH
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Figure 4. Loading multiple precursors (MACI and FBACI) concurrently in HTLs can provide constructive improvements in solar cell performance.
a-d) Box plots of PCE, Voc, FF, and Jsc from the reverse scans of different loaded substrates, all prepared during the same evaporation.
e) JV scan from the best cells of each substrate. f) MPP tracking for the champion cell of this evaporation using 4 mM MACI, 0.6 mM FBACI,

and EDAI,.

Table 1. Solar cell performance for cells, as shown in Figure 4, displaying the average of forward and reverse scans and standard deviations for the
substrate. The highest values for each substrate are shown in parentheses.

Jsc [mA Cm_z] Voc

FF PCE [%] Rshunt [2cm™7]

Control 20.24+0.2 (20.4)
L-HTL 21.5+0.4 (22.1)
L-HTL + EDAI, 22.1+0.4 (22.5)

1.13£0.004 (1.14)
1.14+0.14 (1.16)
116 +0.14 (1.18)

70.6 1.6 (72.6)
73.0+2.1 (75.6)
72.6+1.5 (74.8)

16.140.5 (16.8)
17.94+0.9 (19.2)
18.6+0.8 (19.8)

0.75+0.30 (1.11)
1.20+0.79 (2.91)
2384086 (3.71)
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Figure 5. Perovskite solar cells using an L-HTL (MACI, FBACI) and an EDAI, surface treatment show improved efficiency and stability. a) The champion
cell using the L-HTL had a max PCE of 20.3% as measured by |V scan, compared to the 18.0% for the control. The integrated current density from EQE
(23.7 mA cm™?) approximately matched the current density from the ]V scan. b) MPP tracking after initial JV scans shows ~19.9% PCE operating at
~0.92 volts. ¢,d) Long-term MPP tracking, where the most stable cell from each substrate is shown. The peak efficiency for the L-HTL and control cells
were ~20.3% and ~19.4%. The Ty lifetime for control was ~170 h, while the sample using an L-HTL did not decay below its initial value within the first
1000 h. d) Voltage and current values for both samples during the 1000 h of MPP tracking.

corroborated by EQE (Figure 5a), which gave an integrated Jsc of
23.7mA cm™% The cell with an L-HTL had a comparable V¢
(1.13) to the control despite having a lower bandgap as measured
by PL (Control 1.65€V, and L-HTL ~1.62eV). We measured
these cells after initial JV scans by MPP tracking for 5 min, which
gave a PCE of ~19.9% operated at ~0.92 volts. Gains from using
an L-HTL and EDAI, consistently outperform the control sam-
ples within the same batch. Both L-HTL and control samples
from this batch were taken to a secondary setup for long-term
MPP tracking. In Figure 5b,c, we show the most stable cell from
each substrate. The cell using an L-HTL was more stable than the
control. We will quantify this stability with the time to reach 90%
of peak efficiency (Too). The control rose in efficiency from 18%
to a peak of ~19.4% at ~10h. The PCEs shown in long-term
MPP are only approximate, as the MPP solar simulator was
not an A-grade spectral match. This control cell decayed to
90% of its peak efficiency at ~170h. We do not directly see
the Too point on our cell using an L-HTL in the first 1000 h,
as efficiencies were still higher than its initial value. A rough esti-
mate of the Too (=3500 h) is provided in the supporting informa-
tion. Comparing JV scans before and after 1000 h of MPP, the

Sol. RRL 2024, 8, 2400575 2400575 (8 of 10)

control cell lost both Jsc and FF but maintained its Voc. The
L-HTL sample increased in Vo, but slightly decreased in FF.
A table summarizing the changes in the samples from Figure 5
is shown in Table S3, Supporting Information. Additionally,
there is a table of normalized efficiency for all cells used for
MPP tracking. We show relative performance by comparing
our results to those from the perovskite database (Figure S9,
Supporting Information).?* A champion solar cell using a sub-
strate with an antireflection coating, but otherwise similar con-
ditions, reached a PCE of 21% as measured by JV and MPP
(Figure S10, Supporting Information).

Such a large difference in stability is surprising for samples
concurrently evaporated with similar starting efficiencies.
However, these samples appear to have important differences
which influence decay. Likely factors include the significant
excess of lead iodide in the control sample, which can reduce
stability via the decomposition of lead iodide to lead metal.l?”-**!
The control sample also had an increased proportion of the hex-
agonal phase (6 H) perovskite, which is also linked to rapid
decomposition.”?! The L-HTL sample had a small fraction of
FBA cation which we believe should passivate surface defects

© 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH
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and slow decay.!"” In aggregate, the stability improvement for the
L-HTL sample was pronounced, despite the relatively small frac-
tional change in total material (<1%).

3. Conclusion

We showed that by using L-HTLs, we incorporated materials into
coevaporated lead halide perovskites that may otherwise be only
accessible to solution-processed films. We demonstrated the
inclusion of MACI, and the inclusion of small fractions of the
low-D cation FBA. Using L-HTLs, perovskite films had a more
complete conversion of lead halide to perovskite and higher
PLQY. We demonstrated improved Voc for solar cells using
the additional evaporated surface treatment of EDAI,. The films
using L-HTLs and EDALI, consistently improved the efficiency of
solar cells compared to the best control samples evaporated con-
currently. L-HTLs improved most relevant metrics, including
Jsc, FF, and Voc. Solar cells using L-HTLs and EDAI, demon-
strated stability where cells did not decay below their initial PCE
after 1000 h of MPP-tracking under AM1.5-equivalent illumina-
tion. A champion cell using an L-HTL and an antireflection coat-
ing reached 21% PCE. Thus, this method is a tool that can lead to
greater flexibility and improved performance in future evapo-
rated perovskite materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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