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ABSTRACT

Tin-lead (Sn-Pb) halide perovskites hold promise as narrow-bandgap semiconductors in future solar cells. Currently, non-radiative

recombination induced open-circuit voltage losses limit their full potential. To determine their origin, intrinsic and interfacial non-

radiative recombination losses are investigated for Sn—-Pb perovskite solar cells, and the effects of bulk and surface passivation

strategies are assessed. Absolute photoluminescence is used to determine the quasi-Fermi level splitting in perovskite layers, with

and without charge transport layers, and distinguish bulk and interface contributions. The intrinsic losses in the perovskite semi-
conductor and at its interfaces with the poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) and Cg, charge
transport layers contribute significantly to the overall voltage deficit. Incorporating glycine hydrochloride as bulk additive during

processing reduces the non-radiative losses in the absorber. Likewise, surface passivation with alkane-diammonium iodides or cad-

mium jodide mitigates the non-radiative recombination induced by the Cq, electron transport layer by eliminating direct contact

with the perovskite semiconductor. While each of these passivation strategies are beneficial, shortcomings remain in implementing

them in actual devices because effective passivation of the perovskite can limit the efficient extraction of charges.

1 | Introduction

The increasing global demand for renewable energy sources has
fueled extensive research efforts to develop efficient and cost-
effective solar cells. Metal halide perovskite solar cells (PSCs)
are emerging as a disruptive photovoltaic technology, promising
high power conversion efficiency (PCE) and low fabrication
costs. The combination of the excellent optoelectronic properties
of metal halide perovskites, efficient charge generation, and
bandgap tunability underlie the motivation for extensive
research [1-3]. For metal halide perovskites with a nominal
ABX; composition, wide-bandgap absorbers are typically
obtained by mixing Br™ or Cl” with I" at the X-site, whereas a

narrow bandgap is achieved by alloying Pb** with Sn** at the
B-site [4-8]. These strategies allow tuning the bandgap energy
(Eg) between 1.2 and 3.0 eV and combined enable the application
of metal halide perovskites in multi-junction solar cells [9, 10].

The narrowest bandgaps are obtained with tin-lead (Sn-Pb) per-
ovskites, in which Pb** and Sn®* ions are present in approxi-
mately equal amounts [11-14]. Presently, optimized Sn-Pb
PSCs reach PCEs above 23.5% [15-17]. Despite impressive
developments, the introduction of Sn** in the perovskite lattice
adversely affects device stability due to the easy oxidation of Sn**
to Sn**, which leads to high-level p-type doping, short charge
carrier lifetimes, and degradation of device performance [13].
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This process readily occurs through reactions with the solvent
or traces of oxygen [18, 19]. Many approaches have been devel-
oped to prevent the oxidation of tin-based perovskites during
device fabrication and operation, of which tin fluoride (SnF,)
is the most commonly employed and elaborately studied
reducing agent [20-22].

Beside the oxidation of tin-based perovskites, non-radiative
recombination pathways also significantly decrease the perfor-
mance, by reducing the charge carrier lifetime, the open-circuit
voltage (Voc), and PCE [23-27]. Non-radiative recombination
is associated with defects or trap states in the perovskite and
at its interfaces with the charge transport layers (CTLs).
Several passivation techniques have been employed to improve
the performance of Sn—Pb PSCs, among others, using quasi-two-
dimensional perovskites, organic ammonium salts, or cadmium
iodide [15, 28-31]. To design effective strategies that suppress or
eliminate non-radiative recombination in Sn-Pb PSCs, a detailed
understanding of the non-radiative recombination processes and
passivation mechanisms is crucial.

Advanced characterization techniques, including time-
resolved photoluminescence (PL) spectroscopy and transient
absorption spectroscopy, have provided valuable insights into
the kinetics and dynamics of non-radiative recombination in
Sn-Pb PSCs [32-34]. To identify the origin of the non-radiative
losses that reduce the V¢, one can measure the quasi-Fermi
level splitting (QFLS). The QFLS is the difference in the
Fermi energies of holes and electrons under nonequilibrium
conditions, for example, created by light, and conveniently,
qVoc equals the QFLS under illumination at open circuit [35].
The QFLS can be measured with absolute PL measurements
and represents a powerful technique to quantify the contribu-
tions of the defects in the perovskite film and at the interfaces
between the perovskite and CTLs to the non-radiative recom-
bination losses.

In this work, the effect of passivation strategies on the non-radiative
recombination of charge carriers in Sn-Pb PSCs is examined.
We begin by analyzing the voltage loss for p-i-n devices and by
describing the passivation of bulk and surface defects at the inter-
face of the perovskite with the electron transport layer (ETL) and
hole transport layer (HTL). To further understand the working
principle of the passivation strategies, we perform light-intensity
dependent absolute PL spectroscopy for different HTL and ETL
interfaces. We demonstrate that non-radiative recombination
occurs in the bulk and at the HTL and ETL interfaces. Additionally,
we show that it can be reduced by employing additives to the
precursor solution to improve the bulk perovskite and using
surface passivation at the perovskite-ETL interface. We also show
that while these passivation strategies work well to increase the
QFLS, the actual photovoltaic performance of the perfectly passiv-
ated perovskite can be compromised by losses that occur when
charge extraction is hindered.

2 | Results and Discussion

Single-junction PSCs (Figure 1a) were fabricated in an inverted
(p-i-n) architecture, with poly (3,4-ethylenedioxythiophene):

poly(styrene sulfonate) (PEDOT:PSS) and Cg, serving as the
HTL and ETL, respectively. The active layer consists of
mixed Sn-Pb iodide perovskite containing cesium, methylammo-
nium (MA), and formamidinium (FA) A-site cations with a
nominal Csy;FAysMAg3PbgsSngsI; composition. The perov-
skite layers were deposited from a 1.8 M precursor solution, in
N,N-dimethylformamide/dimethyl sulfoxide 3:1 (v/v). To prevent
tin oxidation, tin fluoride (SnF,) was added to the precursor solu-
tion [21, 36-38]. Further, guanidinium thiocyanate (GuaSCN)
salt was added to enhance the stability and morphology of the
perovskite film, leading to improved device performance [39, 40].
Detailed information on the fabrication processes and methods is
provided in the Supporting Information.

Figure 1b shows the current-density versus voltage (J-V)
characteristics in forward and reverse scans of a PSC fabricated
without passivation under simulated AM 1.5G illumination cali-
brated to 100mW cm™. The device yields a Voc of 750 mV, a
short-circuit current density (Jsc) of 27.5 mA cm ™2, and a fill fac-
tor (FF) of 0.70, leading to a PCE of 14.6%. The external quantum
efficiency (EQE) approaches 85% under 1-sun equivalent bias
illumination (Figure S1, Supporting Information). The Jsc calcu-
lated from integrating the product of the EQE and the AM 1.5G
spectral irradiance at 1-sun solar intensity reaches 29.3 mA cm 2.
The device parameters are summarized in Table S1, Supporting
Information and Figure S2 shows the boxplots of the device
statistics.

The radiative detailed balance limit (DBL) of the V¢ for the Sn-Pb
perovskite (Eg=127¢€V, derived from derivative of EQE) is
1000 mV [9]. Hence, the V¢ of the non-passivated PSC lacks a
significant 240 mV due to additional losses. These losses mostly
result from non-radiative recombination of electrons and holes,
which occurs at defects in the bulk, at grain boundaries, and
interfaces [41, 42]. To quantify the free energy losses in the bulk
and at the interfaces, absolute PL. measurements on neat perovskite
films or perovskite-CTL combinations were performed from which
the QFLS can be determined directly [43-45]. Figure 1c shows the
absolute PL spectra of a neat perovskite film on glass (i), and of
three (partial) stacks p-i (glass | ITO | PEDOT:PSS | perovskite),
i-n (glass | perovskite | Cg), and p-i-n (glass | ITO | PEDOT:
PSS | perovskite | Cqp). The decrease in PL intensity when the
HTL, ETL, or both are in contact with the perovskite indicates
significant interfacial non-radiative recombination. This is also
reflected in the values for the QFLS of each layer combination
(Figure 1d).

The QFLS of the neat perovskite film on glass (873 meV) is sig-
nificantly less than the radiative limit (1000 mV) and indicates
substantial non-radiative recombination in the bulk. On top of
PEDOT:PSS the QFLS of the perovskite reduces to 800 mV,
implying that the HTL-perovskite interface increases the rate
of non-radiative recombination by more than one order of mag-
nitude compared to the bulk. Application of C4y on the neat
perovskite film, results in a QFLS of 763 meV. The 110 meV loss
compared to the QFLS of the neat film implies a close to 70-fold
increased non-radiative recombination. For the full p-i-n stack,
the QFLS is further reduced to 740 mV and similar to the average
Voc (blue square in Figure 1d). This analysis shows that it is
imperative to reduce the recombination losses in the bulk and
at the HTL—perovskite and perovskite-ETL interfaces to improve
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FIGURE1 | (a)Layer stack of the ITO | PEDOT:PSS | Csq1FAsMA¢ 3Pbg sSng sI5 | Ceo | BCP | Ag p—i—n device architecture used in this work. (b) J-V/
measurements in reverse (solid line) and forward (dashed line) scan directions (0.25 V s~ with steps of 0.01 V) under simulated AM 1.5G illumination
calibrated to 100 mW cm™2. (c) Absolute PL spectra (symbols) of different layer stacks with fits (dashed lines) to determine the QFLS. (d) QFLS of neat
perovskite films (i) and different layer combinations (p-i, i-n, and p-i-n) and V¢ of the PSC. Note that the V¢ in panels b and d differ due to statistical
variations between cells (Figure S2). In panel (d) the average value over 8 cells is plotted.

the Voc. Different surface passivation strategies have been
employed to reduce these losses. Modification of the top and
bottom perovskite surfaces with ethane-1,2-diammonium iodide
(EDAL) and glycine hydrochloride (GlyHCI), respectively, has
been beneficial for mixed Sn-Pb PSCs [15].

The effects of these two passivation strategies were examined in
more detail via absolute PL measurements. Figure 2a presents
the QFLS of the neat perovskite layer on a glass substrate, with-
out and with EDAI, and GlyHCI passivation, along with the
losses relative to the DBL. The QFLS of the non-passivated films
measured 879 =9 meV. For perovskite films treated with EDAI,
(0.5mg mL™) at the top surface, the QFLS was 883 =8 meV,
very similar to that of the non-passivated perovskite. By
introducing GlyHCl (2 mol%) into the precursor solution, the
QFLS of the neat film increased to 901 + 8 meV. A similar result
(898 = 10 meV) was obtained when both EDAI, and GlyHCI were
applied. These results indicate that EDAI, does not reduce the
non-radiative losses or improve the bulk or the top surface of
the perovskite film. GlyHCI, on the contrary, reduces the non-
radiative losses suffered in the neat perovskite absorber layer.
If it does not affect the bulk, the successful use of EDAIL, in
enhancing the PCE of Sn-Pb PSCs [15] must then be related
to improve the interface with the CTLs. Figure 2b depicts the

quantified energy losses in specific layers through a comparison
of the QFLS without and with EDAI, passivation on top and/or
GlyHCI passivation incorporated in the bulk. The red bar repre-
sents the Ve of the corresponding PSCs under operation while
the other bars correspond to the QFLS of the i, p-i, i-n, and p-i-n
stacks and the DBL (Figure S3). The device parameters are
summarized in Table S1 and Figure S2 shows the statistics in
boxplots.

Figure 2b shows that EDAI, top passivation alone does not
improve QFLS of the perovskite on glass (i) or on PEDOT:PSS
(p-i), but does reduce the non-radiative recombination in the
i-n and p-i-n configurations in which Cg, is on top of the perov-
skite. With EDAI, between the perovskite and Cg, layer, there is
a gain in QFLS of 30 meV for the i-n stack and of 32 meV for the
p-i—n stack. This implies that EDAI, passivates the non-radiative
recombination occurring at the perovskite-Cgo interface. The
Voc of the PSC with EDAL, however, only improved by
10 mV to reach 750 mV, which is less than the 774 meV QFLS
of the p-i-n stack. The origin of the mismatch between QFLS
and V¢ has been discussed in detail recently and is expected
to occur when the diffusion of carriers to the metal contact or
CTL is slow compared to the non-radiative recombination in
the interface region [46].
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(a) The QFLS of neat Sn—-Pb perovskite films on glass without and with passivation on top and/or incorporated in the bulk and the losses

with respect to the radiative limit (DBL) for a 1.27 eV bandgap semiconductor. Measurements were done by exciting and recording from the glass or

active layer side. (b) QFLS of neat perovskite films (i) and different layer combinations (p-i, i-n, and p-i-n) and the Vi of the PSC, for configurations

with and without passivation on top and/or incorporated in the bulk, compared to the DBL.

Compared to the non-passivated perovskite, GlyHCI] improves
both the neat perovskite film (QFLS increase 22 meV) and
the perovskite-CTL interfaces (QFLS increase 20 meV for p-i,
11meV for i-n, and 40 meV for p-i-n) (Figure 2b). These
improvements are primarily attributed to higher quality perov-
skite film formation assisted by the GlyHCIl additive. GlyHCl
is known to ameliorate the quality and morphology of the perov-
skite [15, 47]. These observations align with previous studies
where GlyHCl additives led to the accumulation of GlyH™ cations
within the lower portion of the perovskite layer, alongside an
enhancement in film crystallinity [15]. Additionally, in our
previous study we delved deeper into the effect and concentra-
tion dependency of the GlyHCl additive for this perovskite
composition [48]. Nevertheless, despite the improved crystalliza-
tion, losses at the perovskite—-CTL interfaces remain considerable.

When both passivation techniques are combined, it can again
be seen that EDAI, selectively improves the perovskite-ETL
interface. Compared to GlyHCI passivation alone, the QFLSs of
the i and p-i stacks are not changed by EDAI,, but the i-n and
p-i-n stacks gain 39 and 41 meV, respectively. While the Voc
improves to 810 mV, it is less than the QFLS of the p-i-n stack
(851 meV). Hence, while EDAI, improves the QFLS of p-i-n
stacks considerably without and with using GlyHC], this gain is
only partly reflected in the increase in Voc. Additionally, the
J-V characteristics exhibited more pronounced hysteresis in these
devices. This minimal improvement may be attributed to the con-
centration used, suggesting that an optimized concentration could
be necessary for further enhancements.

Summarizing, surface passivation by EDAI, revealed notable
effects on the perovskite-ETL interface, while GlyHCI] dimin-
ishes both the intrinsic losses of the perovskite and those at
the interfaces with the CTLs. While both passivation methods
are useful for enhancing the PCE, the intrinsic losses and the
additional losses at the CTLs necessitate further optimization
of bulk and interfaces for further efficiency gains.

To further investigate the effects of the passivation techniques
and confirm these results, light intensity-dependent measure-
ments were performed. By measuring the QFLS as a function

of the light intensity, the implied efficiency of a neat material
can be quantified, only limited by the non-radiative recombina-
tion processes taking place in the bulk and at the surfaces in
absence of charge transport losses [49, 50]. Figure 3a shows
the PL spectra of a neat perovskite film recorded at different
illumination intensities ranging from 0.002 to 1.5-sun equiva-
lents. The resulting QFLSs for the neat perovskite film without
passivation, with EDAI, passivation on top, GlyHCI passivation
incorporated in the bulk, and a combination of both passivation
techniques are shown in Figure 3b as function of the natural
logarithm of the number of incident photons. From the slope,
the radiative ideality factor (njp) can be determined. The corre-
sponding values are summarized in Table 1. The np is sensitive
to the mechanism of charge recombination, but its detailed inter-
pretation is hampered by the fact that values close to 1 are
expected for both band-to-band and surface recombination, while
values closer to 2 are expected for trap-assisted recombination [51].

For the neat perovskite film, n;p was 1.38. The EDAI, passivated
perovskite shows a very similar njp of 1.31, confirming the result
from the QFLS measurements that EDAI, does not significantly
affect the neat perovskite. Upon introducing GlyHCI, np slightly
reduces to 1.23. When the quantum yield is relatively low,
particularly when comparing different stacks with similar
QFLS, the n;p remains unaffected by bimolecular recombination,
as its contribution is minimal compared to Shockley-Read-Hall
(SRH) recombination. The decrease in nyp observed with GlyHCl
suggests a reduction in bulk recombination, indicating a shift
toward surface recombination limitation. This aligns with expect-
ations, as GlyHCI was incorporated into the perovskite bulk and
influenced crystallinity [52, 53].

The QFLS under illumination represents the internal voltage
multiplied by the elementary charge q, and considering the
illumination being directly proportional to the generated
photocurrent, one can convert the QFLS-intensity characteristics
to pseudo J-V characteristics [49]. The QFLS at 1 sun equivalent
light intensity equals the implied or pseudo open-circuit
voltage (pVoc). The pseudo short-circuit current density (pJsc)
(30 mA cm ™) has been estimated from the bandgap of the perov-
skite assuming an EQE of 90%. Then, one can derive the pseudo
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(a) Absolute PL spectra at various illumination intensities for a neat Sn-Pb perovskite film on glass without passivation. (b) QFLS as a

function of natural logarithm of the number of incident photons for a neat perovskite film on glass, without passivation (red circles), with EDAI, surface

passivation (yellow circles), and with GlyHCI bulk passivation (orange circles). (c) Pseudo J-V characteristics for neat perovskite films on glass, without

passivation (red line), with EDAI, surface passivation (yellow line), and GlyHCI bulk passivation (orange line). (d) Pseudo power density characteristics

for neat perovskite films on glass, without passivation, with EDAI, surface passivation and GlyHCI bulk passivation. The corresponding curves for the

DBL for a 1.27 eV bandgap material and that of a typical PSC with the same passivation are also shown.

FF (pFF) and the pseudo PCE (pPCE), which provides the
implied efficiency of the configuration when there would be
no transport losses. The pseudo J-V characteristics of a neat
perovskite film on glass without and with passivation by
EDAL or GlyHCI, reconstructed from the light intensity depen-
dent QFLS, are shown in Figure 3c. The corresponding pseudo
power density characteristics are shown in Figure 3d and the
respective implied photovoltaic performance parameters are
summarized in Table 1. The pseudo J-V characteristics of
non-passivated and EDAI, top-passivated neat perovskite films
are virtually identical. However, using GlyHCl passivation
improved the pseudo J-V characteristics and pPCE. This
improvement is reflected in a higher pFF for the neat films pas-
sivated with GlyHCI, whereas the EDAI, top passivation has no
effect on the pFF compared to the non-passivated film. The
increase in pFF for the GlyHCl-passivated film is accompanied
by a decrease in the nyp, reflecting an inverse relationship
commonly observed in such cases [49].

The outcome from Figure 2b that EDAI, passivates the Sn-Pb
perovskite-C¢, interface, concurs with a previous result that
in wide-bandgap perovskite p-i-n devices sub-bandgap defects
are situated in proximity of the perovskite-fullerene interface

[25, 26]. Previous studies have shown that also surface treatment
with cadmium iodide (CdlL,) results in significantly enhanced
efficiency and stability of PSCs [54]. Another alternative proven
to enhance performance is propane-1,3-diammonium iodide
(PDAL) [55, 56]. Therefore, we will investigate these passivation
techniques in greater detail for the narrow bandgap PSCs to fur-
ther understand their effect.

To understand the interface passivation in more detail, the
concentrations of EDAI,, PDAIL, and CdI, were systematically
varied in the range between 0 and 1 mg mL™", and the QFLS
for glass | perovskite | Cg (i-n) stacks was examined using abso-
lute PL measurements (Figure 4). The QFLS for all relevant stack
configurations (i, p-i, i-n, and p-i-n) can be found in Figure S4.
The QFLS of the neat perovskite layer on glass is independent
of increasing the thickness of the EDAI,, PDAI,, or CdI, passiv-
ation layer by using more concentrated solutions (gray bars
in Figure 4). Although surface molecules may influence the elec-
tronic structure of the perovskite surface and contribute to defect
passivation [30], we observe that the QFLS remains essentially
unchanged when comparing the neat perovskite films with or
without top passivation. This suggests that the surface treatments
used in this work do not significantly alter the electronic
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TABLE1 | Implied photovoltaic parameters obtained from the pseudo J-V characteristics of neat perovskite films with different passivation and

the ideality factor (nID) from QFLS. The prefix “p” indicates values derived from pseudo J-V curves rather than standard J-V measurements.

hip PFF (%) pVoc (V) pJsc (mA cm™) pPCE (%)
No passivation 1.38 83.3+0.1 0.87 £0.01 30.0 222 +0.3
EDAIL 1.31 83.7+0.1 0.88 £0.01 30.0 223+04
GlyHC1 1.23 85.0+0.1 0.90 +0.01 30.0 22.9+0.3
GlyHCI + EDAI, 1.28 84.2+0.1 0.89 £0.01 30.0 22.5+0.3
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FIGURE 4 | QFLS at 1-sun equivalent illumination conditions for different surface passivation agents (EDAI,, Cdl,, and PDAI,) of neat Sn-Pb
perovskite films on glass without and with C4o on top as function of the concentration of the passivating agent in the solution. The V¢ of the
corresponding PCSs is also shown. The dashed blue line indicates the QFLS of the Sn-Pb perovskite with C4, on top without passivation.

structure at the surface, or at least not in a way that impacts the
optoelectronic quality of the film.

In contrast to the unchanged QFLS of neat perovskite film, the
QFLS of the perovskite films with C4 on top increases when
using an increased concentration (and thus thickness) for all
three passivation agents (red bars in Figure 4). Likewise, the
Voc increases with concentration, but only to a certain limit,
beyond which it decreases again (open diamonds in Figure 4).
Other photovoltaic performance parameters remained constant
but started to deteriorate at the highest concentrations used
(Figures S5-S7) and, hence, we did not increase the concentra-
tion of the passivation layer over a wider range.

These results imply that the enhanced non-radiative recombi-
nation at the perovskite-Cg, interface can be mitigated to a con-
siderable extent by each of the three passivating agents. The fact
the QFLS increases for thicker passivation layers suggests that
the passivating effect is not due to an improved energy level
alignment. Instead, passivation involves eliminating the direct
contact between the perovskite semiconductor and Cg. The
Voc enhances proportionally to the reduction of non-radiative
recombination until the passivating layer reaches a critical
thickness threshold, at which point the interlayer starts to
hinder carrier transport, as also observed in previous our work
on a range of triple-cation mixed halide wide-bandgap perov-
skites [57]. In that study, we applied lithium fluoride (LiF)
and choline chloride as top passivation layers and noted similar
trends, including: (i) negligible differences between neat
perovskite layers with and without top passivation, (ii) passiv-
ation at the perovskite-ETL interface enhance the QFLS, and
(iii) a clear concentration/thickness dependent behavior.

It has been shown that diammonium ions result in n-doping of
the surface [58], resulting in reduced carrier recombination at the
perovskite-Cg, interface, which enhances the V¢ [59]. The pos-
sibility of n-type doping by EDAI, was investigated in detail by
Hu et al. [15], who found that the Fermi level shifts marginally
(0.02 V) closer to the conduction band minimum for EDAI,-
treated films for the perovskite used in this study, when using
the GlyHCI additive. The impact of any n-doping by EDAI,,
CdI,, or PDAI, appears to be small for the neat perovskite films,
because the QFLS remains essentially unchanged for perovskite
films with and without top passivation (Figure 4, gray bars).
Alternatively, n-type doping of the perovskite layer may improve
the energy alignment at the contact, but EDAI, enhances the
QFLS of the p-i-n stack to a similar extent as the Vc of the cell
(Figure 2b), which does not directly support this possibility.

We consider that thicker passivation layers reduce the likelihood
of a defect state occurring between the perovskite defect and the
Cyeo layer, but may induce a barrier for charge transport. This is
also supported by transient photovoltage (TPV) measurements
on PSCs with the different EDAI, concentrations as top passiv-
ation (Figure S8). We observed increased rise and decay times
for the passivated devices, indicating the slower extraction
(increased rise time) and passivation (increased decay times) [60].

In PSCs, passivation of the perovskite-Cgqo interface by Cdl,
provided the highest, consistent PCEs among the three
passivation agents tested (Figures S5-S7), with the intermediate
concentration of 0.5mg mL™ CdI, providing the highest and
consistent Vo and PCE. We assume that at this concentration
CdI, adequately occupies ionic vacancies on the perovskite film
surface while maintaining a sufficiently low coverage to prevent
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the formation of an insulating layer between the perovskite and
Ceo- We note that higher concentrations of EDAI, and PDAI, led
to increased hysteresis phenomena in the J-V characteristics.
Consequently, overly thick passivation layers introduce new
challenges that require further optimization.

To further improve the performance of PSCs several strategies
could be considered. It is not likely that the thin passivation
layers are fully closed. Hence, one possible improvement may
come from ultrathin fully closed passivation layers that
preserve the defect-suppressing function while maintaining good
charge transport. Another option is the use of point contacts.
For example, Mao et al. used patterned lithium fluoride (LiF)
insulator contacts at the perovskite-ETL interface that combine
good charge extraction and effective surface passivation [61].
A third option might the design passivation ligands with built-
in conductive or dipolar functionality that enhance charge transfer
across the interface. Finally, fullerene-based ETLs can possibly be
replaced by ETLs that cause less nonradiative recombination.
Recently, cyano-functionalized bithiophene imide dimer-based
n-type polymers with tuned energy levels and passivating proper-
ties have been used successfully for this purpose [62].

Non-radiative recombination in PSCs is generally considered to be
a combination of trap-assisted surface (or interface) recombination
at the perovskite-CTL interfaces and trap-assisted Shockley-
Read-Hall (SRH) recombination in the bulk. In an attempt to
elucidate the underlying mechanisms, light intensity-dependent
measurements were conducted for EDAI,, Cdl,, and PDAI, pas-
sivation. Figure S9 gives a complete overview of the light intensity

dependent measurements of all sub-stacks of the p-i-n configura-
tion. For EDAI, the results of the perovskite | Cgo (i-n) stack
are shown in Figure 5a. The light intensity dependent data were
converted into pseudo J-V characteristics (Figures S10-S12) and
are shown for the EDAI, i-n stack in Figure 5b. The effect of
the concentration of the three passivating agents on nip, pFF,
and pPCE is shown in Figure S13 and summarized for the glass
| perovskite | Cg stacks (i-n) in Figure 5c-e. The data reveal that
for all three passivation materials the effect of surface passivation
is most significant for i-n and p-i-n stacks. When Cy is deposited
on top of a neat perovskite film, the implied V¢ and pFF drop,
accompanied by an increase of njp. When passivating the
pervskite-Cqo the implied Voc and pFF increase, while nip
decreases concomitantly. Overall, these trends tend to increase
with the thickness of the passivation layer. Interpreting the ideality
factor in simple terms of a dominant recombination mechanism is
difficult. It is thought that interfacial recombination leads to a
lower nyp compared to SRH recombination in the bulk [51],
but our results suggest opposite behavior, that is, a reduced inter-
face recombination, and thus a higher implied Vo and pFF, leads
to a lower nip.

For the hole-collecting contact, the data reveal that the implied
Voc of the perovskite layer is lowered to average of 860 meV
when it is processed on a PEDOT:PSS layer (p-i) instead of on
glass (i), which has an implied V¢ of 900 meV. However, no
effects of surface passivation of the perovskite with either
EDALI,, Cdl,, or PDAI, are observed. There is only a minor effect
on the implied Voc or nyp derived from it (Figures S4, and
S10-S12). Overall, the nyp and pFF are similar for perovskite

(3) ggo O : : : :
e &
o § o *9®
800 |- ﬁ‘t e E - -9~ - No passivation E .'?
& o° = [-4-025mgmL" v
> 750 ',é é' 1 .0t 0.5 mg mL™ tt; i
5700 A . 5 -4--1mgmL" “":
- e e B he]
g & o £ ; »
s o -20} 3 i
G650 0.7 /é’ ® No passivation| 5 z zi
# ® 0.25mgmL" ° P 3"
- -1 - ()
600 % 0.5 mg mL i_304>-------eeez::::::’:&y i
® 1mgmL’ £
550 1 1 1 - 1 1 1 1
10° 102 10" 10° 0.0 0.2 0.4 0.6 0.8 1.0
Equivalent sun [-] Implied Voltage [V]
‘ @ Non-passivated @® 025mgmL" 0.5mg mL" ® 1mg mL'1‘
© 20—, . — Doy . — ) . .
N 2L i
5 ° B 0 o 1= 1 & e
© P -~ () @ —
S151 e o 1u § Moot .
2 5 e
£ e S e s ®
o ] 80 @ b
o Q Q@ 18 B
(]
1.0 . 1 L 75 1 1 I I 1 1
EDAL, Cdl, PDAL EDAl, Cdl, PDAL EDA, Cdl, PDAI

FIGURE 5 | Effect of the EDAI, concentration on (a) light intensity dependency of QFLS and (b) the pseudo J-V characteristics for perovskite | Cg
(i-n) stack. The derived (c) np, (d) pFF, and (e) pPCE for the glass | perovskite | C¢ stacks (i-n) for the different passivation agents and concentrations.
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layers on glass and on PEDOT:PSS. Compared to the i stack the
pPCE of the p-i stack is primarily reduced because of an unre-
coverable loss of implied V.

For all concentrations of surface passivation, the pPCE is most
improved for the perovskite | Cyo (i-n) and the glass | ITO |
PEDOT:PSS | perovskite | Cgo (p-i-n) stacks, upon application
of surface passivation, as we observe an increase from around
19% to 21%. The layers processed on glass (i) or on ITO |
PEDOT:PSS (p-i) show almost no variation in pPCE. However,
we note that within the concentration range used, passivation does
not recover the implied V¢ or pFF in i-n and p-i-n configura-
tions to the level of the corresponding i and p-i stacks and -as
result- the pPCE is reduced from about 22% to 19%-21%. This
indicates that improvements still need to be made.

3 | Conclusion

We performed a loss analysis using absolute photoluminescence
spectroscopy on narrow-bandgap PSCs and identified the non-
radiative recombination losses in the bulk of the perovskite, at
the interfaces, and at the contacts. The non-radiative recombina-
tion of charges in the neat Sn-Pb perovskite semiconductor and
its interface with the Cgqo charge transport layer introduce a sig-
nificant loss in the implied V. Incorporation of GlyHCl into the
precursor solution reduced the intrinsic non-radiative losses
suffered in the neat Sn-Pb perovskite layer and resulted in an
improved semiconductor quality. Surface passivation with
EDALI,, Cdl,, and PDALI, effectively mitigated the adverse effect
of the C¢o ETL. This passivation mainly involves eliminating the
direct contact between the perovskite semiconductor and the
Ceo layer and can be improved by using thicker passivation
layers, albeit ultimately hampering efficient charge extraction.
These results highlight the factors limiting the performance of
a narrow-bandgap PSC and identify the nature of passivation
strategies in terms of bulk and interface effects in reducing
non-radiative recombination. While reducing non-radiative
recombination increases the QFLS, effective passivation can also
limit the efficient extraction of charges and thereby compromise
the device efficiency. The use of fully-closed, ultrathin passiv-
ation layers or designing ligands with conductive or dipolar func-
tionalities could balance defect passivation with efficient charge
transport, and therefore be the next step to take to improve
Sn-Pb-based narrow-bandgap PSCs.
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