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Understanding the origin and mechanisms of defect-induced voltage losses and recombination in metal-
halide perovskites aids in the development of new strategies to achieve higher solar cell efficiencies.
Photoluminescence (PL) spectroscopy provides insight into charge recombination at defects in the
perovskite and at interfaces with passivation and electron transport layers. Measuring the time-resolved PL
as a function of temperature for a triple-cation mixed-halide perovskite (CsFAMA) reveals that the PL
decay is dominated by shallow defects and that lowering the temperature changes the trap-energy
landscape, making the shallow defects shallower until they vanish into the conduction or valence bands at
90 K. Depositing fullerene (Cgy) on top of the CSFAMA perovskite induces significant nonradiative
recombination losses at room temperature, which can largely be reduced by applying interfacial
passivation. Interestingly, cooling to 90 K makes the charge-recombination dynamics almost identical
for CsSFAMA and CsFAMA/Cg, films, irrespective of interfacial passivation treatments. At such low
temperatures, nonradiative recombination losses become less dominant because interfacial recombination
velocities are reduced. The results provide new insight into shallow defects and recombination losses in
CsFAMA perovskites and help to better understand the effect of surface treatments on shallow-defect

properties.

DOI: 10.1103/jzjm-xw3v

I. INTRODUCTION

Metal-halide perovskite solar cells (PSCs) are promising
candidates for single- and multijunction applications, attrib-
uted to their excellent optoelectronic properties. Currently,
nonradiative voltage losses are the primary reason limiting
PSCs from achieving high open-circuit voltages (Voc),
which are critical for further improving the efficiency. Such
nonradiative losses are typically induced by defective
electronic states (traps) in the semiconductor layer, at grain
boundaries, or at interfaces with adjacent charge transport
layers (CTLs) and are often mediated via interstitials and
vacancies [1,2]. Understanding the origin and mechanisms
of voltage losses and recombination processes can aid in
developing new strategies to achieve higher efficiencies.

In PSCs, the recombination of charge carriers typically
occurs via radiative or defect-assisted Shockley-Read-Hall
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(SRH) mechanisms [3]. SRH recombination takes place
via defect states that are either within the bandgap (deep)
or close to the valence band (VB) or conduction band
(CB). The deep defects are often considered detrimental to
solar cell efficiency [4,5]. In contrast, shallow defects in
perovskite semiconductors have low formation energies
[6] and are often assumed to have a negligible impact on
Voc losses because trapped charge carriers can be ther-
mally excited into the CB or VB [7,8]. However, recent
work shows that for PSCs, it is, in fact, the shallow defects
that dominate recombination and limit device efficiency
[9]. Time-resolved photoluminescence (tr-PL) allows one
to study the temporal carrier decay and provides insight
into the dominant recombination mechanism. For most
lead-halide perovskites, the tr-PL decay follows a power-
law behavior at high carrier densities [9,10]. With suffi-
ciently long SRH lifetimes for deep defects, the PL. decay
will be dominated by radiative recombination and non-
radiative SRH recombination via shallow defects. These
two mechanisms are almost indistinguishable from each
other and result in comparable tr-PL. Only for SRH
recombination via deep traps does the PL decay follow
a monoexponential behavior at low carrier densities [10].

Layers adjacent to the perovskite film, such as CTLs, can
also induce nonradiative recombination losses [11-13].
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For example, fullerene Cg4,, often used as an electron
transport layer (ETL), quenches the PL when in contact
with the perovskite due to strong nonradiative losses [1,11].
To reduce nonradiative charge recombination at the per-
ovskite/Cg interface, postdeposition surface treatments can
be applied to passivate the perovskite layer and reduce the
losses induced at this interface. For example, perovskite top-
surface treatments using lithium fluoride (LiF) [14,15],
choline chloride (CCl) [16,17], or propane-1,3-diammo-
nium iodide [18] have effectively reduced the nonradiative
recombination losses at the perovskite/Cg interface to a
significant extent. Interestingly, treating the neat perovskite
with CCl or LiF has no significant effect on the nonradiative
voltage losses [11]; only when it is combined with a
fullerene layer on top is its impact observed. This interfacial
passivation might be attributed to the concept that these
materials spatially separate the perovskite from the Cg
layer and act as a tunnel barrier for electron transport
[1,11,19]. However, these surface treatments might still
affect shallow-defect properties while having minimal effect
on the total Ve losses [20,21].

Because shallow defects dominate charge recombination
in metal-halide perovskites, understanding and controlling
such defects is important for reducing nonradiative losses.
Shallow-defect properties can be modified using perovskite
bulk additives [22,23] or top surface treatments [9] and can
impact PSC efficiency. Until now, the influence of per-
ovskite surface treatments and CTLs on the properties of
shallow defects in perovskites has not been explored. This
motivated us to study the shallow-defect properties in triple-
cation lead-halide perovskite films with passivation and
electron transport layers on top. By measuring tr-PL, we
find that the PL decay is dominated by shallow defects and
that lowering the temperature changes the trap-energy
landscape, making the shallow defects shallower until they
vanish into the conduction or valence bands at 90 K. This
result is corroborated by an increase in PL. quantum yield
and is explained by noting that the shallow defects are
intrinsic to the triple-cation lead-halide perovskite and are
formed through a thermally activated process. Depositing
CCl, Cgp, or a combination of both on top of the triple-
cation lead-halide perovskite can induce significant non-
radiative recombination losses at room temperature, but
cooling to 90 K makes the charge-recombination dynamics
almost identical across all treatments. At these low temper-
atures, nonradiative recombination losses become less
dominant because interfacial recombination velocities are
reduced. The results provide new insights into shallow
defects and recombination losses in triple-cation lead-halide
perovskites and enable a better understanding of the effect
of surface treatments on shallow-defect properties.

II. RESULTS AND DISCUSSION

A. Neat triple-cation lead-halide perovskite films

To study the behavior of shallow defects, metal-
halide triple-cation mixed-halide perovskite films were

fabricated using a  nominal = composition  of
CS0.0S (FA0.83MA0'17)0.95Pb(10.83Br0'17)3, hereafter referred
to as CsSFAMA, on glass substrates functionalized with 1,6-
hexylenediphosphonic acid (HDPA). HDPA minimizes the
nonradiative losses induced by the substrate/CsFAMA
interface and allows us to study a neat CsSFAMA perovskite
film with low inherent nonradiative voltage losses [24].
First, absolute steady-state PL (ss-PL) was measured to
determine inherent nonradiative voltage losses due to
defects in the neat CsFAMA perovskite film [Fig. 1(a)].
An ss-PL emission peak centered on 1.63 eV showed a high
photon flux, which can be related to a quasi-Fermi level
splitting (AEg) of 1223 +9 meV via Planck’s generalized
radiation law (see Experimental Section in Supplemental
Material, [25]). At open circuit, the quasi-Fermi level
splitting is equal to the voltage of a solar cell under ideal
conditions, and hence, for a film without contacts, AEy is
also referred to as the implied V. The measured AEg of
1223 meV is 119 meV below and equivalent to 91% of the
radiative voltage limit (AV{;‘%) of 1342 meV for the
CsFAMA perovskite with a bandgap of 1.63 eV [5]. The
AEg showed minimal changes (< 10 meV) during 15 min
of 1-Sun equivalent illumination, indicating good photo-
stability and no detectable light-induced changes (Fig. S1 in
Supplemental Material [25]). Nevertheless, defects still
limit the CsSFAMA perovskite film from achieving a higher
AFEFg and therefore impact the PL. emission.

To study the behavior of charge-carrier recombination in
neat CsSFAMA films leading to nonradiative losses, tr-PL
was measured using an intensified gated charge-coupled
device camera, which enables measurement of the PL
decay over a high dynamic range of ~7.5 orders of
magnitude. Figure 1(b) reveals that the normalized tr-PL
emission (¢_p;,) exhibits a power-law behavior with time
(Pypr, x ) for 1077 < ¢t < 107 s with a = 2.75. While
long PL lifetimes have been associated with a variety of
photophysical processes such as an indirect bandgap [29],
dynamic defect tolerance [30], photon recycling [31],
persistent photoluminescence [32], and memory effects
[33], the appearance of a power-law decay at high carrier
densities has consistently been explained to originate from
shallow defects dominating the time-dependent PL [9,10].

The tr-PL decay can be converted into a carrier-density-
dependent decay time (zg;), Which is defined for high-
level injection as [34]

-1
Tdiff = <——d In [i)gtPL(t)]> : (1)

When 7y is plotted against AEg(z, T), it is defined as
max kBT
AEg(t,T) = AER™(T) "‘TIH [pp (. T)]. (2)

where
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FIG 1.

(a) Absolute steady-state PL (ss-PL) spectrum and (b) time-resolved PL (tr-PL) trace of a glass/yHDPA/CsFAMA perovskite

film. The dashed line represents a power-law decay, ¢,.p;.  #~2, expected for an intrinsic semiconductor [10]. (c) Carrier-density-
dependent differential decay time (z4;¢) versus quasi-Fermi level splitting (AEF) of neat glass/HDPA/CsFAMA film, where the blue
circles represent the experimental data and the yellow solid line is the simulation. For tr-PL, the film was illuminated from the active
(CsFAMA) side. Dashed lines are a guide to the eye to show slope factor 6.
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and kg is the Boltzmann constant, T the temperature, g the
elementary charge, An the average initial carrier concen-
tration, and n; the intrinsic carrier concentration (assumed
to be 8 x 10* cm™ for CsSFAMA at room temperature)
[35]. The differential decay time changes continuously at
each AEy with a varying slope of 0.9 < 6 < 2.8, following
Tairy « exp(—AFEg/OkgT) [Fig. 1(c)]. The continuously
changing 744 and slope are not consistent with a sin-
gle-exponent power-law behavior and also imply that
assigning a single carrier decay time obtained from fitting
exponential functions can be highly misleading, as the
decay time changes over orders of magnitude depending
on the excitation density and laser repetition rate [9,10].
Such long and changing decay times indicate that the tr-PL
is limited by shallow defects, resulting in detectable long
decay times of up to 70 ps at room temperature [9]. Deep-
defect-assisted SRH recombination behavior is not visible
from the tr-PL, as this would result in a constant 74 for all
AFEy [34]. SRH recombination from deep defects might
still be present and limit the achievable AEg of the
CsFAMA perovskite layer, but the corresponding SRH
decay times must be (significantly) longer than 70 ps.
[Mlumination from the active (CsFAMA perovskite) or
glass side did not affect the shape of the decay time,
but the initial carrier concentration after the laser pulse was
marginally higher from the glass side because of a differ-
ence in reflectivity (Fig. S2 in Supplemental Material
[25]). While the intensity of the laser pulse during tr-PL
measurements affects the normalized PL intensity versus
time decay, the carrier-density-dependent decay time is
identical, regardless of the laser intensity (Fig. S3 in

Supplemental Material [25]) [34]. Fitting 74 using a
coupled rate equation assuming three defects with variable
trap depths shows good agreement with the experimental
data [Fig. 1(c)]. Details on the numerical model and the
fitting parameters can be found in Note S1 in Supplemental
Material [25]. Since the CsFAMA perovskite is considered
an intrinsic semiconductor [36], the fitting cannot distin-
guish between donor-like and acceptor-like defects, and
here we assume the defects to be of acceptor type, close to
the CB. In the modeling, we do not account for possible
equilibrium between excitons and free electrons and holes,
because for the low exciton binding energy of CsFAMA
(Eg = 16-21 meV [37]), the equilibrium dynamics is
orders of magnitude faster than the radiative decay [38].
Measuring the PL as a function of temperature allows
for studying thermally activated processes and character-
izing the defects that dominate nonradiative charge recom-
bination. When reducing the temperature from 300 to
90 K, the ss-PL spectrum of a neat CsSFAMA film narrows
from a full width at half maximum of 90 to 38 meV and
shows a small (8 meV) redshift (Fig. S4 in Supplemental
Material [25]), while presenting a 22-fold increase in the
PL quantum yield (QFY) [Fig. 2(a)]. X-ray diffraction
revealed that metal-halide perovskites similar to CSFAMA
exhibit phase changes in the temperature range between
300 and 90 K, in particular a cubic to tetragonal (a-f)
phase transition at 300-270 K and a second to a y-phase
around 180 K [39-41]. However, in agreement with results
for similar triple-cation mixed-halide perovskites [37,41],
the ss-PL spectra of CsSFAMA only change gradually with
temperature, without discontinuities or new peaks
[Figs. S4(b) and S4(c) in Supplemental Material [25]].
This suggests a minimal impact of the phase transitions on
the PL properties. The enhanced QFY = R,./(Ruq +
Rgry) results from a higher radiative recombination rate
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(a) Temperature-dependent measured PL quantum yield (QF") of a CSFAMA perovskite film on HDPA-functionalized glass.

(b) Carrier-density-dependent differential decay time (zg4;) versus quasi-Fermi level splitting (AER) of a CsSFAMA perovskite film on
HDPA-functionalized glass at different temperatures (solid lines) and fitting of differential decay time (dashed lines) using coupled rate
equations assuming three shallow defects. The film was excited from the glass side. (c) Trap energy (E,,,) relative to the CB or VB of
the perovskite and (d) trap density (Ny,p) from fitting the 74 of (b).

(Rrag) Via Ryq(T)=kq(T)np [26,40,42,43], a decrease in
the rate of SRH recombination (Rggry) [44], or a combi-
nation of both. R, 4(7T) enhances sevenfold when the
CsFAMA perovskite is cooled from 300 K to 130 K, as
determined from the PL intensity (¢.p. (7,7 = 0)) after
laser excitation (Fig. S5 in Supplemental Material [25]).
Hence, the enhanced QF" at 130 K is a combination of
increasing R,y and a reducing Rgqry of 3 times. As a
consequence, AEy improved from 1235 meV at 300 K to
1532 meV at 100 K when determined from the enhanced

PL, assuming an absorption of unity above the bandgap as
explained in the Experimental Section (see Supplemental
Material [25]). These values of AEg correspond to 92% and
99% of the detailed-balance limits at these temperatures,
respectively (Fig. S6 in Supplemental Material [25]). The
gain in AEg seen between 300 and 100 K is a combination
of the enhanced Q" and a gain in thermodynamic effi-
ciency according to the detailed-balance theory.

The tr-PL traces of a neat CSFAMA film measured in the
same temperature range show that PL emission can still be
measured at approximately 1 ms after the laser pulse at 90 K

(Figs. S7 and S8 in Supplemental Material [25]). To convert
the tr-PL at below room temperature into a carrier-density
decay time, A Eg must be defined at each temperature. Right
after the laser pulse, the photogenerated carrier-density
results in an initial AEg equal to AEP™(T) [Eq. (3))]
which depends on the thermal voltage and on the intrinsic
carrier concentration, which can be calculated using

—FE
n(T) = NcNy hl(ﬁ), 4)

where E, is the optical bandgap of the perovskite and N¢
and Ny are the CB and VB density of states, respectively.

Figure 2(b) shows the differential decay time of the tr-
PL traces at temperatures from 300 to 90 K. The shape of
the tr-PL decay gradually changes from a power-law-like
behavior at 300 K to a more monoexponential, SRH-
related behavior at approximately 230 K, for which a
constant 7y, would be expected. At temperatures below
230 K, the SRH-like behavior slowly disappears, and the
tr-PL returns to a power-law behavior at 90 K, where the
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PL decay behaves virtually as a pure radiative emitter
without contributions from defects (Fig. S9 in
Supplemental Material [25]). The tr-PL traces were inde-
pendent of the thermal history of the sample and appeared
identical at a given temperature, irrespective of whether
they were recorded during cooling of the CsFAMA
perovskite to 90 K or when reheating to 300 K (Fig.
S10 in Supplemental Material [25]). This confirms that the
sample does not change during an 8-h experiment and that
any phase transition is reversible.

As described by Eq. (2), AER increases at lower temper-
atures for identical initial carrier concentrations (An),
resulting in a change in the slope of 74 versus AEg at
lower temperatures. As a result, at constant AEf, the
differential decay time is longer at lower temperatures.
This is not due to the increased k4 at reduced temperatures
(Figs. S5 and S11 in Supplemental Material [25]), but 7y
increases for a fixed AEy at lower temperatures because the
carrier density corresponding to that Fermi-level splitting is
reduced. From simulations, we find similar behavior
between 300 and 100 K when assuming that no SRH
recombination is present [Figs. S12(a) and S12(b) in
Supplemental Material [25]], and that pure power-law
behavior (¢.p;, x %) results in ever-increasing differential
decay times when the carrier density is reduced. Only when
SRH-type recombination is present will the decay time
reach a constant value, regardless of the temperature
[Fig. S12(c) in Supplemental Material [25]]. From the
experimental data, the decay time increases as the temper-
ature is reduced, reaching values of ~1 ms and showing a
more defect-free character similar to that of a perovskite
with only radiative recombination (Fig. S9 in Supplemental
Material [25]). At intermediate temperatures, between 230
and 175 K, the decay time versus AEy has a different shape,
and there is a notable change in slope around gy ~ 5 X
1073 s [Fig. 2(b)].

The results suggest that the energetic landscape of traps
is shifting with temperature. To address the reproducibility
of these findings, the tr-PL traces and decay times of
another set of samples are shown in Figs. S13(a) and
S13(b) in Supplemental Material [25]). Similar tr-PL
behavior with comparable long decay times can be
observed for all temperatures, demonstrating the repro-
ducibility of these results.

Due to the soft ionic nature of perovskites, their defect
densities depend on the temperature of the perovskite and
its corresponding formation energy [45,46]. To gain a
better understanding of the changing trap-energy land-
scape of the CsSFAMA film at various temperatures, the
decay times were fitted using coupled rate equations (Note
S1 in Supplemental Material [25]). Following work from
Yuan et al. [9], we assume three shallow defects close to
the CB or VB, as these defects can be donor- or acceptor-
type and the fitting cannot distinguish between the two
because the perovskite is considered to be an intrinsic

semiconductor [36]. Global fitting of the differential decay
times, assuming identical defect properties (i.e., temper-
ature-independent trap densities (N,) and energies (E;))
across all temperatures, resulted in inaccurate fits (Fig. S14
in Supplemental Material [25]).

This finding suggests that the trap-energy landscape is
dynamic and changes when the CsFAMA perovskite is
cooled from 300 to 90 K. In contrast, when fitting with
temperature-dependent defect properties, good fits were
obtained at each temperature when assuming a minimum
of three defects [Fig. 2(b)]. In the model, we enforce a
minimal trap depth of 10 meV to prevent unphysical fitting
results. Figures 2(c) and 2(d) show the shallow trap energy
(depth) and trap density versus temperature. At room
temperature, the trap energy (E,,) distribution can be
described with three shallow traps with energies of 17, 10,
and 115 meV relative to the CB or VB. Interestingly,
lowering the temperature results in the three defects
becoming shallower. At 275 K, the first (17 meV) defect
reaches the 10-meV minimal depth, and below ~225 K,
the deepest trap (115 meV) slowly becomes shallower until
it also disappears into the band at %100 K [Fig. 2(c)]. This
corroborates the finding that the CsSFAMA decay time at
90 K follows almost a radiative-only charge recombination
behavior, free of shallow defects (Fig. S9 in Supplemental
Material [25]). In the 125-90 K region, the thermal energy
(kgT) is close to the minimal trap depth (10 meV) used in
the model. To compensate for the inability to lower the trap
energy, the fitting procedure lowers the shallow trap defect
density [Fig. 2(d)]. We cannot exclude the possibility that
defect (SRH) characteristics appear at decay times beyond
~1 ms, but this was experimentally inaccessible due to the
detection limit of the setup. In addition, at 100 K, the
detrapping rate (e,) from a shallow trap back to the bands
is also slightly lowered (Fig. S15 in Supplemental Material
[25]), as this is a thermally activated process, filling all
shallow traps, which in turn, enhances radiative band-to-
band emission as the nonradiative hole capture rate (5),)
also slightly reduces with temperature [9].

The trap density (Ny,,) determined from the fitting
remains fairly constant around 0.5-1.75 x 10'® cm™ for
all three defects over the temperature range studied
[Fig. 2(d)]. For a defect with a given formation energy,
it is expected that the defect density will be reduced at
lower temperatures [45,46]. However, when the defects
become shallower at temperatures below 300 K, their
formation energy decreases, which would increase the
defect density. These counteracting effects can explain the
similar defect densities across the temperature range
studied.

The results presented in this section show that as the
CsFAMA perovskite film cools, the energetic trap land-
scape changes, and its shallow traps become shallower.
Consequently, the effects of shallow defects on the PL
lifetime decrease.
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B. CsFAMA perovskite with passivation
and electron transport layers

To investigate the effect of interface-passivation treat-
ments and the deposition of an ETL on the shallow-defect
properties, CCl, Cgqy, and CCl/Cg, were deposited on the
top surface of CsSFAMA films, and their tr-PL traces were
measured at room temperature. For the CsSFAMA film with
CCl on top, a very similar g4 was found as for the neat film
for AEE between 1.3 and 1.5 eV, showing similar recombi-
nation behavior [Fig. 3(a)]. Only at AEg < 1.3 eV, where
nonradiative recombination dominates, is the decay time for
the CCl-treated film slightly lower compared to the neat
film. Fitting of the decay time shows identical shallow trap
densities and energies for the neat and CCl-treated
CsFAMA films (Tables S1 and S2 in Supplemental
Material [25]), with only a marginally reduced electron
capture and emission rate resulting in a small difference in
T4 for 1.1 < AER < 1.3 eV. From absolute ss-PL on the
same films, no significant change in AEy (1223 £ 9 meV
versus 1226 +9 meV) was measured, suggesting a mini-
mal impact of CCl on the nonradiative voltage losses
(Fig. S16 in Supplemental Material [25]).

When Cg is deposited on top of the CsSFAMA film, the
decay time becomes significantly shorter across all AEg
due to enhanced nonradiative recombination [Fig. 3(a)],
also evident from absolute ss-PL; the steady-state AEf is
reduced by about 100 to 1128 £7 meV (Fig. S16 in
Supplemental Material [25]). The shortening of the decay
time is due to fast electron transfer from CsSFAMA to Cg
followed by nonradiative charge recombination across the
interface [47,48]. Alongside these carrier quenching chan-
nels, Cgy might also introduce additional (deep) defect
states [49,50], resulting in further quenching of the tr-PL
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decay time. Following the procedure of Lee et al. [26], the
decay time at room temperature of the CsFAMA/Cy,
bilayer was fitted, assuming that C¢, does not alter the
defect properties of the CsFAMA film, i.e., the defect
energy and density remained identical to a neat CSFAMA
layer. In this model, only charge exchange and across-
interface recombination pathways were introduced upon
Cgo deposition (see Note S2 in Supplemental Material for
details [25]). From the fitting, an electron transfer rate
(ket), electron back transfer rate (kg,), and an interfacial
recombination rate (R..) can be determined (Table S3 in
Supplemental Material [25]). Such charge extraction and
subsequent nonradiative interfacial recombination can
significantly reduce the PL decay time of the CsSFAMA/
Cg bilayer and we find values that are comparable to those
reported in the literature [47]. To get a sense of how lossy
this CSFAMA/Cy, interface is, we calculate a time-aver-
aged effective interface carrier loss velocity ((Scf)) from
the rate constants extracted from the fitting as a figure of
merit to showcase how many carriers are lost at the
interface due to both extraction and interfacial recombi-
nation (see Note S3 in Supplemental Material [25]). When
Cqo is deposited on top of a CsFAMA film, it induces a
total {S.s) of #5524 cm s~! at room temperature, which is
lower than values reported before for Cq [51]. Out of this
(Sefe), ~#1731 cm s~! is due to an across-interface recom-
bination velocity (Si,) and ~3793 cm s~! is due to a
charge-exchange velocity (Sg) from CSFAMA to Cg.
This demonstrates that the significant interfacial losses at
the CSFAMA/Cg interface during tr-PL measurements are
mainly due to rapid electron extraction from CsFAMA to
Cgo. By passivation strategies, the interfacial recombina-
tion losses can be reduced. Note that for efficient PSCs, the
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(b) Time-averaged effective interface carrier loss velocity ({S)), exchange velocity (Se.), and across-interface recombination
velocity (Sj,) for glasss/HDPA//CSFAMA/Cg, and glass/HDPA//CSFAMA/CCI/Cy, extracted from the fits in (a). For details, see Note

S3 in Supplemental Material [25].
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Sexc should be as high as possible to ensure good charge
extraction, resulting in a high short-circuit current density
and fill factor [52,53].

Passivation of the CsSFAMA top surface with CCl before
depositing Cgy (CSFAMA/CCI/Cy) greatly enhances the
decay time compared to that of the CsFAMA/Cq, film
combination [Fig. 3(a)], along with a substantial recovery
of AEg from 1128 +7 to 1178 =8 meV (Fig. S16 in
Supplemental Material [25]) as determined from ss-PL,
showing that the nonradiative recombination at the
CsFAMA/Cg, interface is greatly reduced by the CCI
interlayer. Interface carrier loss velocities were determined
by fitting the tr-PL decay using the method described
above. The CSFAMA/CCI/Cy, has a reduced (S.z) by
almost 23 times to ~245cm s~!. This lowering is
mainly due to the reduced charge-exchange velocity
(Sexe = 189 cm s7!) because CCl acts as a barrier for
electron transfer and back transfer, lowering the number of
transferred electrons in the Cg, (Table S3 in Supplemental
Material [25]), in turn limiting the amount of interfacial
recombination (S;,, = 56 cm s~!). Both the reduced inter-
facial recombination velocity and the lower exchange
velocity result in lower charge quenching and, therefore,
a longer retained carrier concentration in the CsFAMA
perovskite during tr-PL experiments.

Next, the decay times of the surface-treated CsSFAMA
films were measured between 300 and 90 K (Fig. S17 in
Supplemental Material [25]). We first look at the CCI-
treated CSFAMA films, where the decay time is similar to
that of the neat film and becomes longer when the
temperature is reduced, reaching zg;~ 1 ms at 90 K.
Using the fitting methodology of coupled rate equations,
the shallow-defect properties are determined for a
CsFAMA/CCI film at various temperatures (Fig. S18 in
Supplemental Material [25]). As for the neat CsFAMA
film, the shallow defect density remains relatively constant
between 0.9 and 2 x 10'"® cm™ across the measured
temperature range. These densities are comparable to
those of the neat CsSFAMA and show that CCl treatment
does not significantly alter the shallow defect density.
Cooling the CsFAMA/CCI film from 300 to 100 K also
results in a changing trap-energy landscape, with three
traps becoming shallower until they vanish into the bands
around 100 K, making CSFAMA more defect-free. This
thermally activated behavior of the shallow defects is
almost identical between the neat and CCl-treated films,
demonstrating the limiting effect of CCl on reducing
shallow traps.

When Cg, is directly deposited on the CsSFAMA film,
the initially short decay times (< 1077 s) gradually
increase over the entire AFEy range as the temperature is
reduced, approaching a measured 107 s close to 90 K
[Fig. S17(b) in Supplemental Material [25]]. In addition, at
90 K, the slope becomes more akin to the recombination
kinetics of a neat perovskite film, suggesting a reduction in

charge extraction and interface recombination at the
CsFAMA/Cy, interface. At 90 K, the decay times of a
CsFAMA/Cqq film and a neat film are very similar, i.e., the
shapes of the 74 versus AER curves are similar. This
implies that when the temperature is lowered, all films
exhibit less nonradiative recombination character and
enhanced radiative emission. Interestingly, the longest
measurable decay time, i.e., until the PL signal disappears
below the detection limit of the setup, of the CSFAMA/Cy,
film at 90 K is only ~40 ps, whereas for the neat film it is
~1 ms. This suggests that there is still a loss of charge
carriers, probably due to the fast electron transfer from
CsFAMA to Cg, with ke =~ 107 s™! at these temperatures,
coupled with reduced electron back transfer rates of
ke =~ 50 s7!, as this is a thermally activated process
(Fig. S19 in Supplemental Material [25]). For the
CsFAMA films with CCl/Cg on top, 74 becomes longer
across all AEg values when the temperature is lowered and
again reaches ~1 ms at 90 K. This demonstrates that when
the temperature is lowered, the decay times become more
similar to those of a semiconductor with limited defects and
a low effective carrier loss velocity. The CsSFAMA/CCI/Cy,
film also shows the most prominent change in 7y slope
around 107 s, probably due to a rapid reduction in R,
around 230 K (Fig. S20 in Supplemental Material [25]).

Extending the analysis of the CSFAMA/ETL bilayer to
below room temperature using the tr-PL fitting procedure
described in Note S3 in Supplemental Material [25] allows
for the disentangling of the contributions to the effective
interface carrier loss velocities (Fig. S21 in Supplemental
Material [25]). For a CsFAMA/Cy, stack, the (S.)
reduces from ~5524 cm s~' at room temperature to
~422 cm s~! at 90 K [Fig. 4(a)], showing a significant
reduction in carrier quenching. S;,, decreases by 3 orders
of magnitude when cooling from 300 to 90 K, from ~1731
to ~#2 cm s~'. The reduction in Sj, is a consequence of a
stark drop of R,.. [Fig. S19(c) in Supplemental Material],
which suggests that interfacial recombination is thermally
activated as a consequence of an interfacial trap state or
band bending at the CsSFAMA/Cy, interface as proposed
previously [1,54]. S, reduces almost an order of magni-
tude from ~3793 to ~420 cm s~! across the temperature
range, primarily starting from 150 K. This reduction in
charge-exchange velocity might be due to reduced charge
mobility at cryogenic temperatures. These results demon-
strate that the carrier quenching at the CsFAMA/Cg,
interface becomes benign and results in lower nonradiative
recombination, boosting radiative efficiency.

CsFAMA perovskite films with CC1/Cg on top show a
significantly lower interface carrier loss velocity across the
entire temperature range of 300—130 K, demonstrating a
reduction in nonradiative voltage losses, as seen from the
ss-PL. AER (Fig. S16 in Supplemental Material [25]). The
large reduction in (S.¢) compared to the CSFAMA/Cg
stack without CCI treatment is due to a lower interface
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(a),(b) Time-averaged effective interface carrier loss velocity ({S.)), exchange velocity (S.), and across-interface

recombination velocity (Si,) of glasssHDPA/CSFAMA/Cy, (a) and glasss/HDPA/CSFAMA/CCI/Cy, (b) at various temperatures
determined from fitting the temperature-dependent tr-PL traces. (c) Temperature-dependent measured PL quantum yield (QF") of
glass/HDPA/CsFAMA, glass/HDPA/CsFAMA/CCI, glass/HDPA/CsFAMA/Cqy, and glass/fHDPA/CsFAMA/CCl/Cg, (symbols).
Dashed blue lines are reference lines assuming different PL quantum yields.

recombination velocity S;,, which reduces from ~56 to
~1.7 cm s~! when cooled from 300 to 130 K [Fig. 4(b)].
Moreover, the charge-exchange velocity S.,. also reduces
from ~189 to ~96cm s~! at 130 K. Both quenching
velocities become smaller at 130 K, showing that even the
CCl-treated CsFAMA bilayers become less lossy and
result in lower nonradiative recombination. We emphasize
that the model for CsFAMA/Cq, bilayers, described in
Note S2 in Supplemental Material [25], assumes an
unaltered CsFAMA interface when adjacent to Cg, i.e.,
without additional defects. The only carrier quenching
channels induced by the CsSFAMA/Cg, bilayer are related
to charge transfer and interfacial recombination. The
addition of a Cgy-induced defect state would make the
model extra complex.

To substantiate the findings that the interface recombi-
nation velocity is lowered by 2 and 3 orders of magnitude
when the CSFAMA/Cg, and CsSFAMA/CCI/Cg films are

cooled to cryogenic temperatures, we performed absolute
ss-PL spectroscopy to determine the QFY as function of
temperature. As discussed before, the neat CsSFAMA film
becomes less defective because the QP increases from
9.9 x 1073 to 2.2 x 107! [Fig. 4(c)]. However, for the
CsFAMA/Cg, bilayer, the gain in QF" is higher between
room temperature and 90 K, increasing by 2 orders of
magnitude from 2.1 x 107 to 1.7 x 1072, and approach-
ing the QF" of the neat CSFAMA film without an ETL.
This rise in QF" coincides with the reduction in interface
recombination velocity S;,, observed in the low-temper-
ature tr-PL. So not only is the CsFAMA semiconductor
becoming less defective, but the interfacial nonradiative
losses in the CSFAMA/Cg film also vanish, resulting in an
even greater QP enhancement. For the CsSFAMA films
with CCI surface treatment, a similar QP enhancement
from room temperature to 90 K was observed as in the neat
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CsFAMA film, albeit with a marginally higher QF" at 90 K
of 4.5 x 107!, This is in line with the tr-PL decays, which
also showed minimal changes and virtually identical
shallow defect energies and densities. The QF" of the
CsFAMA/CCI/Cg, film also increased from 1.8 x 1073 to
6.5 x 1072, Due to the passivating effect of CCI, the QF" at
room temperature is already higher than the CSFAMA/Cy,
film, mainly due to a reduced interfacial recombination
velocity S;, [Fig. 4(b)]. So, when the temperature is
reduced, the enhancement in QF lies between the
CsFAMA/CCI and the CsSFAMA/Cg films. For all these
CsFAMA films, the AER increased when cooled from 300
to 100 K and started to converge at 100 K, approaching the
detailed-balance limit, similar to the temperature depend-
ence of the AFER described in Eq. (2) (Fig. S22 in
Supplemental Material [25]). These results show that
the CsFAMA semiconductor becomes less defective when
cooled to cryogenic temperatures due to thermally acti-
vated (shallow) defect formation. Moreover, the interface
recombination velocity in CsFAMA/CTL bilayers is
reduced between 300 and 130 K, resulting in an additional
reduction of nonradiative losses, allowing the CsFAMA
stack to approach the radiative limits.

III. CONCLUSIONS

In summary, using temperature-dependent tr-PL on a
triple-cation perovskite (CsFAMA) film, we have dem-
onstrated that the energetic landscape of shallow defects
in CsSFAMA changes between 300 and 90 K. From fitting
the tr-PL traces to a model with three shallow defects, we
find that these defects are thermally activated as they
become shallower and vanish into the valence or con-
duction band at 90 K, making CsFAMA less defective.
This is corroborated by the enhanced QP when cooling
from 300 to 100 K. We extended the temperature-
dependent tr-PL. method to CsFAMA films with passi-
vation and electron transport layers on the top surface:
CCl, Cgp, and CCI1/Cg,. We find that at room temperature,
the PL decay times vary across the different surface
depositions due to nonradiative recombination. Treating
CsFAMA with CCl does not alter the shallow-defect
properties and results in identical nonradiative recombi-
nation and PL decay compared to that of the neat
perovskite across all temperatures, suggesting it has no
impact on the defects. Lowering the temperature for the
CsFAMA/ETL stacks makes the tr-PL decay dynamics
almost identical for each case, showing that nonradiative
recombination losses become less dominant at low
temperatures due to a reduced interface recombination
velocity, as concluded from fitting the tr-PL decay. Our
results provide new insight into shallow defects and
charge recombination at reduced temperatures and can
help us better understand the effect of surface treatments
on shallow-defect properties.
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