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ABSTRACT

Hole-selective self-assembled monolayers (SAMs) based on carbazole head groups have enabled major performance improve-
ments of perovskite solar cells (PSCs) by eliminating parasitic absorption and nonradiative losses. However, the energy levels
of the carbazole-based, commercially available SAMs poorly match the valence band maximum (VBM) of narrow-bandgap, lead-
tin (Pb-Sn) perovskites, relevant for tandem applications. In this work, we expand the library of SAMs compatible with Pb-Sn PSCs
by synthesizing four novel SAMs containing phenoxazine (POz) and phenothiazine (PTz) as their head groups and investigate
their interaction with the Pb-Sn perovskite in detail. We obtain working devices with all SAMs, but despite significant differences
between the highest occupied molecular orbital (HOMO) levels of the SAMs, the open-circuit voltage (Voc) and fill factor (FF)
across devices remains similar, suggesting that the role of energy level alignment is less relevant at this interface. Through in-
depth analysis including photoluminescence quantum yield (PLQY), transient photocurrent (TPC), and combined time-resolved
surface photovoltage (trSPV) and time-resolved photoluminescence (trPL) measurements, we unveil the charge extraction dynam-
ics of these systems featuring different head groups and HOMOs. This work highlights that the SAMS’ structure affects the overall
charge extraction process and provides insights into the strategies needed to maximize charge extraction for more efficient PSCs.

1 | Introduction (PSC) typically use lead (Pb) iodide perovskite compositions as
their absorbers, resulting in bandgaps in the range of 1.5-1.8 eV
[8-10]. As the Shockley—Queisser efficiency limit for a single-
junction on a lab scale is being approached, the tandem solar cell
(TSC) concept, which allows reducing thermalization losses and
therefore enabling higher efficiencies, is gaining increasing attrac-
cost. These properties could enable power conversion efficiency tion [11, 12]. While to date the most efficient silicon (Si)-perovskite
(PCE) values up to 26.7% for single-junction devices on a lab scale,  tandems reach PCEs up to 34.2%, the Si part retains the issues
thereby offering a compelling perspective for commercialization typical of this material, such as the high purification costs [7, 13].
[1-7]. Highly efficient single-junction perovskite solar cells  All-perovskite tandems consisting of one narrow-bandgap (NBG)

Since their first introduction in solar cells in 2009, metal halide per-
ovskites have gained enormous attention in the solar cell commu-
nity due to their excellent optoelectronic properties such as high
absorption coefficients, tunable bandgaps, and low manufacturing
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and one wide-bandgap (WBG) perovskite absorber could offer a
valuable alternative [14, 15]. Compared to Si-containing devices,
all-perovskite tandems are also compatible with the fabrication
of flexible solar cells, due to the pliable nature of perovskite mate-
rials [16]. In NBG perovskite compositions, a substantial part of
Pb is typically replaced with tin (Sn). The alloying of these two
metals within the perovskite results in bandgaps in the range
of 1.2-1.3 eV, which are narrower than both pristine counterparts
due to the so-called bandgap bowing effect [17, 18]. Many of the
latest advances in PSC were made possible by the use of hole-
transporting self-assembled monolayers (SAMs), allowing fast
and effective hole collection, thereby limiting interfacial recombi-
nation losses [19-21]. Over the past decade, several tens of phos-
phonic acid-based, hole-transporting SAMs have been introduced
and successfully implemented in p-i-n PSCs. For details, we refer
the reader to some recent and comprehensive review articles on
the topic [22-25]. The most prominent, commercially available
SAMs such as 2PACz, 4PACz, and Me-4PACz have highest occu-
pied molecular orbital (HOMO) levels in the range of 5.5-5.8eV
and as such they align well with the valence band maxima (VBM)
of Pb perovskites [26]. However, the same might not hold true for
Sn-containing perovskites, which have been reported to have a
shallower edge around 5.2-5.3eV [27, 28]. In this work, we
designed and synthesized four novel SAMs based on the phenox-
azine (POz) and phenothiazine (PTz) head groups to expand the
library of the available SAMs and to understand the interplay
between HOMO of the SAMs and VBM of the perovskites. Our
results outline a complex dynamic between charge extraction
and interfacial recombination and stress the need of substantial
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improvements in the severely limiting perovskite/electron-
transport material (ETM) interfaces, which constitute the charge
collection bottleneck of the state-of-the-art PSCs.

2 | Results and Discussion

21 | Energy Levels Alignment and Solar Cell
Performance

In order to understand to what extent the energy level alignment
between the valence band maximum (VBM) of the Pb-Sn perov-
skite and the HOMO of the hole-transport layer (HTL) deter-
mines the effective hole collection and ultimately the device
efficiency, we initially measure the VBM of the neat -Pb-Sn
perovskite film using photoelectron spectroscopy in air (PESA),
confirming the reported values of 5.2-5.3eV (Figure S1,
Supporting Information) [29-31]. Here, it is important to specify
that the values obtained by standard photoelectron spectroscopic
measurements, including ultraviolet photoelectron spectroscopy
(UPS) and PESA, only provide an approximate value that it is
subject to change when the material is incorporated into a mul-
tilayered device [32, 33]. Since the energetics of the buried HTL/
perovskite is difficult to access directly via the usual material
characterization techniques, one alternative is testing empirically
the charge collection efficiency when solar cells are fabricated
using the Pb-Sn perovskite absorber in combination with HTLs
having either shallower, approximately equal, or deeper HOMO
levels than the approximate VBM of the absorber. Therefore, we
synthesized the adducts 2PAPOz, 2PAPTz, 4PAPOz, and 4PAPTz
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FIGURE1 | (a)Molecular structure of the SAMs used in this work. (b) Ionization potential of the SAMs as measured by PESA (inset: scheme of the
sample). (c) Representative J-V curves of solar cells using the five different HTLs (inset: device architecture and V¢ values. (d) Representative J-V'

curves of solar cells using 2PAPOz and 2PAPTz as their HTL, nonpassivated or EDA-passivated, respectively (inset: device architecture and passivation

scheme).
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and compared them to the commercially available MeO-2PACz.
The synthesis and the characterization of the four new SAMs is
described in detail in the Supporting Information. These adducts
(Figure 1a) are inspired to the widely used SAMs featuring a head
group containing a carbazole system (Cz), an aliphatic chain
(C,-Cy), and a phosphonic acid (PA) anchoring group, as in MeO-
2PACz. In our approach, we replaced the carbazole head groups
with phenoxazine (POz) or phenothiazine (PTz), using either a
two- or four-membered aliphatic chain and keeping the phos-
phonic acid anchoring group. Bromine-substituted POz- and
PTz-based SAMs have been reported in recent literature
[34, 35], however in our approach we did not include any sub-
stituents on the POz and PTz head groups. Using PESA, we mea-
sured the energetics of all SAMs deposited on ITO substrates,
which confirmed that the commercial MeO-2PACz has a HOMO
level of ~5.1 eV, slightly shallower than the VBM of the perov-
skite, the phenoxazine-based SAMs’ HOMOs of ~5.2 €V are circa
equal to the VBM perovskite, while the phenothiazine-based
SAMs’ HOMOs of ~5.4 eV are 200 meV deeper than the approxi-
mate VBM of the perovskite (Figure 1b).

To elucidate the correlation between the molecular structure
of SAMs and the variations in their VBM levels, we performed
density functional theory (DFT) calculations (see Supporting
Information for computational details). The optimized molecular
structures of the SAMs are presented in Figure S2 (Supporting
Information), along with their corresponding HOMO and lowest
unoccupied molecular orbital (LUMO) plots and energy levels.
The LUMOs are primarily delocalized over the z-conjugated
rings, with negligible electron density observed on the oxygen
or sulfur atoms within the heterocyclic bridge. In contrast, the
HOMOs are predominantly localized on the phenoxazine and
phenothiazine heads, with significant electron density on the
heteroatoms. In all five SAMs, neither the linkers nor the tail
groups exhibit notable contributions to either the HOMO or
LUMO, suggesting their minimal influence on the electronic
structure. Using Koopmans’ theorem, we approximated the ioni-
zation energies as the negative of the HOMO energies. The higher
ionization energies of the phenothiazine- and phenoxazine-based
SAMs can be rationalized by the electron-withdrawing character
of the oxygen and sulfur heteroatoms, which stabilize the HOMO
and increase the energetic cost of electron removal. In contrast,
MeO-2PACz features a strongly electron-donating methoxy group
that increases the electron density on the aromatic system, thereby
destabilizing the HOMO and reducing its ionization energy. To
further validate this interpretation, vertical ionization energies
were computed and compared with PESA measurements (see
Figure 1b and Figure S3, Supporting Information). The calculated
values show good consistency with the experimental data substan-
tiating that the different functional groups on the SAMs modulate
their geometry and their properties. Clearly the phenothiazine-
based SAMs exhibit higher ionization energies than their phenox-
azine analogs, whereas the commercial MeO-2PACz SAM displays
the lowest ionization energy among all the systems studied, which
further affirms the results calculated according to Koopman’s
theorem.

We then proceeded to fabricate solar cell devices with the archi-
tecture ITO/HTL/Pb-Sn perovskite/Cgo/BCP/Ag, as depicted in
the inset of. Figure 1c, which displays typical J-V curves for devi-
ces employing each of the five studied HTLs. Intriguingly, despite
the energetic differences among the HTLs” HOMOSs, spanning a

range of 300 meV, the open-circuit voltage (Vo) remains similar
across all systems at around 0.75 V.

Obviously, the Vo is influenced by both the hole collection at
the perovskite/HTL interface and the electron collection at the
perovskite/electron-transport layer (ETL) interface. Therefore,
if the latter is suboptimal due to surface or interfacial defects
[36, 37], it may result in a bottleneck for the V¢, thus making
the energy level alignment at the hole-selective interface less rel-
evant. For this reason, we employed the well-known surface pas-
sivation treatment with ethylenediamine (EDA), which has been
reported as a facile strategy compatible with and beneficial to
many perovskite compositions, including neat-Pb triple cation and
WBG perovskites and neat-Sn perovskites [38-42]. Figure 1d
shows four representative J-V curves for devices containing
2PAPOz and 2PAPTz as their HTL, nonpassivated and EDA-
passivated, respectively. Even though the EDA passivation results
in improved Vc (at around 0.83 V) and overall PCE for both HTLs
(results over many devices in Figures S4 and S5), the magnitude of
the improvement is approximately the same for both systems, sug-
gesting that the perovskite/ETL side might be the bottleneck of the
overall charge collection even after passivation. This further high-
lights the need for the perovskite community to further improve
the ETL interface or come up with new strategies, including novel
materials and unconventional deposition techniques minimizing
the significant losses at this specific interface. The commonly
deployed material characterization techniques such as scanning
electron microscopy (SEM), X-ray diffraction (XRD), and steady-
state photoluminescence (PL) do not reveal significant differences,
suggesting that the bulk properties of the perovskite remain
unchanged when grown on top of the five different SAMs
(Figure S6, Supporting Information).

While the J-V curves reveal the suitability of all novel SAMs for
the fabrication of working Pb-Sn PSCs, a better understanding of
the nonradiative losses in the perovskite stacks deposited on dif-
ferent HTLs is necessary. Therefore, we performed photolumi-
nescence quantum yield (PLQY) measurements. As depicted
in Figure 2a, the Pb-Sn perovskite films deposited on quartz glass
resulted in the highest PLQY, followed by MeO-2PACz, the
phenoxazine-containing HTLs 2PAPOz and 4PAPOz, and then by
the phenothiazine-containing HTLs 2PAPTz and 4PAPTz. Finally,
when a thin C¢ layer was evaporated on top of the perovskite, the
resulting PLQY amounted to merely half of the quartz glass case,
once again highlighting the high losses at this interface.

2.2 | Assessment of Charge Carrier Extraction

For a more in-depth analysis, we performed combined time-
resolved photoluminescence (trPL) and time-resolved surface
photovoltage (trSPV) experiments. Notoriously, standard trPL
measurements are difficult to interpret. The challenge arises
from the co-occurrence of two main phenomena: (i) nonradiative
recombination and (ii) charge carrier extraction into the charge-
selective layer, the former being detrimental and the latter bene-
ficial for the sake of solar cell efficiency. However, both result in
the quenching of the observable PL signal [43]. On the other
hand, trSPV allows for the direct probing of the fast charge trans-
fer, further enabling the extent and the timescale of the charge
transfer by inspecting the amplitude and the rate of the transient
SPV signal. Thus, performing these measurements sequentially
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(a) Luminescence quantum yields values for Pb-Sn perovskite deposited on quartz glass, on the different SAMs and for a perovskite/Cg

stack. (b) trSPV measurement performed on the Pb-Sn perovskite deposited on three different SAMs. (c) Semilogarithmic trPL plots of the same samples

of (b); the monoexponential decay fitting functions are shown with a dashed line. (d) Logarithmic trPL plots of the same samples with the same fitting

functions shown.

on the same sample is essential to disentangle concurring phe-
nomena. The SPV transients in Figure 2b start from an amplitude
of 0, as we subtracted the photovoltage before the arrival of the
laser pulse (i.e., the photovoltage from previous laser pulses and
ambient light). Hence, we refer to the y-axis as “ASPV” rather
than “SPV.” All samples exhibit a negative SPV signal after
the first 10 ns. It is important to note that the resolution is limited
to 10 ns. Some other transients, measured with higher resolution,
showed an initial positive signal within the first 10 ns. However,
for 2PAPOz, no higher resolution transient is available, so all
data are presented with the 10 ns resolution. The early positive
signal is most likely associated with the initial charging of the
samples, as the newly formed holes first migrate toward the
already positively charged surface. The negative SPV indicates
an excess of negative charge on the surface of the sample, result-
ing from holes moving toward the HTL. For MeO-2PACz, this
charge extraction process occurs more rapidly than in the other
samples, with the SPV peaking at 40 ns. Subsequently, the signal
decays to zero as the holes are injected back into the bulk and
recombine there. The other samples exhibit a shoulder around
the same timescale (~40 ns), which may indicate a similar pro-
cess as observed in MeO-2PACz. However, the negative SPV sig-
nal in these samples becomes more pronounced, forming a
second shoulder, which suggests an additional, more dominant
process. MeO-2PACz demonstrates a faster increase in the SPV
signal and reaches a higher amplitude compared to 2PAPOz and
2PAPTz. This indicates faster charge extraction and greater
charge separation in MeO-2PACz.

TrPL was captured up to 80ns, during which it decayed by
approximately three orders of magnitude. The semilogarithmic

plot in Figure 2c reveals a multiexponential decay, as indicated
by the nonconstant slope and the progressively slower decay over
time. We fitted the data with a monoexponential decay between
0.1 and 0.01 of the maximum amplitude, as also depicted in
Figure 2d. All samples exhibit similar trPL decay times in the
order of a few nanoseconds, with 2PAPOz decaying slightly faster
at 3.7 ns, followed by MeO-2PACz at 5.3 ns, and 2PAPTz at 6.3 ns.
These decay times are considerably shorter than those for lead-
based halide perovskites but relatively long if compared to pure
Sn perovskites such as FASnI3, for which we previously reported
a decay time of 0.5 ns [44].

Comparing the trPL with the trSPV shows that trPL quenches
during the initial hole extraction process, within the first ~10 ns.
Subsequently, it appears that no significant PL occurs, indicating
the absence of remaining holes in the perovskite. We attribute
this initial extraction process to the separation of electrons
and holes in the perovskite layer, and possibly to hole transfer
within the headgroup of the SAMs. The later hole extraction pro-
cess, which is more pronounced in 2PAPOz and 2PAPTz, may be
attributed to tunneling through the backbone of the SAM mol-
ecules, which has been shown to limit the charge extraction rate
through the SAMs [43].

These results suggest that MeO-2PACz facilitates faster hole
transfer (as indicated by the quicker SPV peak) and extracts more
holes (as evidenced by the larger SPV amplitude) than the other
SAMs. Consequently, MeO-2PACz appears to have superior HTL
properties, but no significant difference is observed when com-
paring the photovoltaic performance parameters averaged over a
large number of devices (Figures S4 and S5), resulting in compa-
rable or slightly higher V¢ values for 2PAPOz and 2PAPTz over
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MeO-2PACz, and comparable or slightly higher PCE values for
2PAPOz over MeO-2PACz.

Next, we examine the voltage-dependent trPL measurements of
PSCs comprising different SAMs. We measured the trPL decays
up to 50ns, by varying the applied pulsed voltage from 0 to
1.8 V. For each of the plots in Figure 3, we can separately assess
the fast and the slow decay components and their lifetime depend-
ences on the voltage. When the field is not applied or is screened,
the trPL decay predominantly represents the recombination of
charge carriers, as well as their extraction process when the charge
carriers diffuse towards interfaces, due to the built-in electric field.

In contrast, the application of the voltage to the devices could
modify the internal built-in field, resulting in drift transport of
the charge carriers, which can reduce recombination at the inter-
faces increasing carrier injection. Considering that the used per-
ovskites and their contacts with the ETM are identical in all
samples, the differences in trPL decays are primarily determined
by the interface quality of the SAMs. If the carrier recombination
at the interfaces is low and carrier movement is not impeded by
the barriers, the injection of charge cariers at the interface should
not depend significantly on the applied external electric field. In
devices containing 2PAPOz and 4PAPOz as their HTL, the fast
PL decay component accelerates with increasing voltage, sug-
gesting that the additional applied electric field is required to
enhance carrier extraction, which we do not see for the 2PAPTz
and commercial MeO-2PACz counterparts. The acceleration of
the PL decay with increasing applied voltage indicates that
the presence of energy states at the SAM/perovskite interface
impedes hole transfer toward SAM, requiring additional electric
field to overcome their activation. While the absence of trPL
acceleration with applied voltage, suggests that the electric field
is either screened by photogenerated carriers [45] or that hole
transfer toward SAM is fast enough to respond to field induced
energy level shifts at interface [46]. The latter is more likely, as the
low carrier injection levels in our experiments (<100 nJ cm™3)
make electric field screening less important. Moreover, screening
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by electric field induced ion migration should be also ruled out, as
the applied 2 ps voltage pulses with a low repetition rate of 10 kHz,
allow the system to relax for hundreds of microseconds between
pulses.

The slow PL decay components remain unaffected by change in
voltage in the 2PAPOz, 4PAPOz, and MeO-2PACz devices. We
attribute this observation to intrinsic properties or defect states
within the material that do not respond to the electric field. In
contrast, for the 2PAPTz-based device, the slow PL decay com-
ponent becomes slower with increasing voltage. This is in con-
trast to all other samples and could be due to an increase in the
population of trapped carriers caused by the applied electric field
to these devices. This results in a longer release time for the
trapped charge carriers.

We also investigated the transient photoresponse of the samples
in a lateral geometry using interdigitated combs of Pt electrodes
(IDE) with a 5 pm interelectrode spacing. The IDEs were coated
with SAMs, followed by the deposition of perovskite films on top
(Figure 4a). In this configuration, the SAMs were deposited on a
glass/Pt substrate instead of glass/ITO. However, since the spin-
coating process was performed identically for both substrates and
typically results in a thin stacked layer rather than an ideal
monolayer, we do not expect significant differences in the behav-
ior of the SAMs on the two surfaces. The samples were excited
with short laser pulses under an applied external electric field.
The photocurrent decay of the samples results from the decrease
in charge carrier concentration, which is determined by their
transition towards interfaces, recombination, or trapping at
defects.

The photocurrent kinetics of all samples are presented in
Figure 4b-e, revealing a triexponential decay behavior. The decay
shows a very fast component lasting for less than 10 ns, an inter-
mediate component around 100 ns, and a slow decay component
persisting over several microseconds. Notably, all samples show
very similar lifetimes, with only slight variations in amplitudes,
especially for sample 4PAPOz. These differences might be
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FIGURE 3 | Voltage-dependent trPL measurements performed on full solar cell devices featuring (a) MeO-2PACz, (b) the phenothiazine-based
2PAPTz, and (c,d) the phenoxazine-based 2PAPOz and 4PAPOz self-assembled monolayers as their HTLs.
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FIGURE 4 | (a) Scheme of the interdigitated electrodes used for all experiments whose result are in the rest of the figure. (b-e) Transient photo-

current plot as a function of the applied voltage bias. (f,g) Comparison of different HTLs at an applied bias of 2 and 10 V. (h,i) Cumulated charge

collection resulting from the corresponding transients for MeO-2PACz and 4PAPOz, respectively.

influenced by SAMs. After initial carrier generation, the carriers
rapidly undergo relaxation, where the initial fast decay compo-
nent might be attributed to electron trapping [43], occurring
more rapidly than hole extraction, which is represented as the
intermediate decay component. The fast decay component is
more pronounced at low applied voltages, when the applied elec-
tric field across the perovskite is weak. While increasing the volt-
age accelerates the transport of holes by driving them more
efficiently toward the corresponding electrode. This results in
a reduced contribution of the fast electron trapping-related decay
component. At higher voltages, the photocurrent becomes more
dominated by the extraction of holes. This also well agrees with
the slow decay component, which could be attributed to the
extraction of trapped electrons at higher voltages.

The voltage dependence of the slow decay component is complex.
At low voltages, its contribution becomes negative, but further
increasing the voltage its contribution becomes positive and at
high voltages it slows down. The negative component is evidently
related to the screening of the built-in field created either by
mobile ions, accumulated electrons, or a combination of both
[47]. At low applied electric fields, electrons can move toward
positive electrode, where they may be trapped or accumulated
at the SAM/perovskite interface due to an energetic barrier, cre-
ating a localized region of negative charge near the positive con-
tact. Meanwhile, slowly moving mobile ions can create a positive
charge region near the opposite electrode. These conditions cre-
ate an internal electric field with opposite polarity to the applied
field, resulting in a negative net current when a low voltage is
applied.

As the applied voltage increases, the stronger external applied
electric field overcomes the opposing internal field, resulting
in the release of trapped carriers and more efficient charge carrier

extraction. When comparing normalized transient photocurrent
(TPC) kinetics presented in Figure 4f,g, the slow decay compo-
nent for the samples containing 2PAPOz, MeO-2PACz, and
2PAPTz SAMs shows a very similar behavior, whereas the ampli-
tude of the 4PAPOz device is significantly increased. The inte-
grated TPC decay (Figure 4h,) representing the cumulated
current (total extracted charge), shows that all samples have a
similarly fast initial carrier extraction component attributed to
hole extraction. However, an additional slow component for
2PAPOz, MeO-2PACz, and 2PAPTz SAMs almost saturates at
higher voltages, while it further increases for samples with
4PAPOz molecules. The persistent increase in the slow compo-
nent additionally suggests the presence of carriers that are grad-
ually extracted from the perovskite. This further confirms that
films with 4PAPOz molecules have more trapped electrons than
other samples. Since the perovskite composition is identical in all
films, the charge carrier trapping probably occurs at the SAM/
perovskite interface.

3 | Conclusions

In conclusion, this study expands the available library of SAMs
available for PSCs, showing that all examined SAMs yield work-
ing devices based on NBG Pb-Sn perovskite. Despite the HOMO
levels—computationally determined and experimentally verified—
of the investigated SAMs aligning differently with the VBM of the
Pb-Sn perovskite, the influence of this alignment on device per-
formance was found to be secondary in these systems, as reflected
in consistent V¢ and fill factor (FF) values across devices, for
both nonpassivated and EDA-passivated perovskite surfaces.
These results strongly suggest that in these systems, the perov-
skite/Cgo interface is a predominant limiting factor that hinders
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the charge carrier extraction. The in-depth analysis of charge
extraction in cells and half-cells containing carbazole-, phenox-
azine-, and phenothiazine-based SAMs illustrates the complex
dynamics between extraction and recombination. TrPL
and trSPV studies reveal differences in fast hole transfer and
interfacial recombination dependent on the SAM structures, out-
lining similarities between POz and PTz-based SAMs, and differ-
ences between these latter and MeO-2PACz. Voltage-dependent
trPL reveals the presence of possibly limiting energy states for
2PAPOz and 4PAPOz, which are absent in 2PAPTz or MeO-
2PACz. The TPC analysis suggests the presence of trap states
for 4PAPOz, which can be attributed to the longer aliphatic
chain. The molecular design of HTLs for Pb-Sn PSCs remains
relevant, and the tunability of the SAMs’ energy levels via their
head group is a valuable strategy to boost hole extraction. We
point out that while hole-transporting SAMs are close to optimal
for hole extraction, further improvements at the perovskite/ETL
interface remain crucial for both the device optimization and the
better understanding of the complex interplay between simulta-
neous extraction of electrons and holes, recombination and inter-
facial phenomena.

4 | Materials and Methods
4.1 | Materials

For the PSCs fabrication, ITO-coated glass substrates were
acquired from Luminescence Technology Corp (thickness 2 mm,
~15 Q/0). Formamidinium iodide (>99%), methylammonium
iodide (>99.99%) were purchased from Greatcell Solar. Lead (IT)
iodide (99.99% trace metal basis) and MeO-2PACz (>98%) were
purchased from TCI Chemicals. Tin (IT) iodide (>99.9%) was pur-
chased from Thermo Scientific. Buckminsterfullerene (Cgg, >98.5%)
and bathocuproine(BCP) (>99.0%) were acquired from Ossila.
Chlorobenzene (anhydrous, 99.8%), lead (II) thiocyanate, tin (II)
fluoride (99%), ethylenediamine (>99%), diethyl ether (anhydrous,
>99.7%, containing 1ppm BHT as inhibitor), isopropyl alcohol
(anhydrous, 99.5%) were purchased from Sigma Aldrich.
Dimethylformamide (99.8%, extra dry) and dimethyl sulfoxide
(99.7 + %, extra dry) were purchased from Acros Organics. Absolute
ethanol was purchased from VWR. All chemicals were used without
further purification or processing.

4.2 | Synthesis and Chemical Characterization of
Novel SAMs

For the synthesis of nPAX (n=2,4; X=POz, PTz), chemicals
were purchased from Sigma Aldrich and TCI Europe and used
as received without further purification. '"H NMR spectra were
recorded at 4007MHz on a Bruker Avance III spectrometer,
13C NMR spectra were collected using the same instrument at
101 MHz. The chemical shifts, expressed in ppm, were relative
to tetramethylsilane (TMS). All the NMR experiments were per-
formed at 25°C. Reactions were monitored by thin-layer chroma-
tography on ALUGRAM SIL G/UV254 plates and developed with
UV light. Silica gel (grade 9385, 230-400 mesh, 60 A, Sigma
Aldrich) was used for column chromatography. Elemental anal-
ysis was performed with an Exeter Analytical CE-440 elemental
analyzer, Model 440 C/H/N/. Electrothermal A. KRUSS M3000
capillary melting point apparatus was used for determination

of melting points. Details about the synthesis and analysis
of the individual adducts are available in the Supporting
Information.

4.3 | DFT Calculations

DFT calculations were performed with Gaussian 16 using B3LYP/
Def2-SVP and Grimme’s D3 correction; full computational details
are provided in the Supporting Information.

4.4 | Precursor Solutions

For each SAM, a 0.2 mM solution in ethanol was prepared and
stored in a nitrogen atmosphere, which was then used for several
batches. The Pb-Sn perovskite precursor solution was prepared
by mixing separately prepared FASnI; and MAPbI; solutions.
The FASnI; solution was prepared by combining FAI and
Snl, at a concentration of 1.15M with the presence of 10%
(i.e., 0.115 M) of Snl, in DMF:DMSO 4:1. After stirring for several
hours, the solution was filtered through a 0.20 pm PTFE filter.
The MAPDI; solution was prepared by combining MAI and Pbl,
at a concentration of 1.15M with the presence of 3.50 mol%
(0.04 M) of Pb(SCN), in DMF:DMSO 9:1 and stirring at 70°C
for 30 min. Then, the two solutions were combined in a volume
ratio of 1.5:1 FASnI;:MAPbI; to yield the FAgsMA 4Sng ¢Pbg 413
composition. The passivation solution was prepared by dissolving
EDA in isopropyl alcohol at a concentration of 0.90 mM.

4.5 | Perovskite Solar Cell Fabrication

The ITO substrates were cleaned by ultrasonication in soapy
water, acetone and isopropyl alcohol for 15 min each, then they
were carefully dried and placed in an UV/Ozone cleaner (Ossila)
The SAMs precursor solutions were spin-coated on top of the
substrates in a Nj-filled glovebox at a spin speed of 3000 rpm
for 30s, followed by annealing at 100°C for 10min each.
Afterward, the Pb-Sn perovskite solution was spin-coated onto
the HTLs at 4000 rpm for 60s. At 15 s after the start, a generous
amount of diethyl ether was pipetted onto the spinning substrate,
followed by annealing at 100°C for 10 min each. The substrates
were then transferred into a thermal evaporator (Oerlikon),
where 25 nm of C¢, were deposited at a rate of 0.1 Als, followed
by 7nm of bathocuproine (0.17A/s) and finally 100 nm of silver
(1 A/s). All thermal evaporations were carried out under a vac-
uum <8 x 10° mbar.

4.6 | Characterization

PESA was carried out using an AC-2 system purchased by Riken
Instruments. Quantity of light correction was performed before
starting the measurement. The current density—voltage charac-
teristics curves of the PSCs were recorded under equivalent
1 sun illumination with a step size of 0.05V and a delay of
0.01s in a nitrogen filled glovebox with an assembly of a
Keithley 2400 SMU and a LOT 300W Xenon solar simulator, cali-
brated with a Si reference diode certified from ISE Fraunhofer.
The PLQY was measured using a LuQY Pro setup from Quantum
Yield Berlin equipped with a 550 nm longpass filter between the
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sample and the detector. The raw PL spectra acquired with this
instrument were used for the steady-state PL analysis. Scanning
electron microscope (SEM) images were acquired with a Gemini
500 FESEM system from Zeiss equipped with an in-lens detector.
The charge carrier extraction and nonradiative recombination
losses at the interface between perovskite and HTL were investi-
gated in this work by combining trSPV and trPL, which were per-
formed under identical photogeneration conditions. TrPL is a
common technique for measuring charge carrier recombination
in semiconductors. TrSPV studies carrier dynamics at buried
interfaces and therefore complements trPL by distinguishing
charge carrier extraction (appears as the rise of SPV) from recom-
bination (appears as the decay of SPV). Also, the direction of
charge carrier movement can be identified from the sign of the
voltage [43]. The samples were excited in both experiments with
a femtosecond laser (Menlo BlueCut) with a wavelength of 515 nm
wavelength and repetition rates of 125 kHz. The laser power was
attenuated with neutral density filters to 24 pJ cm™ pulse™. This
corresponds to a photoexcitation of 6 x 10 carriers cm™. This
carrier concentration is typical for such perovskite thin films to
open-circuit conditions under 1 sun illumination. The SPV signal
was measured in the configuration of a parallel plate capacitor.
The capacitor is formed between the reference electrode, a quartz
cylinder partially coated with SnO2:F (reference electrode) and the
sample electrode, which is ITO of the device. The encapsulation on
top of the perovskite is the insulator of the capacitor which
increases the voltage/signal and no other insulator, e.g., mica-
sheet was needed. The signal was measured via a high-impedance
buffer by an oscilloscope [48]. The PL emission was measured by
time-correlated single photon counting with PicoHarp300. To
this end, a Geiger-mode avalanche photodiode was used with a
530 nm long-pass filter in front of it to suppress the 515 nm laser
light. For voltage-dependent trPL measurements, transient photo-
luminescence signals were detected using a streak camera system
(Hamamatsu C5680) operating in single-sweep mode. A femtosec-
ond Yb:KGW oscillator (Pharos, Light Conversion Ltd) with a fre-
quency doubler (HIRO, Light Conversion Ltd) producing 515 nm
sub-100-fs pulses at a 76 MHz repetition rate was employed,
and a pulse picker was used to reduce the repetition rate to 2 kHz
in the single-sweep mode for nanosecond timescales. Electrical
pulses with duration of 2 ps were applied to the PSCs devices using
a Tektronix AFG3101 function generator. TPC investigations were
performed with an Agilent Technologies DS05054A oscilloscope
using 50 Q input resistor and a Tektronix AFG 3101 function gen-
erator. Samples were excited by nanosecond Nd:YAG Laser PL201
(EKSPLA) generating 4 ns duration pulses with 200 Hz repetition
rate at 532 nm wavelength.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Synthesis of the phenoxazine
and phenothiazine-based SAMs with varying length of the aliphatic
linker. Supporting Fig. S1: Ionization energy determination of the
PbSn perovskite and the SAMs via photoelectron spectroscopy in air
(PESA)un. The ground level was fitted with a straight line parallel to
the x axis, whereas the rising part was fitted with a straight line via linear
regression. All SAMs were deposited on ITO-coated glass. Supporting
Fig. S2: (a) UB3LYP/Def2-SVP optimized structures and their corre-
sponding (b) HOMO and (c) LUMO of the SAMs. The orbitals were plot-
ted at 0.036 isosurface value and the orbital energies are given in eV.
Supporting Fig. S3: (a) UB3LYP/Def2-SVP optimized structures and
their corresponding (b) HOMO and (c) LUMO of the SAMs. The orbitals
were plotted at 0.036 isosurface value and the orbital energies are given in
eV. Supporting Fig. S4: Box plots displaying the photovoltaic parameters
extracted from the J-V curves for many identically processed PSC devices
employing 5 different SAMs as their HTLs. For each parameter, the
median valued is displayed in the middle of the box. For these datasets,
no passivation was used. Device architecture: ITO/SAM/PbSn/Cy,/BCP/
Ag. Supporting Fig. S5: Box plots displaying the photovoltaic parame-
ters extracted from the J-V curves for many PSC devices employing either
2PAPOz or 2PAPTz SAMs as their HTLs, without (NP: nonpassivated)
and with EDA passivation (EDA), Clearly, the Voc and PCE of the
EDA passivated devices improves. The magnitude of the improvement
is approximately the same for 2PAPOz and 2PAPTz. Device architecture:
ITO/SAM/PbSn/EDA/Ce,/BCP/Ag. Supporting Fig. S6: Top-view SEM
images of SnPb perovskite thin films deposited on SAM-coated ITO sub-
strates. The differences in coverage homogeneity and grain sizes are neg-
ligible or within typical sample-to-sample variations, confirming that the
morphology of all samples is comparable. In other words, the grain
growth is not directly influenced by the underlying SAM. Supporting
Fig. S7: Steady-state photoluminescence spectra of PbSn perovskite
deposited on SAM coated ITO substrates. The shifts in peak positions
and intensities are negligible or within typical sample-to-sample varia-
tions, confirming that all photoluminescence spectra are comparable.
The optical bandgap determined on the basis of this dataset is 1.25 *
0.01 eV. Supporting Fig. S8: XRD diffractograms of PbSn perovskite thin
films deposited on SAM-coated ITO substrates. The two primary perov-
skite peaks at 20 = 14.1° and 26 = 28.3°, corresponding to the (100) and
(200) planes, are indicated. The shifts in peak positions and intensities are
negligible or within typical sample-to-sample variations, confirming that
all diffractograms are comparable for this analysis.
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