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lon migration mechanisms are often behind degradation pathways in perovskite solar cells under operating
conditions. In this work we look at the effect of non-stoichiometric compositions in mixed caesium/
formamidinium inverted perovskite solar cells (PSC) on their performance and short-term degradation.
From impedance measurements and drift-diffusion modelling we infer that the excess of the
formamidinium precursor (FAI) in the perovskite active layer leads to an acceleration of the ion dynamics
due to the creation of mobile crystalline defects. In contrast to what could be expected, this feature is
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stoichiometric composition is used. Addition of excess FAl also modifies the recombination kinetics:

DOI- 10.1039/d2ta04840j a non-monotonous variation of the open-circuit photovoltage and the recombination rate is observed,
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1. Introduction

Lead halide perovskites are solid semiconductors with mixed
ionic-electronic charge conduction features."> When pure, they
can be described by the general chemical formula APbX;, where
A is a inorganic or organic cation, and X is a halide anion.
Perovskites are, in essence, ionic compounds with peculiar
properties under optical excitation that leads to exceptional
optoelectronic performance. In particular for solar cell appli-
cations perovskite solar cells (PSCs) have increased their effi-
ciency enormously in a time span of less than 10 years, with
record values above 25% for single devices already reported, as
well as nearly 30% for tandem devices.?

In spite of this relatively quick success, which has attracted
the interest of many research teams and funding agencies all

“Department of Electrical Engineering (ESAT), Katholieke Universiteit Leuven,
Kasteelpark Arenberg 10, 3001 Leuven, Belgium

*Imec, imo-imomec, Thin Film PV Technology - partner in Solliance, Thor Park 8320,
3600 Genk, Belgium. E-mail: anta@upo.es

EnergyVille, imo-imomec, Thor Park 8320, 3600 Genk, Belgium

“Hasselt University, imo-imomec, Martelarenlaan 42, 3500 Hasselt, Belgium
‘Department of Physical, Chemical and Natural Systems, Universidad Pablo de
Olavide, Carretera de Utrera km 1, Sevilla 41013, Spain

JFluxim AG, Loft 313, Katharina-Sulzer-Platz 2, 8400 Winterthur, Switzerland
sDepartment of Applied Physics, CINVESTAV-IPN, Antigua Carretera a Progreso km 6,
Meérida, Yucatan 97310, Mexico
T Electronic supplementary available. See
https://doi.org/10.1039/d2ta04840j

1 Both authors have equal contributions.

information (EST)

This journal is © The Royal Society of Chemistry 2022

with optimal performance found for a composition of 1.0-1.5% excess of FAI.

over the globe, the ionic character and hybrid composition of
perovskites leads to complications in terms of proper photo-
voltaic characterization,* lack of reproducibility and consistency
of data among different laboratories® and, most importantly,
lack of stability in the medium and long term.®® One good
example of that is the well-known light-induced phase segre-
gation of mixed iodide/bromide perovskites.'>'*

Many efforts to improve the stability (as well as the effi-
ciency) of PSCs have involved the partial substitution of the A
cation. For instance, inclusion of relatively small amounts of
caesium ions into the crystalline structure have demonstrated
to result in more robust devices.” On the other hand, promising
results have been obtained with formamidinium-based PSCs
(FAPDL;)."*** However, the structural phase that allows for the
absorption of photons and the creation of electron-hole pairs,
the a-black phase, is unstable, and rapidly decays to the d-yellow
phase, useless for solar cell applications.'® Stabilization of the
formamidinium black phase has been accomplished, among
several other strategies, by addition of small amounts of
caesium (together with mixing iodide and bromide)' or
quantum dots.””*® In all these reports the stabilization of the
material appears to be linked to the creation of defects in the
crystalline structure.

Photovoltaic performance in PSC is also strongly dependent
on recombination kinetics. Charge collection efficiencies are
determined by the interplay between recombination in the bulk
and at the interfaces'>* and the internal electric field created by
ion migration and ion accumulation at the interfaces.**"*® Thus,
electronic recombination and ion motion phenomena are
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linked to each other in PSC under operation. This connection
explains the well-known hysteresis features*»*® and the corre-
lation between low and high frequency signals in impedance
spectroscopy and other small-perturbation measure-
ments.>***?¢2? Extraction of ionic features in perovskites from
electrical measurements is not easy and several attempts
involving impedance,®**** intensity-modulated photocurrent
spectroscopy,>** temperature-dependent transient capacitance
measurements,*»* open-circuit voltage decays®*® and photo-
luminescence®” can be found in the specialized literature.

In this work we explore the effect of non-stoichiometry on
the performance and stability of mixed caesium/
formamidinium inverted PSCs. In previous work by some of
the authors® it was found that stoichiometry is a very important
parameter for improved photostability under light soaking at
the maximum power point. By optimizing the annealing time
during perovskite deposition with FACI as an additive it was
possible to control the surface and bulk stoichiometry by
creating Pb-rich surfaces. These modified, non-stoichiometric
films were found to be much more photostable, and these
results prompted us to embark on a more fundamental inves-
tigation. That an excess of FA precursor could be beneficial for
performance and stability has also been reported by Boyd et al.**
and Deng et al* The former found that detrimental redox
reactions at the metal oxide/perovskite interface can be avoided
by a adding a small excess of A-cation precursor. Interestingly,
the improvement in the open-circuit photovoltage of the device
was linked to a reduction of the hole extraction barrier and
a minimization of surface recombination. On the other hand,
Deng et al. showed the importance of the creation and
“compensation” of ionic defects when the stoichiometry of the
perovskite film is altered, and how this can lead to better
photostability.

In this work we start from the idea that by adding small
amounts of formamidinium iodide (FAI) in excess during
perovskite synthesis we are enforcing the formation of crystal-
line defects in the active layer. The addition of excess FAI
modifies the recombination kinetics in a non-monotonous way
but, in addition, also leads to improved device stability under
illumination. Interestingly, we observe that this behaviour
coincides with enhanced ionic migration (as detected in the low
frequency regime of impedance measurements) and inverted
hysteresis features at low scan rates. We use drift-diffusion
modelling to confirm this interpretation and to infer values of
the ion mobility and the ion concentration that explain the
experimental results.

2. Experimental and modelling details

Details of the fabrication of the perovskite solar cells devices
with composition Csg 10FAg.0oPbl, g55Br0.145 plus an “x” molar
excess of FA or Cs with respect to the Pb concentration can be
found in the ESL{ JV measurements were performed in
a nitrogen filled glovebox using a Keithley 2602A source-
measure unit and a Abet solar simulator with simulated 100
mW cm™ > AM1.5G illumination from a 450 W xenon lamp (Abet
Sun 2000). A fan was implemented to keep the PSC temperature
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at 30 °C. The illumination intensity was calibrated with
a Fraunhofer ISE's WPVS reference solar cell (Type: RS-ID-4).
The solar cells were measured between —0.2 V and 1.2 V with
a voltage step of 0.01 V and delay time of either 0.01 s or 0.1 s,
corresponding to a measurement rate of ~0.8 and ~0.1 V s,
respectively. The MPPT was conducted in the Abet solar simu-
lator mentioned above. We followed the “Tracking algorithm”
from our previous work by Rakocevic et al.**

JV curves under red light illumination (LED) were measured
at different scan rates between 1 Vs " and 1 mV s~ to study the
hysteresis of the cells. The hysteresis measurement consists of
a JV curve measured at nine scan rates: 1000, 800, 600, 400, 200,
100, 50, 10 and 1 mV s~ '. The measurement starts at voltage
positive of the Vp¢, goes to short-circuit and slightly negative
voltages, and back to Voc and more positive voltage: 1.2 V to
—0.1 V (reverse), followed by —0.1 V to 1.2 V (forward). The
reverse and forward measurements were compared by deter-
mining the area under the curve to calculate the degree of
hysteresis (DoH, see below). Results are collected in Table S1.7

The impedance spectroscopy (IS) studies were conducted
with a red and blue LEDs. We also carried out temperature-
controlled impedance experiments with red illumination. The
red LED illumination was set using the reference cell (0.0% FAI-
excess) approaching the Vo obtained at 1-sun illumination.
The IS was performed at five light intensities at Vo, with
a known small perturbation with frequencies from 10° to
10~2 Hz. The IS at different temperatures was done from 10 to
35 °C using the red LED. In addition, before and after each IS
measurement a JV curve was measured to rule out significant
degradation.

Numerical drift-diffusion simulations were carried out using
the simulations software SETFOS 5.3 from Fluxim.** Details of
the simulations and a table of the parameters used to model the
experimental devices are presented in the ESL

3. Results

Photovoltaic performance and stability data for the studied
PSCs under 1-sun solar illumination are presented in Fig. 1.
Reference devices (with no FAI excess) show excellence
performance with photoconversion efficiencies (PCE) between
16 and 19% (Fig. S17). Addition of excess FAI first increases the
Voc and the PCE but if the amount of added FAI is too large,
a deleterious effect on performance is observed, in particular at
short-circuit. In summary, an optimum non-stoichiometric
composition with a FAI excess between 1 and 1.5% maximizes
both the V¢ and the overall performance of the solar cell. It is
worth noting that small differences in the photovoltaic
parameters are observed between different batches of samples
(see for instance Fig. S6T). However, the overall trends are the
same, and the differences are always kept within the experi-
mental uncertainty of 1-2% in PCE values as shown in Fig. S1.}
The use of non-stoichiometric compositions also has
a strong impact on the stability of the device under illumination
(Fig. 1b). For low values of FAI excess the efficiency deteriorates
steadily in the first 10-20 minutes of light soaking. In contrast,
for higher values of FAI excess, the performance is low at the

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2ta04840j

Published on 13 August 2022. Downloaded by KU Leuven Libraries on 9/9/2022 2:42:51 PM.

Paper

25

N
=]
L F

e
(&)

Y
o
1

—a— REF<ell
—e— 1.0% FAI
4+—1.5% FAI
—v— 2.0% FAI
2.5% FAl

[S))
I

Current density (mA/cm?)

0 T T ’ Al
0.0 0.2 04 06 0.8 1.0

Voltage (V)

View Article Online

Journal of Materials Chemistry A

20
m‘__
L~
154
)
3\./ 10
w 5
8 ae § —— Reference
5]/ o/ E ——1.0% FAI
g 1.5% FAI
021w ——2.0% FAI
. & Time (min) 2.5% FAI
0 10 2 0 40 50
0 10 20 30 40 50 60

Time (min)

Fig. 1 (a) JV characteristics of the studied cells under AM1.5G 1-sun illumination. The scan rate was 100 mV s, (b) Photoconversion efficiency
(PCE) at the maximum power point under 1-sun illumination as a function of time.

beginning but rapidly increases and then stabilizes. This
behaviour is mainly due to the time variation of the photocur-
rent in the maximum power point (see Fig. S2t). The larger the
FAI content, the lower the initial value of the photocurrent, and
the more pronounced the stabilization effect at longer times. It
is worth noticing that even for stoichiometric devices and with
low FAI excess, the degradation process is reversible and the
initial values of the performance can be recovered once light
soaking is stopped. We also observed a longer rise time before
reaching the photostationary state for cells with higher FAI
excess. Both observations point to the presence of a second
migrating ionic defect generated during FAI doping and with
a much slower mobility. Indications of slow phase segregation
processes upon illumination and subsequent dark recovery
have previously been reported.****

Interestingly, very similar trends are observed when the
departure from the stoichiometry composition is caused by
addition of small amounts of Csl instead (see Fig. S31). It must be
highlighted that materials characterization of the non-
stoichiometric samples does not reveal any significant alteration
in their crystalline structures or film morphologies with respect to
the reference (see Fig. S4t for XRD patterns and SEM images).
Addition of excess FAI does not modify the band gap either, as
inferred from the photoluminescence spectrum (Fig. S571).

We have extracted the hysteresis index of the devices for the
studied compositions. Results as a function of the scan rate are
presented in the ESI (Fig. S61). The hysteresis index or degree of
hysteresis (DoH) is defined via**

DoH = 100w —Aer_y, (1)
max. (Asev, Afor)

where A,., is the area under the JV curve for a reverse scan (from
Voc to Jsc) and Ay, is the area under the JV curve for a forward
scan (from Jgc to Voc). Hysteresis measurements reveal that
devices with high FAI excess have a strong tendency to show
inverted hysteresis (DoH < 0), especially at low scan rates. This
means that the solar cell has a lower collection of electronic
carriers in the reverse scan (from Vo to Jsc) with respect to the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Impedance response under red light illumination and at open
circuit for the studied compositions. Both frequency (top) and Nyquist
(bottom) plots are presented. The inset highlights the low frequency
behaviour.
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Fig. 3 Fitting results of the impedance spectra of the studied cells (batch 2): (a) high frequency resistance, (b) low frequency resistance and
capacitance, (c) time constants and (d) high frequency capacitance. The equivalent circuit used is shown in panel (d).

forward scan (from Jsc to Voc). This effect is more acute upon
decreasing the scan rate.

In order to cast light on the origin of all these phenomena an
impedance spectroscopy study was conducted. Impedance
spectra at open circuit for all studied compositions are pre-
sented in Fig. 2, S7 and S8.7

The observed impedance response fits to the well-known
pattern typically reported for PSCs with at least two arcs in the
Nyquist plot, corresponding to two peaks/signals in the
frequency plot, one at high frequencies (HF, 10> to 10° Hz) and
other at low frequencies (LF, 0.1-10 Hz).>***?%*° These spectra
can conveniently be fitted to a 2RC equivalent circuit (see
Fig. 3).* Results for the fitting parameters at open circuit, that
is, low and high frequency resistances and capacitances, are
presented and collected in Fig. 3.

The observed trends are again consistent with the typical
behaviour in PSCs: resistances decrease exponentially with the
open circuit potential, the low frequency capacitance increases
exponentially (with a reciprocal slope as that of the resistance)
and the high frequency capacitance varies only slightly with the
open circuit potential. The latter has a very similar value for all
compositions, as could be expected from its “geometrical”
origin.”® As a consequence of all these trends, the low and high
frequency time constants, typ (=RppCrr) and tyr (=RupCur),
have a flat and a decreasing exponential behaviour, respectively.

As discussed by Contreras et al.** and Riquelme et al.*® the
high frequency resistance can be related to the recombination

J. Mater. Chem. A

loss of electronic carriers in the active layer. The obtained data
reveal that the recombination rate gets reduced with small
amounts of FAI excess (larger recombination resistance), but
becomes faster with concentrations above 1.5%. This observa-
tion is in line with the variation of the Vo with respect to FAI
excess discussed above.

The impact of non-stoichiometry on the recombination rate
is more clearly seen in Fig. 4, where the high frequency resis-
tance is plotted versus open circuit voltage and composition. An
optimum concentration of around 1.0-1.5% FAI excess is
identified at all voltages. The impedance analysis shows that
artificially creating defects in the crystalline structure initially
has a beneficial effect in reducing the recombination loss and
enhancing the photovoltage, but this effect becomes deleterious
when the added amounts of FAI are too high. Interestingly,
neither the low nor the high frequency part of the spectrum is
significantly altered when the wavelength of the optical excita-
tion is modified (see Fig. S8t). As perovskites absorb stronger in
the blue, this result indicates that the spatial generation of
electronic carriers within the active layer does not have a strong
impact on carrier generation and that collection is very efficient
in these devices (very long carrier diffusion length). A more
detailed discussion of this effect supported by numerical
modelling is presented in the next section.

The effect of adding an excess of FAI precursor is more
evident in the low frequency part of the impedance spectrum. As
observed in Fig. 2b and 3c, larger amounts of FAI excess are

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 High frequency resistance as a function of FAI excess and open-circuit voltage.

correlated with a consolidated shift of the low frequency signal
towards higher frequency values. As discussed by several
authors,>*****” the low frequency peak of the spectrum is con-
nected with the ion migration dynamics in the active layer of the
solar cells. The ionic origin of this signal is confirmed by
temperature dependent measurements (results shown in
Fig. 5.)

The ion diffusion process can be quantified using Arrhe-
nius's law, which may be adapted to extract the activation
energy of the process via

— = AekTE; +C (2)
TLF
where E, is the activation energy, kg is Boltzmann constant, T'is
the absolute temperature and 4, C are temperature independent
constants. Results for the activation energy can be extracted
from the slope of the corresponding Arrhenius plot (Fig. 5). We

Temperature (K)
310 305 300 295 290 285 280

64
.5% FAl excess
44.6 kJ/mol
54
.0% FAI excess
44.6 kJ/mol
i 4
—
': 3 1.5% FAl excess
~ . 44.2 kJ/mol
N
C
— 24 1.0% FAIl excess
56.9 kJ/mol
14 —=—0.0% FAI excess
35.8 kJ/mol

320 325 330 335 340 345 350 3.55
1000/T (1/K)

Fig. 5 Arrhenius plot of the low frequency signal in the impedance
spectrum. Figures in red indicate the activation energies in kJ mol™™.

This journal is © The Royal Society of Chemistry 2022

found that the activation energy is similar for all values of the
FAI excess, of the order of 45 k] mol " (0.45 eV). This observa-
tion suggests that the ion migration mechanism is essentially
the same in all cases. However, the shift of the signal towards
higher frequencies with higher values of the FAI excess indi-
cates that the creation of crystalline defects results in an
acceleration of the ionic conductivity. The ionic conductivity is
a function of mobility/diffusion coefficient but also of the total
concentration of ionic carriers (excess ions, vacancies).*®* A
more detailed interpretation of these observations, supported
by numerical modelling, is presented in the following section.

4. Discussion & modelling

For the purpose of interpreting the experimental observations
described in the previous section from a fundamental
perspective, we have performed drift-diffusion (DD) numerical
simulations to model the coupled ionic-electronic dynamics in
the devices. In the DD calculations continuity equations for
electrons, holes and ions (anions and cations) coupled with
Poisson's equation of electrostatics are numerically solved for
the stack layer: glass/ITO/PTAA/PS/C60/BCP/Cu where PS is the
perovskite active layer (see Fig. 6). Energy level values and
contact layers electronic properties (doping, mobilities) were
taken from the literature.** The continuity equations include
drift, diffusion, generation and recombination terms. The core
of the simulation is the description of the active layer. Absorp-
tion profiles were calculated from a transfer matrix formalism
using the refractive index and thickness of all the layers. Charge
generation was assumed to happen directly from photon
absorption but only in the active mixed perovskite® layer.
Generation was rescaled by a factor of 1.1 to reproduce the
experimental value of the short-circuit photocurrent measured
under AM1.5G 1 sun illumination. This mismatch is attributed
to slight differences between the actual refractive index of the
samples and the literature values.*®

Ion motion is only allowed in the perovskite layer while
electron-hole transport and recombination are calculated

J. Mater. Chem. A
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Fig. 6 Schematic of the device layout (left) and band diagram (right) used in the DD numerical simulations.

throughout all semiconductor layers. See Table 1 for the
parameters used. For simplicity, we used the same mobility for
both electrons and holes and a common pseudo-lifetime of 5 x
10~ % s in a trap-limited recombination mechanism in the bulk
of the active layer. These values were adjusted to reproduce the
experimental open-circuit voltage under AM1.5G illumination
while ensuring quantitative collection at short circuit.

In order to replicate the experimental measurements, ionic
parameters were varied between 10'” and 5 x 10'® em? for the
total ionic density and 6 x 10 '®and 4 x 10 ° em* s~ ' V™ for
the ionic mobilities.”* In principle, only cations (attributed to
iodide vacancies'?*) were considered mobile.

In Fig. 7 results for the steady-state simulated JV curves are
reported. Simulations with no mobile ions reproduce quite well
the photovoltaic parameters of the reference cell (no FAI excess,
Fig. 1a). Addition of a relatively small amount of mobile ions
results in a slight decrease of the short-circuit photocurrent and
the fill factor. This effect is enhanced for larger concentrations

Table 1 Some numerical parameters used in the DD simulations (see
ESI for more details)

Electronic parameters in the active layer

192 cm?*s vt
192 cm?*s ' v?t
9.4 x 107 em® st

Electron mobility, u.

Hole mobility, u,
Bimolecular recombination
parameter, §

Trap-limited electron 5x10°%s
pseudolifetime, 7,
Trap-limited hole 5x10 °%s

pseudolifetime, 7,

Ionic parameters in the active layer
Ton mobility (cationic) 6x10 "to4 x 10 °cm*s™*
V71

Cationic ionic density 10" to 5 x 10"® cm?®

J. Mater. Chem. A

of ionic species in the active layer. It is important to note that no
change in the stationary JV curve is observed when the mobility
of the ions is varied, instead of varying their concentration. This
is not surprising as ions relax to their equilibrium ionic distri-
butions at very long times, no matter how fast the ions move.
The simulated stationary data replicate quite well the
experimental trends shown in Fig. 1a. This can be understood
in the following manner: addition of an excess of precursor
induces more crystalline defects creating more mobile ions (or
vacancies). The presence of mobile ionic charge produces
a screening effect as a consequence of the accumulation of ions
at the perovskite interfaces.”®*®** This screening modifies the
internal electric field, altering the collection of charges and
hence the photocurrent. Fig. S9 in the ESIT shows the internal

Effective absorption 1.1 sun

N,,, = 10" cm?®, B =B =2x10° cm’/s

trap
d=0.5um, u_ =2x10"° cm?/(Vs)

ion

—a&—Steady state (no ions)

—o—N,_ = 1x10®m?®
1——N,, =5x10®m?
—v—N,, = 1x10* m®
——N, = 2x10* m*®
0 M Ll v L) v Ll v Ll M |
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Fig. 7 Simulated JV curves in the steady state for different values of
the concentration of ions.

This journal is © The Royal Society of Chemistry 2022
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electric fields at high and low values of the ion concentration. At
low concentrations a negative electric field appears in the
vicinity of the C60 interface for voltages close to short circuit.
This field pushes holes towards the front contact and favours
the collection of both holes and electrons. When the concen-
tration of ions is increased, the screening effect is stronger and
the electric field in the active layer gets effectively cancelled, not
contributing to enhancing charge collection. Consequently, the
short-circuit photocurrent and the fill factor become reduced
with respect to the situation with no ions. From this point of
view, a high concentration of mobile ions or defects is not
beneficial for best performance. The detrimental effect of ions
on the performance of PSCs has recently been analysed by Le
Corre et al. with results consistent with ours.>

Fig. 8 and 9 show the simulated impedance spectra for
different choices of the ionic parameters. The DD numerical
results indicate that both a change in the ionic mobility and
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Fig.8 Simulated frequency impedance plots for different values of the
concentration of ions (top) and the ion mobility (bottom).
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a change in the ion density can explain the shift of the low
frequency peak observed in the experiments without altering
the high frequency peak (Fig. 2b). In previous work by some of
the authors®*® and others**?' it was found that the ionic prop-
erties are mostly revealed in the low frequency part of the
spectrum. This is clearly observed in the simulated spectra.
However, a distinctive feature makes the effect produced by the
mobility and the ion density different. Only a change in the
latter modifies the low frequency arc, as observed in the
experiments (Fig. 2a). This observation points to an increase of
the ion density provoked by the creation of crystalline defects as
the main reason for the observed experimental behaviour. A
constant value of the ion mobility of 6 x 107 '° cm®s ' V™" (Djon
= 107" em” s7') seems to reproduce well the low frequency
peaks detected in the experiments, in line with the predictions
for the ion diffusion coefficient from atomistic simulations
recently reported.®* Furthermore, both the ion mobility and the
ion concentration inferred from the DD analysis of the experi-
mental data coincide quite well with the values reported by
Futscher and coworkers using temperature-dependence capac-
itance measurements.*** A poorer agreement is found when
comparing with the data deduced by Fischer et al using
a combination of time domain measurements and DD
modelling.*®

A constant ion mobility and varying ion concentration is
a scenario that also explains the results obtained for jV curves
(Fig. 1a) and the activation energy for ion migration (Fig. 5).
Regarding the former, the simulated stationary JV curves only
change when the ion concentration is varied, not the mobility,
confirming this interpretation. On the other hand, the activa-
tion energy for ion migration does not change significantly with
the FAI excess. The increment in the concentration of mobile
ionic charge shifts the spectrum towards higher frequencies,
but the migration mechanism of individual ions remains the
same, hence the nearly constant activation energy.

It is interesting to check if the DD modelling can also
reproduce the observed hysteresis behaviour. Fig. S10 in the
ESIT shows simulated transient jV curves for several choices of
the ionic parameters. The bottom line of this study is that a low
value of the ionic density leads to regular hysteresis (DoH > 0 in
eqn (1)), whereas a high concentration of mobile ions (or
absence of them) remove all hysteretic effects. This is explained
by the change of slope in the internal electric field in the reverse
scan (which favours electron collection) with respect to the
forward scan (which hampers collection).?**® This effect is
clearly reproduced by the DD simulations (see Fig. S117) at low
ion concentrations.

Unfortunately, the appearance of inverted hysteresis at low
scan rates is not observed for any combination of model
parameters, pointing to a different mechanism associated to
the relatively high concentration of mobile ionic charge and
crystalline defects. In this respect, Jacobs et al.>* suggested that
the hysteresis may become inverted depending on the relative
values of the scan rate and the position of the low frequency
peak. Passivation of the interfaces can affect significantly the
degree of hysteresis due to the reduction of the recombination
loss and the lengthening of the diffusion length, as shown by
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Neukom et al.”” Alvarez and coworkers.® made a connection
between inverted hysteresis and negative capacitance features.
In any case, this phenomenon is complex because the simple
DD model used here, in spite of its good overall performance to
explain the JV curves and the impedance spectra, is not capable
to reproduce the crossover to inverted hysteresis at low scan
rates. Consequently, further investigation about its origins is
required.

As noted in the previous section, the addition of FAI excess
and the subsequent departure from the stoichiometric
composition also has an impact on the open circuit voltage of
the solar cell. This points to a change in the recombination rate
and/or the recombination mechanism. In recent work it has
been shown that ionic features can also affect the recombina-
tion parameters and complicate the interpretation of the
impedance spectrum and the ideality factor.?******® Recently,
Bennett and coworkers® have proposed an “electronic” ideality
factor which is not “contaminated” by the ionic properties of
the sample. This quantity is calculated via

o thf Jrec( VDC)
Nep = kB T (3)

where ¢ is the elementary charge, Ry is the high frequency
resistance described before and J... the DC recombination
current. The two latter quantities can be extracted from the
impedance spectra at open circuit described in the previous
section. The electronic ideality factor is a true analogue of the
classical ideality factor, which is valid for the coupled
electronic-ionic physics of perovskite solar cells. As such, it can
be used to appropriately determine the dominant recombina-
tion mechanism, in the same way the ideality factor is used in
classical theory. Thus, an electronic ideality factor close to 1 is
an indicative of dominant surface recombination (ruling out
bimolecular recombination) whereas a value close to 2 points to
bulk trap-limited recombination.*®*°

2.0
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1.6 1
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1—=—REF-cell
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—4—1.5% FAIl excess
1——2.0% FAIl excess
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Voc (V)

Fig. 10 Electronic ideality factors calculated with eqn (3) for the
samples studied.
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In Fig. 10 the electronic ideality factors obtained after
application of eqn (3) to the impedance data is presented. The
ideality factors are presented as a function of the open circuit
voltage. Regardless of the experimental uncertainty, the results
evidence a consistent shift of values close to 1, to values close to
2 with increasing FAI excess. According to theory, this would
mean that the creation of crystalline effects as a consequence of
the breaking of the stoichiometry leads to enhancement of the
bulk recombination rate with respect to surface recombination.
However, this effect does not rule out a reduction of the surface
recombination contribution upon addition of FAI, as also
observed by Boyd et al* The interplay between these two
mechanisms: (1) decrease of the overall recombination rate due
to minimization of surface recombination routes and (2)
enhancement of defect-assisted bulk recombination, can
explain the existence of an “optimum” in the amount of FAI
excess added. For that optimum the overall recombination rate
reaches a minimum and the V¢ and recombination resistance
are maximized.

Following Bennet and coworkers (ref. 30) it is possible to
estimate the relative contributions of surface and bulk recom-
bination via the expression

2
2—r

(4)

Nl =

where r is the ratio of the bulk trap-mediated recombination
current to the total recombination current. Using this expres-
sion and the data of Fig. 10, one can estimate » = 1 for the
stoichiometric cell and r = 0.88 for the device with 2.5% FAI
excess.

Finally, it is worthwhile to analyse the impact of the higher
amount of mobile ionic charge on the short-term stability of the
devices. Contrary to what one would expect, a large concentra-
tion of mobile ions, as evidenced by the impedance results and
the modelling predictions, leads to better stability under light
soaking conditions (Fig. 1b). This observation suggests the
occurrence of a sort of “curing” effect associated to the presence
of mobile crystalline defects. For instance, deQuilettes et al.>”
reported a “curing” effect (reduction of the electronic trap
density) due to halide migration upon illumination. A similar
effect can explain the stable photocurrent under light soaking
for the non-stoichiometric samples (Fig. 1, S2 and S31) when the
illumination is increased (Fig. 10). This mechanism would
imply that a larger “fluidity” of the perovskite is beneficial for
more stable devices, at least in the short-term. The larger
availability of mobile ionic defects can also be behind the larger
inverted hysteresis at low scan rates.

5. Conclusions

The implications of using non-stoichiometric compositions in
mixed perovskite solar cells has been studied by a combination
of experiments and drift-diffusion simulations. For caesium/
formamidinium inverted solar cells devices, it is observed that
using a slight excess of formamidinium precursor in the
perovskite composition deteriorates the short-circuit photo-
current and the fill factor, but also leads to more stable devices

This journal is © The Royal Society of Chemistry 2022
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under light soaking. The open-circuit voltage exhibits a non-
monotonic behaviour with respect to the amount of precursor
added, leading to an optimum concentration of around 1-1.5%
excess. Impedance spectroscopy studies at open-circuit and
analysis of the electronic ideality factor show that this is
a consequence of a change in the recombination mechanism
(from dominant surface recombination to more bulk recombi-
nation) when the stoichiometry is broken. The impedance
spectroscopy results also show an acceleration of the low
frequency dynamics in the solar cell. Drift-diffusion simulations
indicate that the shift of the low frequency signals and the
change in the photovoltaic parameters are consistent with an
increase of the concentration of ionic mobile charge when
a larger amount of excess formamidinium is present in the
sample. We attribute this effect to the creation of crystalline
defects when the sample is non-stoichiometric and excess ions
turn “mobile”.
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