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Abstract

Adding cesium (Cs) and rubidium (Rb) cations to FAo.8sMAo.17Pb(lo.83Bro.17)3 hybrid lead halide
perovskites results in a remarkable improvement in solar cell performance, but the origin of the
enhancement has not been fully understood yet. In this work, Time-of-Flight (ToF), Time-
Resolved Microwave Conductivity (TRMC), and Thermally Stimulated Current (TSC)
measurements were performed to elucidate the impact of the inorganic cation additives on the
trap landscape and charge transport properties within perovskite solar cells. These
complementary techniques allow for the assessment of both local features within the perovskite
crystals and macroscopic properties of films and full devices. Strikingly, Cs-incorporation was
shown to reduce the trap density and charge recombination rates in the perovskite layer. This is
consistent with the significant improvements in the open-circuit voltage and fill factor of Cs-
containing devices. By comparison, Rb-addition results in an increased charge carrier mobility,
which is accompanied by a minor increase in device efficiency and reduced current-voltage
hysteresis. By mixing Cs and Rb in quadruple cation (Cs—Rb—FA—-MA) perovskites, the advantages
of both inorganic cations can be combined. Our study provides valuable insights into the role of
these additives in multiple-cation perovskite solar cells, which are essential for the design of high-

performance devices.



1. Introduction

In the past few years, hybrid lead halide perovskites established themselves as outstanding
materials for photovoltaic (PV) applications. Recently, inorganic cations such as rubidium (Rb)
and cesium (Cs) have been added to the perovskite, resulting in a boost in the power conversion
efficiency (PCE) up to 21.6%.1 The state-of-the-art perovskite solar cells comprise a multi-cation
mixed-halide hybrid perovskite and show impressive stabilized power output under working
conditions.l 2 The inorganic cation additives have been shown to improve the phase stability of
the photoactive formamidinium lead iodide (FAPbIs) perovskite layer by suppressing the phase
transition into the yellow non-perovskite structure at room temperature.?’! However, the
stabilization of the black perovskite phase is based on fine-tuning the Goldschmidt tolerance
factor, which can also be achieved by incorporation of smaller methylammonium (MA) cations
into the formamidinium (FA)-dominated perovskite structure, without the need for the even
smaller Cs or Rb cations.® ! It is likely that the inorganic cation additives do not only stabilize the
crystal structure, but also have a strong impact on the optoelectronic properties of the

perovskite, leading to the observed enhancement in solar cell performance.

In order to reach record efficiencies and high stability, extensive device optimization work with a
strong focus on the processing of the perovskite layer has been performed. Various combinations
and ratios between the monovalent cations (FA, MA, Cs and Rb) and the halides (I and Br) have
been explored and optimized along with different perovskite fabrication processes.36 9151
However, the origin of the increased device performance that has been demonstrated for Rb-

and Cs-containing perovskite solar cells remains rather unclear. In order to engineer perovskite



solar cells with the highest possible device performance and stability, it is essential to understand

the impact of the inorganic cation additives on the perovskite’s optoelectronic properties.

In this work, we investigate the effect of Cs- and Rb-addition on the electronic landscape and the
charge transport properties of the multiple-cation mixed-halide perovskite
FAo0.83MAo.17Pb(lo.s3Bro.17)s in state-of-the-art perovskite solar cells. We combine three
complementary probing techniques: Time-of-Flight (ToF), Time-resolved Microwave Conductivity
(TRMC) and Thermally Stimulated Current (TSC) measurements. Our results indicate that Cs
markedly reduces the trap density, as well as the second order recombination rate of free mobile
charges in the perovskite bulk material. Furthermore, the trap states in Cs-containing perovskites
appear to be shallower than in non-modified perovskite devices. These improvements are in
good agreement with a notable enhancement of device performance employing Cs-containing
perovskites. By comparison, our results show that Rb-addition increases the charge carrier
mobility, but that it has only a minor impact on the trap landscape within the perovskite solar
cell and results in marginal improvements in device performance. Nevertheless, Rb reduces
current—voltage hysteresis and leads to a more stabilized power output. After clarifying the
individual role of each inorganic cation additive, the benefits of both Cs and Rb-addition can be

found in quadruple cation (Cs —-Rb—FA—-MA) perovskites.



2. Results

2.1. Solar Cell Performance

We investigated the influence of Rb and Cs cations as additives on the PV performance of planar
perovskite solar cells with the following device architecture: glass/fluorinated tin oxide
(FTO)/compact TiO2/perovskite/Spiro-OMeTAD/Au. According to a protocol reported by Saliba et
al.M, we synthesized the multi-cation mixed-halide (FAo0.s3MAo.17)Pb(lo.g3Broi7)s perovskite
(FAMA), and added approximately 5 mol% of Rbl, Csl or a combination of both to the FAMA
precursor solution. The resulting samples are denoted in the following as Rb5, Cs5 and Rb5Cs5,
i.e. Rb5 means that 5 mol% of Rb cations were added. Our previous XRD results show that the Cs
is fully incorporated into the perovskite lattice, while the same amount of Rb preferentially forms
a RbPb(l1-«Brx)3 side phase.!'® The current—voltage (J-V) characteristics of at least 17 cells were
evaluated for each type of perovskite layer under one sun illumination according to air mass 1.5
global (AM1.5G) radiation. Further details regarding the device preparation and characterization
are given in the Supporting Information. Figure 1 shows the schematic representation of the
layered device architecture, the stabilized output under maximum power conditions at AM1.5G
sun illumination, as well as the distribution of the PV device parameters for FAMA, Rb5, Cs5 and
Rb5Cs5 solar cells. Representative J-V curves of champion cells are shown in Figure S1 in the
Supporting Information. Scanning Electron Microscopy (SEM) cross-section images of the full

devices are depicted in Figure S2.

In accordance with previous reports, we find that the PV performance is substantially enhanced

for Cs5 devices compared to plain FAMA-based devices.[?! The enhancement in power conversion



efficiency upon Csl addition can be ascribed to a significant improvement in all solar cell
parameters (Figure 1c—f), i.e. short-circuit current (Jsc), open-circuit voltage (Voc) and fill factor
(FF). The addition of Rbl only leads to minor improvements in Jsc, Voc and FF in the corresponding
Rb5 device. When both Rb and Cs cations were used as additives, the resulting Rb5Cs5 devices
show a comparable PV performance to that of the Cs5 devices. However, the presence of Rb
results in @ more narrow distribution of the Rb5Cs5 device performance parameters, indicating
higher reproducibility. Moreover, the presence of Rb in the Rb5Cs5 perovskite film leads to the
highest stabilized power output under constant illumination over 300 s (Figure 1b) which is
superior to that of Cs5 and is in agreement with literature reports.!™ 2! Similar trends regarding
Jse, Voc and stabilized power output were also observed for devices prepared on compact SnOy

films instead of TiO; serving as electron transport layers (Figure S3—4).

The increase in Jsc upon addition of the inorganic cations is most likely related to the formation
of a larger volume percentage of photoactive material through the reaction between the Csl or
Rbl additive and the excess of Pbl, which is present in the non-stoichiometric FAMA solution. The
excess Pbl, was intentionally added to the perovskite precursor solution due to its potential
passivation effect in perovskite solar cells, which is a standard procedure for the highest
performing solar cells described in the literature.*- 2 17-191 By reacting the Pbl, excess with the Csl
or Rbl additive, the absorptance of the resulting perovskite film increases (Figure S5).
Furthermore, external quantum efficiency (EQE) measurements were conducted and the
measured integrated current densities are in close agreement with the Jsc values obtained from
the J-V curves (Figure S6). The EQE data demonstrate an increase of ~4% in current density when

5% of Rb or Cs are added and overall, Rb5Cs5 leads to the highest current densities. We point out



that the reduction of excess Pbl; in the perovskite layer upon inorganic cation addition is not the
origin of the observed PCE improvements. This is supported by comparing FAMA devices with
0%, 5% and 10% Pbl, excess which show very similar photovoltaic performance (Figure S7). In
order to elucidate the origin of the Vo and FF improvement in perovskite solar cells upon Cs-
and/or Rb-addition, we thoroughly investigated the change in charge carrier mobility, charge

recombination rates and trap densities of the perovskite thin films.
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Figure 1. a) Schematic representation of the device architecture of the perovskite solar cells. b) Maximum
power point tracking for encapsulated perovskite solar cells under constant 1 sun AM1.5G illumination
measured in air. c)—f) Box chart representation of photovoltaic parameters of perovskite solar cells under
simulated AM1.5G sunlight. The current-voltage (/—V) curve of at least 17 cells for each type of perovskite

layer were recorded at a scan rate of 0.1 V s™.

2.2. Charge Carrier Transport

2.2.1. Macroscopic Charge Carrier Transport (Time-of-Flight Measurements)



To probe the impact of the Cs and Rb addition on charge carrier transport in the perovskite
absorber, we performed Time-of-Flight (ToF) measurements on laterally contacted perovskite
layers.29 Further information about the experimental setup and the procedure of the transient

photocurrent measurements is given in the Supporting Information (Figure S8).

We generate charge carriers in the perovskite layer by illumination using pulsed laser excitation
(4 =510 nm) close to one of the gold electrodes. By simultaneously applying a constant external
electric field of 5 kV cm™ (for only a few hundreds of milliseconds to mitigate the effect of ionic
migration), the photo-generated charge carriers (either electrons or holes) move across the film
within the gap towards the opposite Au electrode. The resulting photocurrent transients show
that the transit time ti that is required for charge carriers to travel laterally from the excitation
spot to the opposite Au contact increases with increasing electrode distances (Figure S9). A
previously reported procedurel?”! was employed to extract the transit time from the measured
photocurrent transient. The average charge carrier mobility u in the perovskite films can be

approximated by the ToF equation:

_d
E-ter

u (1)

with d as the inter-electrode distance, £ = Upias/d the applied electric field and tir the ToF transit
time. By plotting tir against d, the slope of the linear regression in Figure 2 is a direct measure for
the mobility since the applied electric field was identical for all perovskite films. Depending on
the polarity of the applied electric field, holes or electrons can be probed as the mobile species
since charges are locally generated near one electrode. Therefore, the mobility of holes (un) or

electrons (&) can be differentiated using the ToF technique.
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Figure 2. Determination of charge carrier mobilities in perovskite thin films using the ToF technique.
Extracted transit times (tw) as a function of electrode distance d under a) positive bias to extract hole
mobility un and b) negative bias to extract electron mobility p.. The value for charge carrier mobility can

be derived from the slope of the linear fits and are listed in Table 1.

Table 1. Charge carrier mobility of perovskite thin films determined by ToF measurements.

U (em2Vis?) g (cm? Vis)  pgum,tor (€m? V-ist)

FAMA 10 10 20
Cs5 11 12 23
Rb5 13 14 27
Rb5Cs5 15 16 31

Table 1 shows the charge carrier mobilities for the different perovskite films calculated from the
regression slopes in Figure 2. In addition to the individual charge carrier mobility values, the sum
of both electron and hole mobility psum, Tor is also provided. Strikingly, all samples exhibit very
similar mobility values for holes and electrons, indicating highly balanced charge transport over
distances of at least 80 um (maximum size of the in-plane electrode spacings). In comparison to

the sum of mobility for FAMA (usum,tor = 20 cm? V-1s1), Cs5 shows slightly increased mobilities



(MUsum ToF = 23 cm? V1s1), while a stronger increase was found for Rb5 (tsumTor = 27 cm?V1s 1), In
particular, the combination of Rb and Cs as additives leads to a perovskite layer with mobility

values reaching 31 cm? V-!s, which corresponds to a ~50% improvement compared to FAMA.

In our ToF experiments, charge carriers need to travel laterally across various grain boundaries
to the opposite electrode to generate a measureable photocurrent. Grain boundaries have been
reported to include a high density of defect sites, leading to charge recombination and reduced
photocurrent.[2% 211 SEM top-view images of the perovskite films show comparable crystal
morphologies and grain sizes of 200500 nm for FAMA, Cs5, Rb5 and Rb5Cs5 (Figure S10).
Therefore, the observed increase in mobility through the addition of Rb and Cs to the perovskite
precursor mixture cannot be soley ascribed to a lower density of grain boundaries within the
probed distances. Nevertheless, it is possible that the inorganic cation additives (especially Rb)
influence the barrier properties of the grain boundaries inside the perovskite layer, thereby
improving inter-grain charge transport, which may result in higher mobility values. Regarding
device efficiency, the lower mobility of Cs5 compared to Rb5 does not explain why Cs shows a
larger PCE enhancement than Rb alone. Hence, it is necessary to investigate the change in trap
density and recombination rates within the perovskite layer upon addition of the inorganic

cations.

2.2.2. Microscopic Charge Carrier Transport (Time-Resolved Microwave Conductivity

Measurements)

10



Further insight into the relationship between the addition of Cs and/or Rb to the FAMA
perovskite and the associated mobilities and lifetimes of free charges can be gained through
Time-Resolved Microwave Conductivity (TRMC) measurements. TRMC traces were measured at
different light intensities and fitted according to a kinetic model to extract the trap densities and
rate constants for second order recombination.?> 231 In Figure 3, the intensity-normalized
photoconductance transients are plotted for the various bare perovskite samples on quartz
substrates as a function of time after excitation at 650 nm. Typically, on pulsed excitation the
photoconductance sharply rises as a result of the photo-generation of mobile charge carriers,
which is followed by a decay due to charge recombination and/or immobilization of charge
carriers in trap states. For all perovskite materials studied, we observe a gradual reduction in the
charge carrier lifetime when increasing the laser intensity, which is characteristic for higher order

recombination.?2

Analogous to our previous work,?% 24 we used a kinetic model to obtain quantitative information
from the intensity-dependent TRMC traces. This kinetic model (see Figure S11) takes into account
the generation of electrons and holes and their recombination via second order band—to—band
recombination (k2) or trap-assisted recombination, which will dominate when the charge carrier
density is lower than the trap density Nr. Details on the fitting procedure can be found in the
Supporting Information. As shown in Figure 3 by the dotted lines, excellent agreement is obtained
between the modelled and the experimental TRMC traces. The rate constants for trap filling (k)
and trap emptying (ko) are modelled to be 1.0 x 10°cm3s?and 9.0 x 10° cm3s7?, respectively, for all
perovskite samples.The extracted values for trap densities, second order recombination rates and

effective mobilities are summarized in Table 2.

11



a T T . . . b T T . . .

( ) 50+ photons/cm® ( ) 50+ photons/cm®
- FAMA ——4.2x10" i~ Cs5 ——4.4 10"
< 40+ 1.4x10" A < 404 1.5x 10" A
e ——46x10" e ——4.8x10"
£ 30+ ——1.5x10" 1 £ 30+ ——16x10™ 1
~x ‘- T '
[ [
T ol
= =
= =
O] O]
< <

Time (us) Time (us)

(C) 50+ photons/em?® 4 (d) 504 photonsicm® |
a Rb5 —4.1x10" a Rb5Cs5 1.3 107
< 407 1.4 x 10" 1 > 401 ——41%x10"™ |
i= ‘ ——4.5x10" e 1.4 x 10"
S 304 ——15x10" 1 S 304 ——455x10" 4
= ‘ = ——15x 107
s — 20 N A —

ol & 1o _
< < R B
R e : .
0 2 4 6 8
Time (us) Time (us)

Figure 3. Time-resolved microwave conductivity (TRMC) traces recorded for different perovskites on
quartz substrates. a) FAMA, b) Cs5, c) Rb5 and d) Rb5Cs5. The dotted black lines indicate the

corresponding fits to the TRMC traces according to our kinetic model.

Table 2. Kinetic parameters for the recombination process, trapping and effective mobilities assessed by

TRMC.

Sample Second order Trap density Effective mobility
recombination rate (N+,trMC) (ttrrmc)

constant (kz) [cm3s?] [em™3] [cm? Vis?

FAMA 6.0 x 10°%° 2.5x 10" 42

Cs5 4.2x10%° 8.0 x 10* 40

Rb5 3.5x10% 1.0 x 10% 50

Rb5Cs5 3.0x 10" 8.0 x 10* 62
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The FAMA and Cs5 perovskite films show relatively high local charge carrier mobilities (urrmc)
exceeding 40 cm?V-1s'l, More importantly, a further improvement in charge carrier mobility can
be found in Rb5 and, especially in Rb5Cs5 (utrmc > 60 cm? V-1s2). Here we note that for TRMC
measurements, the sum of both the electron and hole mobility is obtained from the signal.[??
Thus, the mobility values extracted from TRMC need to be compared with the sum of electron
and hole mobility values tsum tor Obtained from ToF (see Table 1). It is truly remarkable that the
charge carrier mobilities as determined from TRMC and from ToF follow almost exactly the same
trend. From this resemblance we can conclude that the Rb introduction leads to a definite

increase of the charge carrier mobility.

Furthermore, it is noteworthy that the second order recombination rate, k, is also reduced by
the presence of the inorganic cation additives, Rb and Cs. Similarly to the improvement of charge
carrier mobility, the reduction of the second order recombination rate constant is most
pronounced in Rb5Cs5 and thus significantly extends the charge carrier lifetimes throughout the
full range of excitation densities shown in Figure 3. An increase in charge carrier lifetime is also
confirmed by time-resolved photoluminescence (PL) measurements, indicated by the prolonged
PL lifetime in Cs5, Rb5 and Rb5Cs5 compared to FAMA (Figure S12). These observations show
that the addition of Cs and Rb favorably slows down the effective second order band-to-band
(electron-hole) recombination within the perovskite bulk material, which could explain the

increased Vo of the corresponding devices.

Both the change in k2 and in purrmc might be linked to alterations in the band structure of the

perovskite compound, induced by the presence of the inorganic cations. Additionally, we note
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that the effective second order recombination rate in metal halide perovskite comprises both
radiative and non-radiative processes.[?> 26 For instance, increasing radiative recombination
could significantly enhance the charge carrier lifetime via reabsorption events.[?’l Alternatively,
since changing the cations (locally) affects the distances between the lead halide octahedra and
their tilting angles, the retarded second order recombination in the presence of Rb and/or Cs

could also be due to changes in the band structure.

The performance of perovskite solar cells is also related to the presence of trap states, which can
act as recombination pathways for photo-generated charge carriers. Our TRMC results indicate
a trap density of approximately Nr,trmc = 2.5 x 10> cm™ in the FAMA perovskite sample.
Interestingly, the introduction of Cs substantially reduces the trap density (Nrt,trvc =
8.0 x 10 cm3), i.e. by a factor of three compared to the FAMA perovskite film, in line with the
observed enhancement in the device performance for Cs5. When only Rb is added to the
perovskite precursor solution, the resulting Rb5 film also reveals a lower trap density as
compared to FAMA (Nr,7rvc = 1.0 x 10'°> cm3). However, the effect is smaller than for Cs-
incorporation. When both Cs and Rb are introduced as in Rb5Cs5, the trap density is comparable

to the Cs5 sample, showing the same trend observed for the PCE values.

Our TRMC results thus suggest that the notable improvement of device performance in Cs5 and
Rb5Cs5 cannot be simply assigned to an increase in mobility, but rather to a decrease of effective
second order recombination rate as well as a lower trap density compared to FAMA. In order to
obtain further insights into the amount and the energetic levels of these suggested trap states,

we conducted Thermally Stimulated Current (TSC) experiments on complete solar cells.
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2.3. Defect Spectroscopy (Thermally Stimulated Current Measurements)

As an electrically sensitive technique, TSC allows for the investigation of whole devices, thus
linking changes in the trap states to the respective device performance. The TSC measurements
were conducted on complete solar cells differing only in the photoactive layer, which was one
of the four perovskite types: FAMA, Cs5, Rb5 or Rb5Cs5. To obtain the TSC spectra, the devices
were cooled to a temperature well below the activation energy of the investigated trap states
(here: 30 K) in the dark. Subsequently, the trap states were optically filled via illumination with
a cold LED array. In order to release the previously trapped charge carriers within the devices,
the solar cells were gradually heated up to 300 K at a constant rate of 3 K minL. Further details
regarding the TSC technique have been reported earlier by Baumann et al.?8 The respective

TSC spectra for each solar cell are shown in

Figure 4a.

For the pure FAMA based device, a very wide TSC signal can be identified, indicating a broad
distribution of trap state energies within the device. Our results show that the exclusive addition
of Rb to the FAMA precursor solution (Rb5) has only a negligible impact on the overall TSC signal
intensity and shape. However, the introduction of Cs into the perovskite film (Cs5, Rb5Cs5)
considerably reduces the TSC signal, indicating an overall reduction of the trap density. Instead
of a broad TSC peak, a more distinct peak is visible at around 230-240 K for both Cs-containing
systems. We can assess the depth of these trap states by estimating the activation energy of the

trap states. Herein, the so-called initial rise method is used according to the equation:[2% 30!
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Irsc  exp (— %) (2)

where kg is the Boltzmann constant and T the temperature, at which the TSC signal /rsc starts to
rise. The data range used to fit the initial rise is denoted in the corresponding Arrhenius plot of

the TSC spectra in

Figure 4b as T1, T2 and T3. Table 3 shows a summary of the activation energies of trap states for

the devices with different perovskite absorber layers.

For the FAMA based device, trap states with an activation energy of Ea 11,rama= 248 meV are found
(T1). With a slightly higher activation energy of Ea11,ros= 283 meV, the trap states appear to shift
even deeper into the bandgap with the small amount of Rb added to the perovskite layer (Rb5).
In contrast, the opposite behavior is found for the introduction of Cs, where the energetic depth
of the deepest trap states in the system is reduced to Eatzcss=195 meV as well as
Ea12,Rb5cs5= 205 meV (T2). Furthermore, an additional but small contribution of energetically
shallow trap states with a depth of Ea3,cs5 = 105 meV and Eat3rbscss = 70 meV appears in both

Cs-containing films (T3).

From the TSC measurements, it is not possible to deduce if the trap states found in Cs5 or Rb5Cs5
are also present in the broad background of deeper trap states in the FAMA or Rb5 samples.
Neither can their polarity be determined. However, we note that Cs either leads to the removal
of detrimental deep traps or a shift of these traps closer to the conduction or valence band in the
FAMA perovskite. Contrarily, Rb has almost no influence on either the density or the energetic
distribution of those trap states. Our TRMC results support the possibility of a reduced number
of traps within the perovksite layer upon Cs-addition. We judge the lower number of deeper traps

16



to be beneficial for solar cell performance, as the recombination mediated by these states is

reduced, which is in agreement with the improved Vo of the Cs5 and Rb5Cs5 devices.
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Figure 4. a) TSC spectra of full solar cells employing FAMA, Cs5, Rb5 or Rb5Cs5 as the active perovskite
layer. The hatched areas indicate the difference in the amount of traps in the respective perovskite solar
cell compared to the FAMA-based device. b) Arrhenius plots of the TSC spectra in the relevant
temperature regions to estimate the activation energy of the trap states. The bars labeled T1, T2 and T3

mark the data range used for fitting according to the initial rise method.

Finally, not only the energetic depth of the trap states is changed by the inorganic cation additive,

but also the overall signal height, which is associated with the trap density. We note here that
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the trap density values deduced from TSC measurements constitute a lower limit, as charge
carriers may also recombine after being released from the trap state during the measurement.
Only those charge carriers released from the trap state and subsequently extracted at external
contacts are detected by the TSC method. In order to estimate the lower limit of trap densities
Nt 1scin the different perovskite solar cells, the TSC signal can be integrated over the elapsed time

according to the equation:3Y

where e is the elementary charge and Vol is the volume of the perovskite layer. The estimated
lower limits of trap densities are presented in Table 3, where the integral was calculated for the

timespan of the temperature rise from 170-270 K.

Table 3. Activation energies of trap states and trap densities in perovskite solar cells determined by TSC

measurements.
Device Eati[meV]  Eama[meV]  Ears[meV]  Nrrsc [cmd)
FAMA 248 - - 7.3 x 1016
Rb5 283 - - 7.2 x 1016
Cs5 - 195 105 2.2 x 1016
Rb5Cs5 - 205 70 1.6 x 1016

Our results show that the addition of Cs removes a considerable amount of trap states from the
system (Nr1sc= 2.2 x 106 cm3) as compared with FAMA devices (Nt 1sc= 7.3 x 10%® cm3), which is
not the case if only Rb is introduced (N, 1sc=7.2 %10 cm3). With a trap density of

Nt 1sc= 1.6 x 10 cm3, the combination of both Rb and Cs shows the lowest value of all devices,
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corresponding to an almost 80% lower number of trap states in the Rb5Cs5 system compared to

pure FAMA.

We point out that the TSC method does not directly indicate whether the detected traps are
located in the bulk, at grain boundaries or at an interface with the transport layers. However, our
TRMC measurements show the same trend as TSC in trap density reduction, while solely probing
the local properties of the perovskite absorber layer. Combining these experimental results
allows us to deduce that Cs significantly reduces the trap denstity in the bulk or in the grain
boundaries of the perovskite material. We tentatively assign the discrepancy between the overall
absolute values for the trap densities extracted from these two techniques to the presence of
the charge transport layers and associated interfacial effects being additionally measured in TSC,
which is under further investigation. However, since all solar cells probed by the TSC technique
were fabricated with the same contact materials, it is reasonable to assume that the extracted

trends from TSC can indeed be assigned to the different perovskite materials employed.

3. Discussion

The addition of Cs and/or Rb salts to the perovskite precursor solution has a strong impact on
the film’s crystallization behavior, confirming previous reports in literature.l3! One possible
explanation for the change in the perovskite crystallization process is the lower solubility of
rubidium and particularly cesium halides in DMF, compared to the perovskite precursors FAl and
MABr.[10 32341 This may lead to the rapid formation of crystal nuclei already during the spin-

coating procedure. In the presence of the inorganic cation additives, the formation of potentially
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defect-prone intermediate crystal phases such as mixed-dimensional hexagonal polytypes or
DMSO-complexes is circumvented. 33 In particular, Cs initiates the prompt formation of the
quasi-cubic perovskite crystal phase, evident in the corresponding XRD peaks and the dark-brown
color of non-annealed Cs5 and Rb5Cs5 films (Figure S13). As a result, higher XRD peak intensities
for the perovskite phase are found in Rb5, Cs5 and Rb5Cs5 films after annealing (Figure S14)
which indicates higher crystalline order than in pure FAMA. Besides improving the perovskite
crystallization mechanism, the actual incorporation of the inorganic cations into the perovskite
lattice probably plays a critical role in affecting the charge transport and trap landscape of the

metal halide perovskite.

Our complementary probing techniques reveal that the addition of Cs barely affects the charge
carrier mobility, but considerably reduces the trap density and the effective second order
recombination rate in the metal halide perovskite, which likely leads to the higher Voc and
therefore higher performance found in Cs containing devices. Interestingly, the local, contactless
TRMC technique on bare perovskite films showed the same trends for the trap density as the TSC
measurements obtained with complete devices. Due to the excellent consistency between the
TRMC and the TSC results, we assign the observed changes induced by Cs-addition rather to the
bulk or boundaries of the perovskite crystals than solely to effects at the perovskite/transport

layer interfaces.

By contrast, the Rb-addition leads to increased charge carrier mobilities in Rb5 compared to
FAMA, which may be related to improved charge transport across the perovskite grain

boundaries. However, with the high and balanced mobilities found in FAMA films, efficient
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charge collection and injection should be enabled, and mobility is unlikely to be the limiting factor
for charge diffusion. Our results show that Rb has only a marginal effect on the trap landscape of
the entire perovskite device. Since we only found a minor improvement in Rb5 device
performance compared to FAMA, we suggest that in our samples it is the amount and nature of
trap states inside the perovskite that mainly limits efficiency. Despite the minimal impact of Rb
on the PCE values obtained from J—V curves, we nonetheless observed improved power output
stability and reduced J-V hysteresis in Rb containing devices (see Figure 1 and Figure S1). In the
literature, the reduction of hysteresis in quadruple cation mixtures has been assigned to a lower
defect density and thus a lower trap density within the perovskite crystals compared to triple
cation mixtures without Rb.[*2l Contrary to this, we see a reduced hysteresis in the case of Rb5Cs5
devices compared to Cs5 devices, where our TSC and TRMC results indicate rather similar trap
densities. Therefore, it is unlikely that hysteresis is suppressed simply because of a reduction of
traps in the bulk perovskite material. Alternatively, it has been suggested that the Rb-induced
formation of larger perovskite crystals with fewer grain boundaries reduces ionic migration along
grain boundaries, hence diminishing hysteresis.'> 3¢/ However, our SEM images reveal
comparable grain sizes for the Cs5 and Rb5Cs5 samples examined here (Figure S10), ruling out

the density of perovskite grain boundaries being the main reason for the reduced J-V hysteresis.

Instead, our study tallies with several recent publications and the combined results point to the
following explanation: We recently found that 5-10% Cs cations can be incorporated into the
FAMA perovskite structure, while the same amount of Rb cations does not form part of the
perovskite lattice due to its unsuitably small ionic radius. As a result, the addition of 5-10% Rb

mainly leads to the formation of non-perovskite side-phases such as RbPb(l1.xBrx)s.[*! These
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findings are in excellent agreement with the most recent solid state NMR results on multiple-
cation perovskites reported by Kubicki et al.B”! The fundamentally different effects of Cs and Rb
cations on the FAMA perovskite crystal lattice (Figure 5) may explain their different impact on

the perovskite’s trap landscape, charge transport properties, device performance and hysteresis.

FAMA

®r

@ ra/va
@ Br
0 Cs
@ rb

Cs5

RbPb(l,Br,)s

Reduction of
Trap Density
Enhancement of @
Charge Mobility
Figure 5. Schematic illustration of the hypothesized distribution of the inorganic cation additives within

the perovskite crystal and the effect of Cs/Rb addition on the reduction of trap density and enhancement

of charge carrier mobility within the perovskite layer.

Furthermore, charge accumulation and surface recombination at the interfaces between the
perovskite and the selective charge transport layers have been shown to strongly affect /-V

hysteresis.[38 We hypothesize that Rb could have an influence on these interfaces, as it is not
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fully incorporated into the perovskite crystal structure itself. To obtain information about the
distribution of the cation additives within the perovskite layer, we performed Time-of-Flight
Secondary lon Mass Spectrometry (ToF-SIMS) measurements on the different perovskite films
deposited on TiO,/FTO-glass substrates (Figure S15). Indeed, the depth profile for the Rb5 sample
shows a clear accumulation of Rb* species at the TiO; interface, while Cs* is very homogeneously
distributed within the Cs5 film. In Rb5Cs5, the presence of Cs* leads to a more even distribution
of Rb* which is in accordance with work by Philippe et al., only a slight Rb-enrichment still occurs
between the perovskite layer and the substrate.>® Our ToF-SIMS results are in excellent
agreement with recent work by Albadri et al., who reported that surface passivation effects of
Rb give rise to reduced recombination at the TiO,/perovskite interface compared to triple cation
systems without Rb.[*? We believe that the enrichment of Rb cations at the electron transport
layer interface is possibly related to a reduction of surface recombination in the vicinity of the
electron transporting layer, which in turn affects device hysteresis and power output stability.
Furthermore, Guo et al. predicted by first-principle calculations that an accumulation of the Rb-
additives at the surface of perovskite crystals is energetically favored over their incorporation
into the inner atomic layers, possibly giving rise to altered properties of the grain boundaries
between the crystals.l*!l Consequently, this might not only explain the difference in charge carrier
mobilities we identified in our ToF and TRMC experiments, but also offers an additional
explanantion for the change in J-V hysteresis. We are currently carrying out investigations to

further elucidate this matter.

4. Conclusions
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By combining three complementary characterization techniques — ToF, TRMC and TSC
measurements — we could establish the influence of Cs- and Rb-addition on the charge carrier
mobilities, recombination rates and trap states of state-of-the-art multiple-cation perovskites.
We found that Rb-addition leads to increased charge carrier mobilities in Rb5 compared to FAMA,
but has only a marginal effect on the trap landscape of the perovskite layer. This resultsin a minor
improvement in device performance of Rb5 compared to the FAMA control device. By contrast,
Cs-incorporation significantly reduces the number and the depth of trap states in the perovskite
crystals. However, Cs has barely an effect on the charge carrier mobility. The observed reduction
in trap density is in excellent agreement with the boost in Voc and FF for Cs-containing devices
compared to FAMA. By combining Cs and Rb in quadruple cation (Rb-Cs-FA-MA) perovskite
mixtures, we observe the highest mobility and the lowest trap density, resulting in solar cells with
the highest stabilized power output. We conclude that in the examined multiple-cation
perovskite solar cells, the bottleneck for device efficiency is mainly the amount and the nature of

the traps rather than insufficient charge carrier mobility in the perovskite.

5. Experimental Section

Materials: FAl and MABr were purchased from Dyesol. Pbl, and PbBr; (99%) were purchased from
TCI. Csl (99.9%) and all anhydrous solvents (DMSO, DMF, chlorobenzene) were purchased from

Sigma-Aldrich and Rbl from abcr GmbH. All chemicals were used without further purification.
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Perovskite Film Fabrication: Perovskite precursor solutions for FAMA, Cs5, Rb5 and Rb5Cs5 were
fabricated according to a previous report.[* 1l Details on the exact solution composition can be
found in the Supporting Information. 75 uL of the perovskite precursor solution was spin-coated
inside a nitrogen-filled glovebox at 1000 rpm and 4000 rpm for 10 s and 30 s, respectively.
Approximately 20 s before the end of spinning, 500 uL of chlorobenzene was added to the film.

The perovskite film formation was completed by annealing at 100 °C for 60 min on a hotplate.

Device Fabrication: Fluorine-doped tin oxide (FTO) coated glass substrates (7 Q/sq) were
patterned by etching with zinc powder and 3 M HCI solution and successively cleaned with
deionized water, a 2% Hellmanex detergent solution, ethanol and finally treated with oxygen
plasma for 5 min. A compact TiO; layer was deposited as hole blocking layer on the substrate via
a sol-gel approach. A mixture of 2 M HCI (35 puL) and anhydrous isopropanol (2.53 mL) was added
dropwise to a solution of 370 pL titanium(lV) isopropoxide (Sigma-Aldrich) in isopropanol
(2.53 mL) under vigorous stirring. The TiOyx solution was spin-coated dynamically onto the FTO
substrates at 2000 rpm for 45s, followed by annealing in air at 150 °C for 10 min and
subsequently at 500 °C for 45 min. Alternatively, 10-15 nm compact SnOy electron transport
layers were prepared by atomic layer deposition (ALD) on FTO-coated glass substrates which
were patterned and cleaned as in the TiO, preparation. Tetrakis (dimethylaminotin)
(IV) (TDMASN, Strem, 99.99%) was used as a tin precursor. The deposition was conducted at
118 °C with a base pressure of 5 mbar in a Picosun R-200 Advanced ALD reactor. The tin precursor
was held at 75°C during depositions. Ozone gas was produced by an ozone generator
(INUSA AC2025). Nitrogen (99.999%, Air Liquide) was used as the carrier and purge gas with a

flow rate of 50 sccm per precursor line. The growth rate was determined via spectroscopic
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ellipsometry on Si(100) witness substrates. A Cauchy model was used for the tin oxide layer and
the growth rate was 0.69 A per cycle. After the deposition of the electron transporting layer and
the perovskite layer, a 2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9’-spirobifluorene
(spiro-OMeTAD) hole transporter layer was applied. 1 mL of a solution of spiro-OMeTAD (Borun
Chemicals, 99.8%) in anhydrous chlorobenzene (75 mg/mL) was doped with 10 puL 4-tert-
butylpyridine  (Sigma-Aldrich, 96%) and 30uL of a 170mg/mL lithium
bis(trifluoromethane)sulfonimidate (Li-TFSI) (Sigma-Aldrich, 99.95%) solution in acetonitrile
(Sigma-Aldrich, anhydrous) and deposited by spin-coating at 1500 rpm for 40 s and then
2000 rpm for 5 s. After storing the samples overnight in air at 25% relative humidity, 40 nm Au
was deposited through a patterned shadow mask by thermal evaporation at 8 x 107 mbar to

form the back electrode.

Thin Film Characterization: X-ray diffraction (XRD) measurements of thin films were performed
with a Bruker D8 Discover X-ray diffractometer operating at 40 kV and 30 mA, employing Ni-
filtered Cu K 1 radiation (A = 1.5406 A) and a position-sensitive LynxEye detector. SEM images
were recorded with a FEI Helios Nanolab G3 UC DualBeam scanning electron microscope. UV-VIS
absorption spectra were recorded with a Perkin-Elmer Lambda 1050 spectrophotometer
equipped with an integrated sphere. The thin films were placed under an angle of 10° inside the
sphere to detect the total fraction of reflected and transmitted photons, from which the fraction
of absorbed photons was determined as a function of wavelength. Time-resolved PL
spectroscopy was performed with a Picoquant Fluotime 300 spectrofluorometer, using an
excitation wavelength at 510 nm and by monitoring the PL emission maximum around 780 nm.

The depth profiles of perovskite films on TiO,/FTO-glass substrates were measured with a ToF-
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SIMS 5 setup from ION-TOF GmbH. Pulsed primary ions from a 30 keV Bi* liquid-metal ion
gun were used as an analytical source, and a 10 keV O»-cluster source was used as a sputtering
ion source. The ToF-SIMS analysis was done on a 100 x 100 um area inside the 300 x 300 um

sputtering crater.

Current-Voltage Characterization: J-V curves were recorded under ambient conditions using a
Newport OrielSol 2A solar simulator with a Keithley 2400 source meter under simulated AM1.5G
sunlight, with an incident power of 100 MW cm?, calibrated with a Fraunhofer ISE certified silicon
cell (KG5-filtered). The active area of the solar cells was defined with a square metal aperture
mask of 0.0831 cm?. After pre-biasing the device at 1.5 V for 5 s under illumination, J-V curves
were recorded by scanning the input bias from 1.5 V to 0 V (reverse scan) and then from 0 V to
1.5 V (forward scan) at a scan rate of 0.1-0.2 V s%. For statistical evaluation, the photovoltaic
parameters were extracted from the J-V curve showing the higher PCE value. The stabilized
power output was measured by tracking the photocurrent at the maximum power point without

pre-biasing the device.

Time-of-Flight measurements: Laterally contacted perovskite films with inter-electrode distances
of 22-80 um were fabricated by evaporating gold through a shadow mask. The samples were
illuminated from the semi-transparent glass/Au side using pulsed laser excitation at a wavelength
of 510 nm with a repetition rate of 20 Hz and a pulse length of 7 ns. The charge carriers were
generated close to one Au contact by focusing the laser through an extra-long working distance
microscope objective (spot size approximately 2 um). By applying a constant external electric

field at the electrodes only for the short measurement interval of a few hundred milliseconds to
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avoid effects due to ion migration, a current flow is created, leading to the respective ToF
photocurrent transient. The generated J-t profiles were amplified and converted before being

recorded with a fast oscilloscope (see Supporting Information for further details).

Time-Resolved Microwave Conductivity measurements: TRMC experiments were performed on
perovskite films on quartz substrates according to a previously reported procedure.’?!! The
change in microwave power (probe frequency: 8.5 GHz) was monitored after pulsed excitation
of the sample at 650 nm (repetition rate: 10 Hz). Neutral density filters were used to vary the
intensity of the incident light. Further experimental details, the employed kinetic model and

information about the fitting process can be found in the Supporting Information.

Thermally Stimulated Current measurements: TSC measurements were conducted in a closed
cycle He cryostat, with Helium as a contact gas for thermal coupling. To avoid any atmospheric
exposure, solar cell samples were transferred via an integrated sample lock system from a glove
box to the cryostat. Trap filling was achieved via illumination with an LED array for 10 min. After
a dwell time of 10 min in the darkness, the sample was heated up to 300 K at a constant rate of
3 K min™t. The TSC signal of the sample was detected by a Sub-Femtoamp Remote Source Meter

(Keithley 6430) without the application of a bias voltage.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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landscape. The increase in open-circuit voltage in multiple-cation perovskite solar cells can be

related to a reduced trap density through Cs-incorporation.

Keywords: perovskite solar cell, inorganic cations, trap density, charge carrier mobility, charge
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