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Quantifying Non-Radiative Recombination in Passivated
Wide-Bandgap Metal Halide Perovskites Using Absolute

Photoluminescence Spectroscopy

Willemijn H. M. Remmerswaal, Bas T. van Gorkom, Dong Zhang, Martijn M. Wienk,

and René A. J. Janssen*

Wide-bandgap (>1.6 eV) mixed-halide perovskites tend to experience notable
open-circuit voltage losses in solar cells due to non-radiative recombination.
Here, the effects of defects and their passivation on the non-radiative
recombination of charge carriers in mixed-halide perovskite solar

cells are studied. By determining the quasi-Fermi level splitting via absolute
photoluminescence measurements of perovskite layers with and without
charge transport layers, bulk and interface contributions are disentangled and
compared to the radiative open-circuit voltage. For wide-bandgap perovskites,
non-radiative recombination present in the pristine perovskite layers increases
with increasing bandgap. The most prominent loss, located at the perovskite —
electron transport layer interface (ETL), can be reduced by interface passivation
for the different bandgaps studied (1.58 to 1.82 eV) to a level close to that of
the intrinsic losses. By combining light-intensity-dependent absolute photolu-
minescence spectroscopy with sensitive spectral photocurrent measurements

1. Introduction

In recent years, metal-halide perovskite
solar cells (PSCs) have attracted enor-
mous interest due to their large de-
velopment rate, yielding an efficiency
of 3.8%l! in 2009 to 26.1% in 2023
for just a single junction device.[?! The
combination of their excellent optoelec-
tronic properties, solution-based fabrica-
tion, and easy bandgap tunability under-
lie the motivation of the extensive re-
search in the photovoltaic community
and significant progress.’! For halide
perovskites, with a nominal ABX; crys-
tal composition, the wide-bandgap ab-
sorber is typically obtained by mixing

it is found that different passivation agents result in a similar decrease of

the non-radiative recombination for different bandgaps. This suggests that the
gained open-circuit voltage is not due to an improved energy level alignment
at the perovskite — ETL interface. Instead, passivation involves eliminating
the direct contact between the perovskite semiconductor and the ETL.

W. H. M. Remmerswaal, B. T. van Gorkom, D. Zhang, M. M. Wienk,
R.A. ). ]anssen

Molecular Materials and Nanosystems and Institute for Complex
Molecular Systems

Eindhoven University of Technology

P.O. Box 513, 5600 MB, Eindhoven The Netherlands

E-mail: ra.j.janssen@tue.nl

D.Zhang

TNO

Partnerin Solliance

High Tech Campus 21, 5656 AE, Eindhoven The Netherlands
R.A.].]anssen

Dutch Institute for Fundamental Energy Research

De Zaale 20,5612 A}, Eindhoven The Netherlands

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aenm.202303664
© 2024 The Authors. Advanced Energy Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/aenm.202303664

Adv. Energy Mater. 2024, 2303664 2303664 (1 of 10)

Br~ or Cl~ with I~ at the X-site, whereas
a narrow bandgap is achieved by al-
loying Pb?* with Sn?* at the B-site.[*"]
This allows for tuning the bandgap
between 1.2 and 3 eV. Subsequently,
PSCs hold the promise for low-cost,
solution-processed, and high-efficiency
all-perovskite tandem solar cells, re-
sulting in all-perovskite and perovskite-
silicon tandem solar cells at efficiencies
of 29.1% and 33.7%, respectively.®]

Presently, wide-bandgap mixed-halide perovskites suffer from
significant open-circuit voltage (V) losses. Clearly, a wide-
bandgap top-cell yielding a high V. is critical to the efficiency of
tandem devices. The main complication is that the V. of these
wide-bandgap mixed-halide PSCs does not scale with the increase
of the bandgap, because compositions containing higher bro-
mide fractions tend to show a plateauing of the V. at 1.2 V.
This Vi deficit is caused by increased non-radiative charge re-
combination in these compositions due to defect states in the
bulk, at grain interfaces, or charge-selective interfaces.’!l Sev-
eral mitigation strategies such as using additives like potassium
iodide to improve the film quality and developing new charge
transport materials, like self-assembled monolayers (SAMs) as
a hole transporting material for p-i-n devices, to enable better
energy alignment and minimized interfacial losses, have been
investigated to address the voltage loss encountered in wide-
bandgap perovskites.['>14] After all these improvements, stud-
ies on the recombination processes show that the remaining,

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH


http://www.advenergymat.de
mailto:r.a.j.janssen@tue.nl
https://doi.org/10.1002/aenm.202303664
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202303664&domain=pdf&date_stamp=2024-02-14

ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

www.advenergymat.de

-25
a75X10° b s , : — €20 — —
——10% Br —10% Br Bandgap
——17% Br ob-——17%Br —%— Radiative limit
25% Br. 25% Br ! =" 1.8 -—@— Open-circuit voltage 1
= 33% Br 1 o =] ——33%Br >
o 20— 40%Br qg ST so%er L6l |
o 45% Br c 45% Br g
= §-10 - | 1~ - %
3 = | 88141 - * * :
25+ 1 215t 1 >“ "
L —-—— - -0 |
20F :7 w12 _e-- [
P -
1 —/— — reverse/forward scan
0.0 —1 ! 25 L L L 1.0 ! L L L L L
1.5 1.6 1.7 1.8 1.9 20 -0.5 0.0 0.5 1.0 1.5 10 17 25 33 40 45
Energy [eV] Voltage [V] Br content [%)]

Figure 1. a) Tauc plots of perovskite films for different bromide concentrations to determine the bandgap energy (E,). b) J—V measurements in reverse
(solid line) and forward (dashed line) scan directions (0.1V s~! with voltage step of 0.02 V) under simulated AM 1.5G illumination calibrated to 100 mW
ecm=2 of ITO | 2PACz | Csg s (FA1_4MA,)95Pb(11_,Br,)3 | Cgo | BCP | Ag devices with different bromide concentrations (x). c) Bandgap (Ey), the radiative

limit (ngc), and experimental V¢ versus the bromide concentration for the PSCs shown in panel b.

performance-limiting interface in a p-i-n device is the one be-
tween the perovskite and the electron transport layer (ETL), and
that defects are primarily located at this interface.l® The non-
radiative recombination losses at the ETL interface are well de-
scribed for some perovskite compositions in literature.!'6-18] The
loss could be due to trap states originating from an interaction
between the perovskite and ETL or be a consequence of the pos-
sibility that there are simply more defects at the top surface of a
perovskite.

Many passivation strategies have been employed to reduce
non-radiative losses at the perovskite — ETL interface.l'*] Pre-
viously, solution-processed quaternary ammonium halide salt
(choline chloride, abbreviated as CCL)'*?) or ultrathin evapo-
rated lithium fluoride (LiF)?'-23] layers at this interface were
found to induce a significant reduction of the voltage loss. As
a passivation layer, the two materials yield the same result, even
though the underlying mechanisms of these passivation strate-
gies might differ. In fact, the exact origin of the passivating effects
is not fully understood. A study on the effect of these passiva-
tion strategies for a consistent series of perovskites with different
bandgaps is missing. To push efficiencies of wide-bandgap per-
ovskite solar cells even further, voltage losses should be reduced
and thus their mitigation strategies should be understood.

In this work, we examine the effect of passivation of defects
at the perovskite — ETL interface on the non-radiative recombi-
nation of charge carriers in mixed-halide PSCs to understand
the processes. We begin by analyzing the voltage loss for p-i-n
devices and by investigating the passivation of defects of a mid-
bandgap perovskite with a solution-processed CCl layer or a ther-
mally evaporated LiF layer, which both translate to PSCs with a
high V.. We then extend this passivation study to a wider range
of wide-bandgap perovskite devices. We find that non-radiative
recombination in the pristine films increases with increasing
bandgap. In a full device stack, non-radiative recombination at
the perovskite — ETL interface dominates. Passivation of that in-
terface reduces the non-radiative recombination almost to the
level of the intrinsic perovskite. To further understand the work-
ing principle of the passivation strategies, we extend the passiva-
tion study by increasing the amount of passivation material and
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by performing light intensity-dependent absolute photolumines-
cence (PL) spectroscopy. Finally, by combining steady state and
light intensity-dependent absolute PL spectroscopy with sensitive
photocurrent measurements, we find that by using LiF or CCl in
combination with Cg, as ETL, a significant reduction of the non-
radiative recombination losses that currently limit wide-bandgap
PSCs is achieved. The effect is ascribed to the spatial separation
of the perovskite and Cg layers.

2. Results and Discussion

Mixed-halide perovskite Csys5(FA; MA,)y05Pb(I;.,Br,); thin
films, with x = 0.10, 0.17, 0.25, 0.33, 0.40, and 0.45, were pre-
pared and deposited on glass substrates according to earlier de-
scribed methods (see the Supporting Information).**! As shown
in Figure 1a, all mixed-halide perovskite films exhibited sharp
absorption edges which shift to higher energies for increasing
bromide concentration. The bandgaps (E,) determined from the
absorption onsets in the Tauc plots range from 1.58 eV for the
lowest to 1.82 eV for the highest bromide concentration. These
results are consistent with the bandgaps obtained from the max-
imum of the derivative of the external quantum efficiency (EQE)
spectra of corresponding PSCs (10% bromide ~1.59 eV and 45%
~1.83 eV) (Figure S1, Supporting Information).l® As expected,
the bandgap increases proportionally with increasing bromide
concentration.

To study the electronic properties and performance as a func-
tion of the increasing bandgap of these mixed-halide perovskites,
PSCs were fabricated. The perovskite layer was deposited on a
glass substrate with a patterned indium tin oxide (ITO) front elec-
trode covered by a [2-(9H-carbazol-9-yl) ethyl] phosphonic acid
(2PACz) SAM as hole transport layer (HTL). Fullerene (C,) and
bathocuproine (BCP) were used as ETL between the perovskite
and the Ag back electrode. Figure 1b shows the current-density
versus voltage (J-V) characteristics in forward and reverse scans
of these mixed-halide ITO | 2PACz | perovskite | Cy, | BCP |
Ag PSCs under simulated AM 1.5G illumination calibrated to
100 mW cm™2. The hysteresis-free -V scans show that the best
device with the lowest bandgap (10% bromide) yields a V. of
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Figure 2. a) The QFLS of Csg o5 (FAg 83 MAg 17)0.95Pb (lo.83Bro.17)3 films without CTLs (i), with HTL (p-i), with ETL (i-n), and with HTL and ETL (p-i-n) and
the V¢ of the corresponding solar cell, for films without and with passivation (CCl or LiF). b) QFLS of Csg g5 (FAg.83MAg 17)0.95Pb(lo.83Bro.17)3 layers

with and without passivation on top compared to the corresponding V'

rad _
ocC

1.34 V, measured with illumination from the film (top) or glass substrate

(bottom) side. The QFLS obtained for the neat layer (i) is impacted by non-radiative recombination losses in the bulk. The QFLS of the partial stacks
on glass substrates (p-i, i-n, and p-i-n) is impacted by additional interfacial recombination. The negligible difference between the QFLS of the p-i- n
stack and the V¢ of the complete cell indicates that minimal losses occur at the metal electrodes due to non-radiative recombination or energy level

alignment offsets.

1.10'V, a short-circuit current density (Jsc) of 21.9 mA cm~2, and
a fill factor (FF) of 0.81, leading to a power conversion efficiency
(PCE) of 18.6%. The best device with the highest bandgap (45%
bromide) yields a Vo of 1.21V, a Jyc of 15.9 mA cm~?, and a
FF of 0.77, leading to a PCE of 14.6%. The EQE of all devices ap-
proaches 90% under 1-sun equivalent bias illumination (Figure
S2, Supporting Information). Moreover, J. calculated from the
integrated product of the EQE and the spectral irradiance of AM
1.5G spectrum at 1-sun solar intensity match. The device param-
eters are summarized in Table S1 and Figure S3 (Supporting In-
formation) shows the boxplots containing all device parameters.

From detailed balance, it is expected that the V. will in-
crease with increasing bandgap, while the Ji. will decrease
concomitantly.[2°27] This is depicted in Figure 1c, where the mea-
sured bandgap and radiative open-circuit voltage limit (V) from
detailed balance for all 6 different bromide concentrations are
plotted versus the bromide concentration. Figure 1c also shows
that the V. of these wide-bandgap mixed-halide PSCs does not
scale proportionally with the bandgap, since compositions con-
taining bromide concentrations above 25% show a plateauing
Voc at~1.2 V. Thereby a bigger gap to the radiative limit is created
for the wide-bandgap mixed-halide PSCs, indicating more non-
radiative losses are suffered in these wide-bandgap mixed-halide
PSCs.

Further improving these solar cells involves eliminating all
possible losses, of which the loss between V24 and Vi is the
most intriguing one. This voltage difference is a result of non-
radiative recombination of electrons and holes. Non-radiative re-
combination, however, can be reduced as it occurs at defects, at
grain boundaries, at interfaces, and trap sites.'**) However, in a
PSCitis difficult to spatially resolve the non-radiative recombina-
tion. Measuring the V. of a PSC will not give the full answer, be-
cause the V. is measured at the device’s external contacts. Given
the multilayer architecture of PSCs, the V. cannot distinguish
between losses in the absorber layer and its intrinsic defects, and
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losses at the absorber — charge transport layer (CTL) interfaces
and their defects. Instead, it yields an overall result.

To understand the origin of the non-radiative losses that re-
duce the V., one can measure the quasi-Fermi level splitting
(QFLS), i.e. the difference in the Fermi energy of holes and elec-
trons under non-equilibrium conditions created by sunlight. The
qVoc and QFLS are interchangeable quantities and are often con-
sidered to be equal to each other.?%2] One should note, however,
that the QFLS is the difference between the electron and hole
quasi-Fermi levels in the perovskite layer, whereas gV, stands
for the difference between these levels at the cathode and the
anode. When there is no bending of the quasi-Fermi levels and
each of them aligns with the respective electrode work function,
then QFLS = gV. The absolute Fermi energies of holes and
electrons are generally not accessible, but the QFLS can be de-
termined directly by means of absolute PL measurements.3*-32]
This methodology has proven to be an efficient approach for
quantifying energy losses in the neat perovskite films, multilayer
assemblies, and even complete perovskite solar cells.

Figure 2a depicts the quantified energy losses in specific
layers through a comparison of the QFLS of different per-
ovskite/transport layers of the 17% bromide triple cation per-
ovskite (Csg gs(FAgg3MAg17)095Pb(log3Bro17)3), for a configura-
tion with no passivation and with two different passivation agents
(CCl and LiF) on top. The corresponding absolute PL spectra of
these measurements can be found in Figure S4 (Supporting In-
formation). By first comparing the measured QFLS of the neat
triple cation perovskite film (1.20 eV) to V24 = 1.34 V for E,
= 1.64 eV, significant non-radiative recombination losses are al-
ready observed (=140 mV) in the bulk. When the perovskite is
processed on top of a 2PACz HTL a negligible additional loss oc-
curs. It is known that a 2PACz SAM has good band alignment
to the valence band of the perovskite absorber, leading to low en-
ergetic loss at the perovskite — HTL interface.[**) Upon applica-
tion of a thermally evaporated C, ETL on top of the perovskite
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Figure 3. QFLS of the neat perovskite layers (i) and partial cell stacks on glass substrates (p-i, i-n, and p-i-n) and V¢ values of corresponding devices for
six different bandgaps. a) Without top passivation. b) With CCl top passivation. c) With LiF top passivation. The radiative limits (red bars) are calculated
from the corresponding bandgaps. Comparison with the intrinsic loss of the neat perovskite (yellow bars), the loss at the HTL — perovskite (blue-green
bars), the loss of the perovskite — ETL interface (light green bars), the loss of the complete p-i-n configuration (purple bars), and the Vg (orange bars)
enables determining the different contributions to the non-radiative recombination.

film, a significant increase in non-radiative recombination can
be observed. This is reflected in the value of the QFLS found for
this interface (1.121 eV) which implies an additional loss of ~79
meV, corresponding to at least one order of magnitude lower PL
quantum yield. The QFLS is virtually the same (1.124 eV) for the
complete p-i-n stack, indicating that no additional losses origi-
nate when using a configuration with both HTL and ETL. The
QFLS of the p-i-n stack also corresponds to the V. of the cell
(1.12 V), which suggests that the non-radiative losses that limit
the V. originate from the interface between the perovskite and
the ETL.

To minimize non-radiative recombination losses and increase
the Vg, first the main loss at the perovskite — ETL interface
should be reduced, before addressing the non-radiative processes
that remain in the perovskite itself. Different passivation strate-
gies have been employed to reduce non-radiative losses at the
perovskite — ETL interface.['*] A solution-processed CCI(1*2%] or
an ultrathin-evaporated LiF(?1?%] layer at this interface was found
to significantly reduce voltage losses on many occasions. In lit-
erature, it is stated that the first improves the V. by passivat-
ing both types of charged ionic defects, whereas the latter im-
proves V. due to field effect passivation.!*2*] Correspondingly,
Figure 2a shows that the loss in QFLS at the perovskite — ETL
interface is minimized after the deposition of both CCl or LiF on
top of the perovskite. Recently even better advancements have
been achieved with piperazinium iodide.l*]

Figure 2b shows the QFLS of the neat absorber layer with and
without passivation on top passivation and their imminent losses
with respect to the radiative limit for a 17% bromide perovskite.
We can see the QFLS of the non-passivated films is 1200 + 6 meV,
i.e. #140 mV below the detailed balance limit (1340 mV based on
a bandgap of 1.64 eV) and that the QFLS of the film with CCl and
LiF passivated films are 1195 + 5 and 1197 + 9 meV, i.e. #145 and
143 mV below the detailed balance limit, respectively. Because
the QFLS of the neat perovskite films is virtually independent of
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the applied passivation, the reduction of the non-radiative losses
in the complete p-i-n stack is not a result of LiF or CCl improving
the bulk of the perovskite film or its top surface, but rather a result
of an improvement on the perovskite — ETL interface. This also
holds for the enhanced V.

To extend the study and understanding of the underlying
principles of the passivation employed on top of the per-
ovskite films, an analysis of each component in the PSC
configuration to the non-radiative recombination for the six
different bandgaps was carried out. For that purpose, six
Csg 5 (FA;_ MA ) 0sPb(I;_,Br,); perovskites with 0.10 < x <
0.45 were prepared (see the Supporting Information) and the
absolute PL was measured on all partial stacks of these PSCs.
Figure 3 depicts the quantified QFLS losses for the six differ-
ent bandgap triple cation perovskites in configurations without
passivation and with CCl or LiF passivation. There was no indi-
cation of halide segregation while performing absolute PL mea-
surements for all perovskite compositions, as can be seen in the
examples of the absolute PL spectra and the normalized spectra
(Figure S5 Supporting Information). The orange bar represents
the V of the devices under operation, and the other bars repre-
sent the limitation of each component present in the device stack
for each bandgap. The losses are derived from subtracting the
found QFLS value per interface (Figure S6, Supporting Informa-
tion) from the radiative limit or the previous step in the layer con-
figuration. We note that the QFLS of the individual stacks should
be considered as a limit that can be reached. Without passivation,
introduction of the ETL on top of the perovskite increases the
non-radiative dark saturation currents (J,,,) by more than one
order of magnitude (Figure S6, Supporting Information). This
signifies that the perovskite — ETL interfacial recombination sig-
nificantly exceeds the bulk losses.

Figure 3 shows that the V. of the wider bandgap composi-
tions plateaus at ~1.2 V without passivation at the perovskite —
Cq, interface, but is significantly increased once the CCl of LiF

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 7 SUOWIWOD SA1E81D 8 deot[dde au Aq peusenob a1e seole YO ‘8sn JO S9Nl 1oy Areiq18UIIUO /811 UO (SUOTPUOD-PUR-SLLIBYWOY A8 | 1M Afe.d 1 jBu1{U0//SdNL) SUONIPUOD pue SWB 1 8U1 88S " [7202/20/92] Uo ArlqiTauljuo A9|Im ‘spuejeyieN aueIydod Ag y99E0€Z0g WUse/Z00T 0T/I0P/L0o™A8 | Im Areiqijpuluo//Sdny woiy papeojumod ‘0 ‘0r89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

interlayer is added. The intrinsic loss of the perovskite neat film
increases with increasing bandgap. At E, = 1.58 eV, where vid =
1.29V, the perovskite suffers an intrinsic loss of 135 meV, but this
increases to 190 meV for the perovskite with E, = 1.82 eV where

Vg‘g =1.51 V. Hence, wider bandgap perovskite semiconductors
are intrinsically more prone to higher V. losses. Surprisingly,
top passivation by CCl or LiF has a minimal effect on the QFLS
of the neat perovskite absorber layers. Importantly, this implies
that the enhancement of the V. observed by applying CCI or
LiF, cannot be the result of a passivation of the top surface of the
perovskite film, but is a result of passivation of the perovskite —
ETL interface.

Figure 3 also shows that the additional QFLS loss at the 2PACz
— perovskite interface is minimal and does not change signif-
icantly as the bandgap increases (blue-green bars in Figure 3).
Hence the 2PACz — perovskite interface is not limiting the per-
formance for any of the studied perovskite compositions. Ap-
parently, the energy levels remain sufficiently well-aligned for
each bandgap studied even though the perovskite valence band
changes with changing composition.** This is in agreement
with numerous studies that have shown that SAMs, like 2PACz,
are excellent HTLs and that show the effect of energy alignment
and interfacial recombination on the QFLS and V. of perovskite
solar cells.[1215:35]

The most significant contribution to QFLS loss originates
from the perovskite — C,, interface. Compared to the pristine
perovskite the additional loss between 65 and 87 meV remains
fairly constant when increasing the bandgap, which indicates
that in each case the loss at that interface dominates. The addi-
tional QFLS loss at the perovskite — Cg, interface is reduced to
15 to 35 meV after applying CCl or LiF on top of the perovskite
(green bars in Figure 3). This implies that the intrinsic and inter-
facial losses are becoming more similar in magnitude. Since the
morphologies are similar (Figure S7, Supporting Information),
the fact that exchanging iodide for bromide leads to significant
changes in both the valence band maximum and the conduction
band minimum,?* and the fact that the loss is similar for all
bandgaps, we suggest that a common interfacial recombination
process dominates this QFLS loss. It also implies that similar to
the 2PACz — perovskite interface, the energy level alignment at
the (passivated) perovskite — Cg, interface does not have a large
effect on the QFLS loss. However, the effect of energy alignment
remains partially unresolved, as the recombination currents at
the ETL interface increase with an increasing bandgap. Nonethe-
less, large QFLS gradients due to a large energy level mismatch
can be excluded. Finally, the additional QFLS loss when both
2PACz and Cg, are used is minimal (purple bars in Figure 3).
Although recent work has shown that there can be a mismatch
between the QFLS and the V,[*! the QFLS determined from
the complete p-i-n stack (purple bars in Figure 3) is in each case
very close to actual the V- of the cell (orange bars in Figure 3)
and confirms the validity of the analysis. Application of CCl and
LiF thus improves the V. by reducing non-radiative recombina-
tion at the perovskite — Cg, interface and does so with virtually
no losses in other device parameters, as shown in Figures S8,59
(Supporting Information).

To further investigate the effect of the interface passiva-
tion, the sub-bandgap states of these mixed-halide perovskite
solar cells and their defects were examined with sensi-
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tive photocurrent measurements that extend well below the
bandgap to determine the EQE. A typical EQE spectrum
in a semilogarithmic plot as a function of photon en-
ergy for a 17% bromide triple cation perovskite solar cell
(C0.05(FA 83 MA 17)0.95Pb (I 3B 17)) is shown in Figure 4a.
This EQE spectrum can be divided into three distinct regions:
the above-bandgap region, the band-tail region, and a sub-
bandgap contribution. The above-bandgap region corresponds
to the EQE spectrum presented in Figure S1 (Supporting In-
formation). As the photon energy lowers to a value below the
bandgap, there is an exponential decrease, known as the Urbach
tail, which is caused by the energetic disorder within the per-
ovskite material.l’”] This Urbach tail arises due to band tailing
of the valance and conduction bands. When the photon energy
decreases even further, the EQE response starts to deviate from
the Urbach tail and the signals that are observed in this region
are attributed to sub-bandgap defect states.

In the sub-bandgap region, two distinct defects are present
that are typical for mixed-halide perovskite solar cells.®*] One
has to consider that the shape of the EQE spectrum in this re-
gion is significantly influenced by optical interference effects,
resulting in a discrepancy between the true energetic distribu-
tion of sub-bandgap states and the EQE response that is mea-
sured. By exploiting these interference effects, previous work has
demonstrated that in p-i-n devices the signals at 0.8 and 1.25 eV
originate from sub-bandgap defects that are situated in proxim-
ity to the perovskite — fullerene interface.[*!% Because the opti-
cal properties are nearly identical (the 1 nm of LiF or an ultra-
thin layer of CCl are optically not relevant), no optical corrections
were applied.l®) Interestingly, the intrinsic defect shape also man-
ifests in the sub-bandgap EQE of PSCs lacking CTLs, as shown
in Figure S10 (Supporting Information), which suggests that the
fullerene is not directly responsible for this defect measured with
sensitive EQE.

To measure a photocurrent, two main requirements need to
be fulfilled; absorption of a photon resulting in an electron and
hole pair, and the extraction of this electron and hole at opposite
contacts. The difference between measuring the absorption of
photons and detecting defects with sensitive EQE measurements
stems from whether or not the photogenerated carriers can be ex-
tracted and a current can be measured. The defects measured by
sensitive photocurrent spectroscopy are found to predominantly
originate from the perovskite — ETL interface.’) Hence, we con-
sider that during these measurements the extraction of electrons
that are generated further away from this interface is limited,
such that defects that are further from the interface do not con-
tribute to the photocurrent. Consequently, this also implies that
the transport of holes through the entire perovskite film is possi-
ble, whereas electrons are trapped, unless close to the collecting
contact. Apparently, a metal electrode like gold (Figure S10, Sup-
porting Information) can extract these trapped electrons when
placed directly on top of the perovskite, but also a C, ETL can fa-
cilitate this (Figure 4a). In this scenario, the perovskite inherently
harbors a defect and is detected by photocurrent spectroscopy
when the electron is excited to a state where it can be extracted
by a nearby electrode or ETL.

The effect of the interface passivation treatments for different
bandgaps is investigated by examining the EQE response for all
perovskite compositions without and with interface passivation
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Figure 4. a) Semilogarithmic plot of the sensitive EQE spectra of 17% bromide triple cation perovskite solar cell with no passivation and with the two
different passivation strategies. The response spaced 0.35 eV from the bandgap (Ej) is indicated with the blue dotted line. b) Semilogarithmic plot of
the sensitive EQE response spaced 0.35 eV from the bandgap (Eg) for all the different bandgaps with no passivation and with two different passivation

strategies. c) The Avgg as a function of the EQE response spaced 0.35 eV from the bandgap (Eg) for all PSCs with and without passivation. Error bars

are included for data points where multiple experiments were performed.

treatment. The resulting EQE spectra (Figure S11, Supporting
Information) have in general the same shape, with distinct sig-
nals in the sub-bandgap region, indicating that similar defects
are present for all studied perovskite compositions. However, the
defect signals at photon energies directly below the Urbach tail
are higher for most wide-bandgap PSCs, supporting the idea that
these devices suffer from increased bulk non-radiative losses.

To quantify this better, the EQE response recorded at 0.35 eV
below the bandgap (E, — 0.35 eV) is plotted in Figure 4b for
the different perovskite compositions without and with CCI
or LiF interface passivation. Figure 4b shows that CCl and
LiF interface passivation both reduce the defect EQE at E,
— 0.35 eV for all bandgaps studied. Hence, the passivation
layer effectively reduces the effect of defects for all bandgaps
studied. However, the magnitude of this reduction of EQE is
not constant throughout the studied range and the differences
between the two interface passivation strategies occur inter-
mittently. Moreover, the EQE response recorded 0.35 eV be-
low the bandgap is subject to some experimental uncertainty
for nominally identical devices (Figure S12, Supporting In-
formation). Still, the reduction of the EQE signal indicates
that both interface treatments reduce the defect contribution
and help to mitigate the effect of these defects to a certain
extent.

In Figure 4c, the AVES (= V2 — V) is shown versus the
EQE at E, — 0.35 eV in a semilogarithmic plot for the differ-
ent PSCs without and with passivation. The plot shows that the
voltage loss (A VZ4) increases with increasing defect signal inten-
sity in the sub-bandgap EQE. Hence, the defect response in sen-
sitive photocurrent measurements correlates (qualitatively) with
the V, losses in a PSC. The scatter in the data indicates that the
defects detected via sub-bandgap EQE are not the only contribut-
ing factor to A V24 and additional parameters need consideration
for a quantitative correlation between EQE signal height and trap
densities and an amount of trap densities. In Figure S12 (Sup-
porting Information) more detail on the spread and error of the
sensitive EQE data is provided.
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To understand the interface passivation in more detail, the con-
centration of CCl and the thickness of LiF passivation were sys-
tematically increased for a 17% Br perovskite solar cell. The QFLS
was examined using absolute PL measurements, while the sub-
bandgap states and associated defects of these mixed-halide per-
ovskite solar cells were investigated using sensitive photocurrent
measurements. Figure 5a shows that the QFLS of the perovskite
layer is independent of increasing the CCl layer thickness by us-
ing a more concentrated solution for the deposition (grey bars in
Figure 5a). In contrast, the QFLS of the perovskite — C, com-
bination reveals an increasing QFLS when using an increased
concentration (and thickness) of the CCl interlayer (purple bars
in Figure 5a). Likewise, the V. increases upon higher CCl con-
centration to a certain extend (open stars in Figure 5a). For the
highest concentration, we see that the V,,, among the other per-
formance parameters as shown in Figure S13 (Supporting Infor-
mation), lowers again. Evidently, the enhancement in V. is di-
rectly proportional to the reduction of non-radiative recombina-
tion until it reaches a critical threshold, at which point the exces-
sive thickness of the interlayer impedes the charge collection at
the electrode. We observe identical behavior for the QFLS as a
function of the LiF thickness (Figure 5c; Figure S14, Supporting
Information).

Figure 5b,d shows the sensitive EQE spectra in a semilog-
arithmic plot as function of photon energy for a 17% bro-
mide triple cation perovskite solar cell passivated with CCl for
different concentrations and increasing LiF thicknesses. Upon
the application of thicker interface passivation layers, a reduc-
tion of the defect signals at 1.25 eV is observed. For the CCl,
the reduction in defect signal occurs rather non-uniformly, but
continues to exhibit a declining trend for higher concentra-
tions. When thicker layers of LiF are evaporated on top of the
perovskite, the defect signal at 1.25 eV gradually decreases.
This implies that both passivation layers effectively mitigate
the effect of the fullerene layer in collecting electrons from
photo-excited defects, and increasingly do so as for thicker
layers.
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Figure 5. Influence of LiF thickness and CCl concentration for 17% Br PSC. a) Quasi-Fermi level splitting upon application of increasing the CCl con-
centration between the perovskite/ETL interface. The blue bar represents the average QFLS value of the perovskite film on glass without any passivation
or CTL, the black bars represent the QFLS of the perovskite film, with a specified amount of passivation if applicable, the red bars represent the QFLS of
the perovskite/ETL combination, with a specified amount of passivation if applicable. b) Semilogarithmic plot of the sensitive EQE spectra of the sub-
bandgap region upon application of increasing the CCl concentration between the perovskite/ETL interface. The insert shows a further zoomed-in of the
EQE response at the fullerene signal. c) Quasi-Fermi level splitting upon application of increasing LiF thickness between the perovskite/ETL interface
and d) semilogarithmic plot of the sensitive EQE spectra of the sub-bandgap region upon application of increasing LiF thickness.

The reason for the reduced defect-EQE and improved pas-
sivation by thicker interlayers could simply be due to the in-
creased spatial separation between perovskite and Cg, that di-
minishes the extraction of electrons excited from these de-
fects. On the other hand, formation of very thin LiF layers by
thermal evaporation has been reported to lead to the coales-
cence of similarly sized LiF nanoparticle islands on the sur-
face, rather than a fully closed layer.[3*#% Crystallites, which are
of comparable size, cover progressively smaller free areas un-
til a full layer is formed at ~3 nm. As deposition thickness
reaches ~0.5 nm, the coverage approaches 50%.[“!l We note
that the precise thickness at which a full layer forms depends
on the specific deposition conditions, but that full layers will
not be formed for LiF layers with thicknesses under 2 nm.
The same can be expected for the solution-processed CCl lay-
ers, when low concentrations are used.!>?*#] In this scenario,
applying more LiF or CCl leads to a reduction in the contact
area between the perovskite and the C, layer. This also im-
pedes or reduces the likelihood of the transfer state occurring
between the perovskite defect and the C,, layer. Consequently,
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the Vi increases due to the reduction in non-radiative recombi-
nation.

By measuring the QFLS as a function of the light intensity,
the pseudo (or implied) efficiency of a neat perovskite can be
quantified.[*>**] Figure 6a shows the absolute PL spectra of a
neat perovskite film recorded at different illumination intensi-
ties ranging from 0.002 to 2 sun equivalents. The resulting aver-
age QFLS as a function of the natural logarithm of the number
of incident photons is shown in Figure 6b, in which each panel
represents a certain layer combination. The first panel shows the
data of a neat triple cation perovskite film (i) on glass, followed
by the data of ITO | 2PACz | perovskite (p-i), glass | perovskite |
Cq (i-n), and ITO |2PACz | perovskite | Cg, (p-i-n) layer combina-
tions. From the slope of the QFLS versus the natural logarithm
of the number of incident photons, the radiative ideality factor
(n,p) can be determined. The n,, is related to the complex bal-
ance between bimolecular (band-to-band) recombination, trap-
assisted (Shockley-Read-Hall (SRH)) recombination, interface re-
combination, and recombination at the metal contacts.[**¢] The
parameter n;, can be determined either through fitting averaged
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Figure 6. a) Example of intensity-dependent PL spectra as obtained on a neat triple cation perovskite film on glass from < 0.01 to 2 sun equivalents.
b) The measured QFLS as a function of the natural logarithm of the number of incident photons for a neat triple cation perovskite film on glass, and
ITO | 2PACz | perovskite, glass| perovskite | Cgq and ITO | 2PACz | perovskite |Cg, stacks. The ideality factor (n,p) values extracted from fits of the data.
) Example of pseudo J—V curves of a neat triple cation perovskite film on glass, glass | perovskite |Cqg, ITO | 2PACz | perovskite and ITO | 2PACz |
perovskite |Cgq stacks, and the real J—V curve of a completed device for comparison. d) Ideality factors (n\p), €) pFF and FF, and f) pPCE and PCE from
light intensity dependent measurements for the perovskite films on glass, the different interfaces and complete device combinations.

QFLS values as a function of light intensity or by fitting individ-
ual QFLS values as a function of light and subsequently averaging
the obtained values. Figure S15 and Table S2 (Supporting Infor-
mation) illustrate that there is minimal disparity. In our subse-
quent analysis, we opted for fitting averaged QFLS values as a
function of light intensity.

We find that the neat perovskite films (i) on glass with and
without passivation have nearly the same QFLS and the same
light intensity dependence, with n;, = 1.62 + 0.02, a value that
corresponds to earlier observations for neat perovskite films.[**]
Hence, applying CCl or LiF layers to the perovskite surface does
not change the predominant recombination pathway for the neat
film. The same occurs for the ITO | 2PACz | perovskite (p-i) con-
figuration where n,;, = 1.88 + 0.06 is also almost independent
of surface passivation, but slightly higher than on glass. We note
that perovskite grown on glass and ITO | 2PACz can be differ-
ent and cause this change. Previously, based on drift-diffusion
simulations, an n;, ~ 1.8 was found considering only bulk re-
combination (i.e., assuming ideal interfaces).*”] The third and
fourth panels illustrate the effect of introducing the Cg layer for
the glass | perovskite | C¢, (i-n) and ITO | 2PACz | perovskite | C,
layer (p-i-n) configurations. As shown in Figures 2, 3, and 5, the
QFLS is significantly reduced with a C, ETL on top of the per-
ovskite and partially restored by interface passivation. In the p-i-n
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configuration, the average n;, =~ 1.29 + 0.08 corresponds to the
ideality factor of ~1.3 found by Caprioglio et al.*! which, based
on numerical simulations, was attributed to interfacial recombi-
nation at the Cg, interface as the only cause. This is consistent
with reduction of the QFLS when C is applied and partial re-
covery of interface passivation. For the passivated i-n configura-
tion half-stacks, we find n;, = 1.46 + 0.10, which is slightly >1.3,
but still indicates that recombination at the perovskite — C, inter-
face dominates. In our experiments, a higher QFLS corresponds
with a larger np,, consistent with previous observations.**] The
only exception, and unanswered question, is the non-passivated
i-n configuration where n;, = 1.72 and the QFLS is low. One
could speculate that the interpretation of the n,, value may be-
come more complex due to changes in the build-in field when
comparing diverse stacks.

Figure 6d summarizes these results and includes the n;;, val-
ues for the V.. When interpreting n,;, it is paramount to con-
currently consider the QFLS. Figure 6b shows that the highest
QFLS occurs in the p-i configuration where nj is the highest.
The lower QFLS (or V) for all other configurations (i, i-n, and
p-i-n) is consistently accompanied by a smaller n;, with the ex-
ception noted above. The co-occurrence of reduced QFLS and
reduced n, values in the i-n and p-i-n configurations (with re-
spect to their related i and p-i configurations) are consistent with
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significant non-radiative recombination at the perovskite — ETL
interface as inferred from Figure 3.

As the QFLS under illumination represents the internal volt-
age multiplied by the elementary charge g, and considering that
light intensity is proportional to the generated photocurrent, one
can convert the QFLS-intensity curves to pseudo J—V curves.!*!
From these pseudo J—V curves, one can derive the pseudo FF
(pFF) and the pseudo PCE (pPCE), along with the pseudo-open-
circuit voltage (QFLS at 1-sun equivalent) and the short-circuit
current density. Pseudo J—V curves are shown in Figure 6¢ for
each of the i, p-i, i-n, and p-i-n stacks together with the J—V curve
of the complete device.

Figure 6e,f shows the pFF and pPCE. The differences in pFF
are small for perovskite films on glass or on ITO | 2PACz,
and independent of applying CCl or LiF on top. The neat per-
ovskite films exhibit a pFF as high as 85%. Going from the
neat perovskite film on glass to the film on ITO | 2PACz re-
sults in a slightly lower pFF, consistent with the increased ide-
ality factors.[*’] For the perovskite | C,, configuration, the pFF
increases more when applying CCl and LiF, while it remains
lower without passivation. These results show a clear improve-
ment upon application of both surface treatments from the per-
ovskite — C,, interface. For the complete p-i-n stack, the pFF with
the CCl is high, due to the very low ideality factor. The complete
devices, however, still lose quite a significant amount of FF, likely
caused by transport losses in the devices. Interestingly, the thin
passivating interlayers do not increase these transport losses and
passivated devices have higher efficiencies.

The pPCE reaches >21% for the perovskite films on glass and
on ITO | 2PACz. When applying the C, ETL on top of the per-
ovskite, the film without passivation loses quite a bit pPCE, but
the passivated films maintain high pPCE. The same applies to
the complete p-i-n stacks. The complete devices, however, have
a lower PCE than the pPCE of the p-i-n stack, likely due to addi-
tional transport losses in the device.

3. Conclusion

In this work, we have shown with absolute PL measurements
that intrinsic non-radiative recombination losses of the studied
perovskites increase with increasing bandgap and ultimately lead
to a significant drop in V. and PCE. Interface passivation treat-
ments do not decrease the non-radiative recombination losses in
the bulk of these perovskites. Non-radiative recombination losses
at the interface between the perovskite and the 2PACz HTL are
negligible. In contrast, the perovskite — C, ETL interface is the
dominant source of non-radiative recombination, independent of
the bandgap. The non-radiative recombination loss at the per-
ovskite — Cg, interface can be reduced by applying thin CCl or
LiF interfacial passivation layers. CCl and LiF have a very similar
effect, despite their chemical differences. Passivation results in
an increase of the QFLS and pPCE for p-i-n stacks and of the V.
and PCE of actual devices. Sensitive photocurrent measurements
provide a possible explanation. We propose that the perovskite
has inherent defects which can be photoexcited and produce a
photocurrent when electrons can be extracted by a C¢, ETL (or
a metal). The likelihood of the excitonic transfer state occurring
between the perovskite defect and the fullerene transport layer
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can be reduced by decreasing the contact area and/or increasing
the spatial separation between the perovskite and the Cy, layer.

Summarizing, the investigated passivation strategies, based
on very different molecules (CCl or LiF) and deposition methods
show the same effects in QFLS and sensitive EQE for all six in-
vestigated bandgaps. CCl and LiF do not passivate the surface (or
bulk) of the perovskite but do passivate the interface with the C,
ETL. This points to a common mechanism for the passivation.

We note that these findings are not limited to the specific per-
ovskite composition tested in this study and similar improve-
ments in reducing non-radiative losses have been observed for
other compositions. Nonetheless, it is important to consider that
different perovskite compositions may exhibit different types and
magnitudes of losses, and thus, further investigations are re-
quired to fully understand the passivation mechanisms and opti-
mize the performance of perovskite solar cells.
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the author.
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