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ABSTRACT

Perovskite solar cells (PSCs) continue to be the “front runner” technology among emerging photovoltaic devices in terms of power conver-
sion efficiency and versatility of applications. However, improving stability and understanding their relationship with their ionic-electronic
transport mechanisms continue to be challenging. In this work, a case study of NiO,-based inverted PSCs and the effect of different inter-
face passivating treatments on device performance is presented. Impedance spectroscopy (IS) measurements in short-circuit conditions were
performed under different illumination intensities, as well as bias-stress operational stability tests under constant illumination intensity.
Surface treatments that involved bulky Lewis bases resulted in better and more stable performance. In contrast, acidic anion donors could
induce both an initial performance decrease with a characteristic three-arcs impedance Nyquist plot and a subsequent instability during
light exposure. Drift-diffusion simulations suggest strong modifications of surface recombination at the interface with the hole transport
material, and for the ion concentration and mobilities in the perovskite. Importantly, capacitance and resistance are shown to peak
maximum and minimum values, respectively, around mobile ion concentration (Nj,,) of 10" and 10" cm™. These features relate to the
transition from a drift-, for low Nj,, below a threshold value, to a diffusion-dominated transport in the bulk of the perovskite, for high N,
beyond the threshold value. Our results introduce a general route for characterization of instability paths in PSCs via IS performed under
short-circuit conditions.
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I. INTRODUCTION sandwiched between the electron and hole transport layers, ETL and
HTL, respectively. In addition, compatibility with different substrates
has produced a broad range of versatile applications, for instance, in
transparent/semitransparent and flexible photovoltaics. However, an

The optimal optoelectronic properties of metal-halide perov-
skites have gained major attention of the semiconductor device
research community during the last decade resulting in unprece-

dented progress in several fields, such as photovoltaics," light emit- understanding of the working mechanisms of these devices is still
ting diodes,” lasers,” and ionizing radiation detectors.” Particularly, limited. Particularly, the long-term operational stability issues in
single junction perovskite solar cells (PSCs) with record power con- PSCs, which remain a key limiting factor for upscaling and industrial
version efficiency (PCE) values >25% made by low-cost solution- deployment, are still in the early phases of elucidation.”
based fabrications methods have been reported. These multilayer The long-term instability of thin film devices, such as PSCs, is a
devices consist of an intrinsic halide perovskite absorber layer that is complex process that depends on several mechanisms, parameters,
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and constituting elements [see Figs. Sl(a) and S1(b) in the
supplementary material]. Under operational conditions, instability
originates from chemical reactions creating oxidation and/or unin-
tended products between the pristine materials and reactant left-
overs of each layer,”” interfaces,” and the air (e.g. humidity) in
operational conditions.”'’ Moreover, reactivity can be catalyzed
and/or triggered by mechanical,” thermal,”™"" and bias''~'* stresses
as well as photon interactions.””'” In addition to reactivity, the
material’s crystal structure of each layer and the interfaces can be
modified, creating undesired defects that reduce photon absorption
and enhance charge carrier recombination.'” Among these non-
reactive sources of defects, one can find temperature stress and the
migration of various species inside the layer due to either diffusion,
illumination, or the application of electrical stress."”'*'”'® Notably,
species from different layers within the device can migrate, increas-
ing the leakage current.'” Additionally, ion migration of intrinsic
halide vacancies and other charged defects’””' has been demon-
strated in halide perovskites.”” Remarkably, Thiesbrummel et al.””
recently proposed that extra mobile ions are created during light
and electrical stress, whose resultant field screening is a dominant
factor leading to lower operational stability of PSCs. Therefore,
assessing the individual contribution of each mechanism and
element in the device is challenging, which motivates the design of
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experiments where one can neglect some of the degradation agents.
In this context, the use of advanced characterization techniques
[beyond the routine measurement of current density-voltage
(J — V) curves] supported by numerical device simulation allows
for the investigation of ionic transport properties, thermal and
photo-stability, and mechanical durability.

In the literature, the device architectures of PSCs are identified
as p-i-n or n-i-p depending on whether the HTL or the ETL is
positioned first in the direction of the incident light path, respec-
tively. Particularly, p-i-n structures, also known as inverted PSCs,
have reported efficiencies over 25%° """ and are attractive due to
their low-temperature fabrication methods*® and compatibility with
existing industrial techniques.”” An example of such a device struc-
ture is schemed in Fig. 1(a), where non-stoichiometric nickel oxide
(NiO,) is chosen as inorganic HTL and organic semiconductor
films comprised of Cgy and bathocuproine (BCP) serve as ETL and
hole blocking layers, respectively. The use of organic ETLs in
inverted PSCs has been suggested because of the facile low-
temperature synthesis with orthogonal solvents and purification
methods resulting in optimal performance with relatively low insta-
bility.”” In addition, the fact that the p—i-n structure places the
ETL behind the absorber perovskite in the direction of the light
path reduces the radiative and, to some extent, temperature stresses
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FIG. 1. Simulated steady-state electrical response of the reference PSCs with the structure in (a) in terms of energy diagrams [(b) and (c)], electric field (d), and charge
density profiles [(e) and (f)]. The depicted conditions include flatband [(b) and (e)], short-circuit [(c) and (f)], 1 sun illumination (solid lines) and dark (dashed lines). In (b)
and (c), Ec and Ey are the conduction band minimum and valence band maximum energy levels, respectively, and Er, and Er, are the quasi-Fermi levels for electrons
and holes, respectively. In (d), Vj; is the built-in voltage. In (e) and (f), the densities are n, p, a, and c for electrons, holes, mobile anions, and mobile cations, respectively.
SETFOS Fluxim”® was used for these simulations, assuming a mobile ion concentration of 10> cm=2.
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on the organic ETL. On the other hand, the use of NiOy is pro-
posed considering the already demonstrated PCE values over 24%
when incorporating NiOy as a HTL.""!

The direct contact between as-prepared NiOy and perovskite
has proven to be problematic for solar cell efficiency and stability,
as, for example, summarized in the recent review by Cai et al’’ To
circumvent this issue, the NiO,/perovskite interface has been opti-
mized via several materials and fabrication methods. For instance,
the energy level alignment between NiOy and the perovskite has
been optimized with the introduction of inorganic extrinsic doping
such as the case of Wang et al,”” who sited Ag via a sol-gel
method and Yi et al,”* who fabricated nanopatterned Zn:NiOy
with an advantageous 1D nanoscale architecture and synergistic
substitutional Zn doping. Alternatively, Hu et al.”” used organic
doping by including 4-tert-butylpyridine (tBP) as an additive
in the NiO, precursor solution, whereas Kang et al.’® used
4-iodophenylboronic acids to modify the NiOy/perovskite layer
interface, believed to be affected by the intrinsic defects
(Ni vacancies) in the NiO, film and iodine vacancies at the
buried interface of the perovskite. Similarly, high-performance
devices were reported by Wang et al,”’ who utilized a multi-
fluorine organic molecule 6FPPY to optimize the buried interface
of NiOy-based p-i-n PSC. Notably, Pu et al’’ introduced a
poly[bis(4phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) inter-
layer between NiOy and the perovskite, resulting in high efficiency
and stability. Furthermore, Shen et al.”” proposed that the hydro-
philic chain of the amphipathic molecule Triton X100 can coordi-
nate as a Lewis additive with Ni** on the NiO, surface,
passivating interfacial defects and hindering the detrimental reac-
tions at the NiO,/perovskite interface.

From the device operation point of view, the degradation of a
solar cell is commonly associated with the decrease of PCE, as mea-
sured from the current density-voltage (J — V) curve under stan-
dard 1 sun illumination incident power density (P;). The PCE
value can be expressed in terms of the complementary performance
parameters as PCE = V,JFF/P;,, where V,. is the open-circuit
voltage, Ji. is the short-circuit current density, and FF is the fill
factor. Accordingly, a decrease in PCE can be correlated with a
decline in one or more of the aforementioned performance param-
eters [see Figs. S1(c)-S1(i) in the supplementary material]. In prac-
tice, FF and V,. modifications are more likely to be correlated since
these parameters relate to the near-flatband condition where the
charge carrier recombination rate approaches that of the photogen-
eration. Note that under illumination intensities close to and above
1 sun standard, high-performance devices is typically expected to
achieve a maximum power point (MPP) voltage Vimpp < Vo in a
bias range near the built-in voltage (V};). In contrast, as the illumi-
nation intensity decreases, the values of V,,,, and V. move further
away from that of V;;.”"

The near-flatband regime occurs for forward bias in a vicinity
& near Vy;, with § typically smaller than ten times the thermal
voltage (kgT/q). In this regime, the energy diagram is expected to
resemble that shown in Fig. 1(b), which was calculated for the
device structure depicted in Fig. 1(a) (see simulation parameters in
Table S8 in the supplementary material). Moreover, diffusion
current is comparable to, or even larger than, drift current due to
the lower electric field [see Fig. 1(d)]. This results in wider
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gradients in charge carrier density profiles [see Fig. 1(e)].
Diffusion-related long-term relaxations, such as ion migration, may
overlap with degradation processes like oxidation, segregation, and
amorphization.”” Then, a question may arise on whether an insta-
ble signal is due to slow mobile ions or because of material reactiv-
ity and degradation. Moreover, illumination intensity is not
expected to produce significant changes in the energy diagram near
the flatband condition [dashed lines close to solid lines in Figs. 1(b),
1(d), and 1(e)]. More importantly, radiative recombination is the
main contributor to the current, which hinders the evaluation of
non-radiative losses. In addition, dual electronic-ionic conductivity
of metal halide perovskites not only hinders the evaluation of the
MPP, which defines the FF, but also complicates transport by
adding field screening by ions™’ to a regime where diffusion trans-
port would otherwise be more dominant.”*' The field screening
effect can be seen to some extent in Fig. 1(d) when comparing the
lower values of the absolute electric field within the bulk of the
perovskite with those toward the interfaces, for mobile ion concen-
trations of N;,, = 10"° cm™>. Nevertheless, it is with the increase of
mobile ion density that the electric field is screened, as presented in
Figs. S2(a) and S2(b) in the supplementary material for
Nipn=10"cm™. In summary, in the near-flatband condition,
several effects may mutually mask one contribution or the other,
thereby hindering the interpretation. Accordingly, despite solar
cells operate close to the flatband condition, it may be convenient
to explore another biasing regime for better understanding of the
different contributions to device performance and stability.

At the short-circuit condition (V=0YV), the electric field in
the perovskite bulk is significantly higher and sensitive to the illu-
mination intensity [see Fig. 1(d)]. Under illumination, this is a
regime where the drift current and nonradiative recombination
toward the interfaces is predominant due to band leaning [see

Fig. 1(c)] and the lower concentrations of charge carriers located !
within the perovskite near the transport selective layers [see Fig. 1(f)].

In addition, the short-circuit and reverse bias regimes are com-
monly used for the characterization of shunt resistance, which
is a parameter typically affected during long-term operation.
Interestingly, PSCs have shown linear photo-shunt resistance® (see
Table S1 in the supplementary material for a similar effect in other
solar cells) and photo-capacitive’’ increase under short-circuit con-
ditions, which can be characterized via impedance spectroscopy
(IS). Notably, the use of IS analyses under short-circuit conditions
is preferable due to the higher linearity of the signal response, com-
pared to IS analysis near the flatband condition. Moreover, unlike
the IS studies in quasi-open-circuit conditions,”*™* little attention
has been paid in the literature to the IS spectra measured under
short-circuit conditions for PSCs with notable exceptions on
charge extraction experiments.*’

The comparison between the short-circuit and near flatband
regimes is summarized in Table I, from which one can assess the
suitability of each condition for designing experiments, with special
focus on studies about stability.”*"°* Notably, the relation between
external bias V and V; is illustrative for analyzing each parameter.
For instance, the energy diagrams, and drift and diffusion current
profiles are compared in Figs. S2(c)-S2(f) in the supplementary
material for low mobile ion density. Under short-circuit conditions,
the drift current is much higher than the diffusion current through
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TABLE . Comparative summary between short-circuit and near-flatband conditions in perovskite solar cells (with low concentration of mobile ions: Ny, < 10" cm™).

Properties Short-circuit Near-flatband

Bias V=0V V=V,it3, d~10ksT/q
PCE-related parameters’m’s“ Jee Voo FE Vinpp

Drift vs diffusion transport™’ Drift > Diffusion* Diffusion > Drift
Recombination®*"”! Radiative < Nonradiative Radiative > Nonradiative
Mobile ion distribution in the bulk of the perovskite™*~> Narrower Wider

Time response~*”>”* Faster Slower
Linearity of the current-voltage curve®”"’ Higher Lower

Parasitic resistance’””’ Ry, R

*Relative main contribution.
Near the interfaces.
Slowest ion related.

“In this work, we find that drift < diffusion in the bulk of the perovskite for high concentrations of mobile ions: Nj,,, > 10" em™3.

the bulk of the perovskite. In the absence of external forward bias,
the main current driver is the built-in field. Additionally, under
short-circuit conditions, thin selective contacts are fully depleted,
and the field extends along the entire device, which shows the
typical absence of the quasi-neutral region. In contrast, forward
bias near-flatband conditions can reduce, or even cancel, the elec-
tric field. Shrinking of the depletion regions up to their Debye
lengths creates quasi-neutral regions in the selective transport
layers toward the electrodes, where diffusion becomes the main
transport mechanism. In the perovskite, the balance between the
small electric field-generated drift and small charge carrier density
gradients-caused diffusion is illustrated in Fig. S2(f) in the
supplementary material, where the diffusion current is only slightly
higher than the drift current in certain regions. Moreover, the J
transient response time is typically on the order of seconds, as it is
dominated by electronic non-radiative recombination.*>”"** On
the other hand, slower ion-related processes arise when V — Vy;,
producing slower V,. decays up to the order of hours, although the
typical electronic radiative recombination lifetime decreases expo-
nentially with the increase in charge carrier concentration.**~%°
The stability tests for PSCs are typically performed at the
MPP, which simulates the ideal operation regime for devices.””**
However, in practice, device operation includes bias changes due to
variations in the illumination intensity and load, which trigger dif-
ferent degradation mechanisms.’” In fact, faster PCE decays have
been identified when the device is held under continuous illumina-
tion at open-circuit or short-circuit conditions in comparison to
the case where the device bias is held near the MPP point.'””*""
Furthermore, the report of higher long-term stability of photolumi-
nescence in short-circuit, in comparison to that in open-circuit and
at MPP,'” suggests a major contribution of degradation of charge
carrier transport properties to the decrease of PCE in short-circuit.
In this work, we investigate the stability of passivated-NiOy
MAPbI;-PSCs as a suitable case study for analyzing the interface
between the HTL and the perovskite layer, as well as the evolution
of electrical properties. In a separate publication, these passivating
surface treatments of NiO, have already been studied with respect
to film formation, interface composition, and solar cell initial per-
formance and s‘[ability.72 In contrast, the focus here is set on

3

modeling and understanding of fundamental transport properties.
Experimentally, current evolution over time under near MPP con-
ditions was monitored for several passivation methods targeting the
interface between the NiO, selective layer and the MAPbI; absorber
layer. Moreover, IS spectra were measured over time and under dif-
ferent illumination intensities at short-circuit in each case. A novel
combination of long-term biasing at voltages close to the MPP
with systematic switch to short-circuit for IS measurements was
introduced as a bias-stress stability test. The results were contrasted
with equivalent circuit (EC) modeling and numerical simulations
on SETFOS Fluxim®® and Driftfusion’” transport equation solvers.
Our results correlate different modifications in electron and mobile
ion concentrations and mobilities with degradation observed in the
samples.

Il. METHODS

Fabrication details for the studied devices with structure FTO/
NiO,/MAPDI;/Cso/BCP/Ag [see Fig. 1(a)] can be found else-
where.”” The process is summarized in Sec. S2 (supplementary
material) along with the J-V curves and PCE experimental results
(see Fig. S4 and Table S2 in the supplementary material). For pas-
sivation, the selected materials distribute into three categories
attending to the potential conductivity effect, as discussed in more
detail in Ref. 72. First, Pbl, is introduced as a cation donor, which
is a metallic salt with the divalent Pb cation that may potentially
occupy Ni** vacant sites and corresponding anions, to interact with
high valent (>2+) Ni centers. Second, 1-iodobutane (C,H,l, also
labeled here as iodobutane) and 1-phenylethylamine (CgH;;N, also
labeled here as amine) neutral bases, which are Lewis bases, i.e.,
neutral organic molecules with a capacity to donate electron pairs
to Ni atoms with higher formal charge (>2+). Third, HI and MAI
protic anion donors, i.e., Bronsted (Lewis) acids, which are organic
molecules that could donate protons (or accept electron pairs) to O
atoms with increased formal charge due to Ni*' vacancies
(O-defect sites) and anions to interact with Ni~>*.

The IS data were measured with an Autolab PGSTAT302N
potentiostat including a FRA32M unit and a kit Autolab Optical
Bench from MetroOhm. The samples were illuminated with a
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white LED (CREE XM-L3 U4 on star PCB, XMLDWT-U40E1) at
different steady-state illumination intensities; then, the short-circuit
current was stabilized before applying 15mV of alternating current
(AC) mode perturbation. The details for IS characterization under
different illumination intensities are in Sec. S3 in the
supplementary material. Stability assessment was carried out under
0.2 sun equivalent illumination intensity, as measured with a cali-
brated reference cell 91150-112/PVM 164 from Newport. The
samples were under continuous N, flux at room temperature and
were kept in operation at a forward bias close MPP under illumina-
tion with systematic switching to short-circuit for IS measurements
(see Fig. S16 in the supplementary material). Section S4 in the
supplementary material provides further details on the operational
stability test procedure and current and IS data.

Equivalent circuit modeling was carried out with ZView from
Scribner. Details of all equivalent circuits and fitting parameters
can be found in Secs. S3 and S4 in the supplementary material.
SETFOS Fluxim®® software and MATLAB’s Driftfusion’” code were
used for the numerical simulations of the time-dependent solutions
of transport equations with electronic and mobile ion charge carri-
ers. The corresponding details can be found in Secs. S5 (Figs. S23-
§31) and S6 (Figs. S31-S55) in the supplementary material.

A complementary characterization with focus on the reactivity
and materials properties of a similar batch of devices can also be
found elsewhere,”” including morphological, crystallographic x-ray
diffraction, x-ray photoelectron spectroscopy, operational stability
tests under 1 sun illumination, IS in quasi-open-circuit condition
under different illumination intensities, and photovoltage decay
experiments.

I1l. RESULTS AND DISCUSSION

The different NiO, surface treatments employed in various
samples in this study resulted in two main behaviors, as seen in the
solar cell characteristics presented in Fig. S4 in the supplementary
material. On the one hand, NiO, surface passivation with 1-
iodobutane, 1-phenylethylamine, and Pbl, improved the perfor-
mance mostly due to a slight increase in the photocurrent. The
resultant PCE values ranged around 13% for the un-passivated ref-
erence sample (NiO, Ref) and nearly 15% for the passivated
samples, in line with state-of-the-art pure MAPbI; NiOy-based
PSCs.”*”” This suggests that the treatment with these passivation
agents could reduce electrical losses due to charge carrier recombi-
nation at the interface. Nevertheless, these passivation processes
could also modify the morphology and optoelectronic properties of
the perovskite layers, resulting in further effects such as the reduc-
tion of optical losses due to interference and the decrease of bulk
recombination in the perovskite. On the other hand, the MAI and
HI passivated samples showed a significant PCE decrease to less
than 6% due to the reduction of the fill factor and the photocur-
rent. The absence of rectifying behavior in these samples indicate
major modifications of the charge carrier density profiles, large
parasitic resistive effects, and large recombination rates.

For the understanding of these two different behaviors, com-
plementary experiments were performed with a focus on the short-
circuit condition, different illumination intensities, and IS analysis.
This is presented in Secs. III A and S3 in the supplementary
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material, where equivalent circuit modeling is used to estimate
resistive,  capacitive, and characteristic = response  times.
Subsequently, the experiments on operational stability and the evo-
lution of the IS spectra over time under constant illumination are
presented in Secs. III B and S4 in the supplementary material.
Moreover, further analysis was conducted via drift diffusion simu-
lation, as presented in Secs. III C and S5-S6 in the supplementary
material.

A. Different illumination intensities in short-circuit

The impedance (Z) spectra under different illumination inten-
sities were measured under short-circuit conditions for representa-
tive samples of the studied device set with different passivation
treatments on the NiOy interface with the perovskite, as described
in Sec. S3 in the supplementary material and summarized in Fig. 2.
The characteristic two-arcs spectra in the impedance Nyquist plots
are present in the reference and optimized samples (amine, iodobu-
tane, and Pbl,), as indicated in Fig. 2(a). Typically, the high- and
low-frequency semicircles relate to electronic and ionic-electronic
resistance (R)-capacitance (C) contributions, respectively. In the
capacitance Bode plot representation, two plateaus can be identified
[see Fig. 2(c)], where the nearly constant values toward high-
frequency (Hf,>10kHz) are related to the geometrical dielectric
capacitance’® and the capacitance step-like increase toward low-
frequency (Lf, < 10 Hz) has been associated with electrode polariza-
tion and mobile ion accumulation at the interfaces.”” However, the
HI and MAI samples not only demonstrate smaller resistances in
SC but also show three arcs in the impedance Nyquist representa-
tion [see Figs. 2(a) and S18 in the supplementary material] and a
gradual capacitance increase in the capacitance Bode plot [see
Fig. 2(c)]. Notably, the higher the illumination intensity, the clearer

the definition of the three arcs in the Nyquist plot. This behavior
agrees with recent simulations by Clarke et al.,”> which suggest that :

high concentrations of charge carriers are needed for a three-arc
spectrum. Then, a transition from a “two (larger)” to a “three
(smaller)” arcs situation complicates the “high-frequency elec-
tronic” vs “low-frequency ionic” interpretation of the IS spectra.

The equivalent circuit (EC) models used for parameterization
of the IS spectra are shown in Fig. 2(a) for the two- and three-RC
constants, respectively. For the reference and optimized samples,
two resistors and two capacitors were fitted for the high- and low-
frequency features of the spectra as Ry Rys Chy, and Cpp respec-
tively. In contrast, for the MAI- and HI-treated samples, an addi-
tional set of medium-frequency resistors (Ray) and capacitors
(Cayr) were considered. Moreover, the resistance is further analyzed
in Sec. S3 and Fig. S5 in the supplementary material via ECs, with
particular focus on the shunt resistance (Ry,) and that of the diode
(Ra).

Qualitative and quantitative differences are illustrated in the
Nyquist plots of Fig. 2(a), and the resultant values for the resis-
tances as a function of the short-circuit current under different illu-
mination intensities are summarized in Fig. 2(b). First, in general,
all samples and either Hf or Lf follow a similar trend where satura-
tion is observed toward the dark condition and a decrease in R oc
];1 follows as the illumination intensity increases up to 0.2 sun
(white LED equivalent). This is a common trend in photovoltaic
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FIG. 2. Experimental selected IS spectra under different illumination intensities (up to 0.2 sun equivalent LED light) in short-circuit conditions (V=0V) for illustrative
samples with different passivation procedures, as indicated, and equivalent circuit parameterization. In (a), there are impedance Nyquist plots under 0.2 sun equivalent
LED light and (c) shows the capacitance Bode plots in perspective with the dark spectra (darker dots). Solid lines in (a) and (b) are the fitting to the equivalent circuits in
the inset of (a), in each case. The corresponding (b) resistance, (d) capacitance (low-frequency), and (e) characteristic response times (low-frequency) are plotted in the
lower panel with darker and lighter dot fill colors for high and low-frequency related components, respectively. The lines in (b), (d), and (e) are empirical fittings introduced

in Sec. S3 in the supplementary material.

solar cells (see Table S1 in the supplementary material) due to the
photoconductivity increase upon charge carrier generation. Second,
the Lf resistance is always higher than that of the Hf resistance.
This may suggest that in the short-circuit condition, ion migration
and/or ion-related charge carrier transport is significantly hindered
in comparison to the faster “pure” electronic response. Third, the
higher the short-circuit resistance, the higher the device operational
performance, which agrees with the general effect of Ry,

The capacitance spectra in Fig. 2(c) show some qualitative dif-
ferences between samples but a quantitative agreement in general.
The Lf capacitance shows linear increase as a function of short-
circuit current (Cps o< Ji) for different illumination intensities, as
illustrated in Fig. 2(d), whereas the constant Hf capacitance can be
found in Sec. S3 in the supplementary material. This increase in Lf
capacitance in short-circuit is a characteristic feature of PSCs*” due
to mobile ion accumulation toward the interfaces [see Fig. 1(f)].
Interestingly, the reference and surface-treated (amine, iodobutane,
and PbL,) samples show a threshold illumination value for
Jie 2107 Acm™2, indicating a transition between a nearly cons-
tant behavior and the linear trend. In contrast, the HI and MAI
samples show a gradual increase in Cps without an apparent

baseline capacitance in the explored range of illumination intensity.
Furthermore, by coupling the capacitors and the corresponding dis-
charge resistors, the characteristic short-circuit charge carrier
response times (7 = RC) can be accessed, as presented in Fig. 2(e)
for the Lf times. The Lf and slower response times can be found in
Sec. S3 in the supplementary material, showing nearly linear or
slightly increasing trends with the augmentation of illumination
intensity. On the other hand, the fastest Hf response times evolve
from saturated maximum values to linear decreasing trends as the
illumination intensity increases. This can be interpreted as a transi-
tion of the main charge carrier recombination mechanism between
non-radiative and radiative, when dark and under illumination,
respectively. Notably, the longer the response time, the higher the
operational performance of the samples in terms of PCE.

The experimental evidence shown in Fig. 2 and Sec. S3 in the
supplementary material with IS spectra over a range of illumination
intensities highlights the paramount importance of the HTL/perov-
skite interface for device operation. Nevertheless, several aspects
require further understanding. For instance, the role of 1-
iodobutane, 1-phenylethylamine, and Pbl, treatments appears to be
passivating surface defects and improving the charge extraction by
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hindering recombination. However, it is unclear how the MAI and
HI treatments deteriorate the rectifying barrier, reducing the overall
resistance and showing the characteristic “three arcs” in the imped-
ance Nyquist plots. Furthermore, the fact that a large low-frequency
impedance arc evolves into two smaller arcs in the Nyquist plot
could be related to ion migration and the modification of the
nature or concentration of mobile ions and electrons in the
perovskite.””

B. Constant illumination over operational time

The operational stability of the samples was studied over time
under constant illumination intensity, at room temperature, and
with nitrogen flux circulation. The stability tests procedure is
schemed and described in detail in Sec. S4 in the supplementary
material. The sample was exposed to a constant 0.2 sun (white LED

ARTICLE pubs.aip.org/aip/jap

equivalent) illumination intensity. Next, a voltage Vj,, close to the
MPP was applied, and the current was recorded for measuring the
output power (P,,). Subsequently, the biasing was switched to
short-circuit, and IS spectra were acquired in each iteration of the
loop. This process was continued until the samples broke, and the
duration ranged from 20 to 50 h.

The overall P,,, performance of the devices is depicted in
Fig. 3(a), where two main trends are observed. For the reference and
surface-optimized (amine, iodobutane, and Pbl,) samples, a rather
stable P,,, with a slight increase is detected. On the other hand, the
HI- and MAlI-treated cells experienced a large increase of P,,, with
an apparent extrapolated saturation around 300% of the initial value.
Nevertheless, despite the final tripled P, values for the HI and MAI
samples, the performance of the reference and optimized cells was
still 30%-50% better, as summarized in Figs. 3(b) and S17 in the
supplementary material. When comparing final vs initial P,,,
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FIG. 3. Experimental stability test under 0.2 sun white LED equivalent illumination intensity. The normalized time evolution of output power in (a) is summarized in (b) with
the final values (left axis, filled symbols) and degradation rates (right axis, open symbols) as a function of the initial output power for each sample, as indicated. lllustrative
impedance spectra in short-circuit under constant illumination over operation time are in Nyquist representation in (c)—-(e) and Bode plots (f) for different samples, as indi-
cated. Dots and lines are the experimental data and simulated spectra from fitting to equivalent circuit models in Fig. S5 in the supplementary material, respectively. The
dashed line in (b) indicates the x =y coordinates. In (c)—(f), the lighter the color, the longer the operational time in the IS spectra; and the inset in (d) magnifies the high-

frequency part of the spectra.
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values in this plot, the closer the sample is to the “x=y” diagonal
[dashed line in Fig. 3(b)], the higher the stability. Alternatively,
considering different initial performances and test durations of
each sample, one can also use the concept of an effective or overall
degradation rate,'

DR — Pout,ﬁnal - Pout,initial , (1)
tsTD

where Poyginitial @0d Poufinal are the initial and final output powers
for the stability test of duration tgrp. In the definition of Eq. (1),
the smaller the absolute value of DR, the better. Fundamentally,
DR = OP/0t can also be understood as a measure of instability or
reactivity, although it cannot be confused with an instability rate,
i.e, ODR/Ot = §*P/Ot*. Despite that the typical decrease of perfor-
mance would entail DR<O0, the report of DR>0 during the first
200 h of operation under constant illumination is well known in
the literature' and typically precedes a subsequent performance
decrease period with DR < 0. Therefore, a distinction is highlighted
here between solar cell performance degradation and generic degra-
dation of a material or device. Solar cell performance degradation
is always understood as a decrease of PCE that leads to DR <0. In
contrast, a device or material degradation is, herein, discussed in
terms of the relative change with respect to an initial state, ie.,
DR#0, in such a way that a degradation process can include
periods with apparent increase (DR>0) or decrease (DR<0) in
performance.

The studied samples show DR >0 in Fig. 3(b) (right axis, see
also Fig. S17 in the supplementary material) with the highest and
lowest values for the HI and the PbI, samples, respectively.
Interestingly, the reference sample resulted in a DR value close to
that of the Pbl,-treated device. This latter behavior mismatches
that of the previous MPP tracking experiments,”” where the refer-
ence device was more unstable. However, in that study,”” there were
not intermittent short-circuit periods for current stabilization and
IS measurements. Therefore, one can hypothesize that the short-
circuit and near-flatbands hinder and favor the degradation of the
untreated sample, respectively, and the opposite can be true for the
Pbl,-treated samples.

The IS spectra in short-circuit conditions were obtained along
the above-described operational stability tests, and the results are
depicted in Figs. 3(c)-3(e) (see also Sec. $4 in the supplementary
material). Analogous to the previous discussion, two main trends
were observed. For the reference and optimized samples, a relatively
stable evolution of the IS spectra was found. Figure 3(c) zooms in
on the Hf region in the impedance Nyquist plots for the reference
sample, which shows a slight decrease in Hf resistance over time
during the degradation test. This highlights the accuracy of the IS
experiments, even though the main contribution to resistance and
device performance comes from the larger Lf range of the spectra.
In Fig. 3(d) (see also Fig. S18 in the supplementary material), the
complete Nyquist plots for the Pbl,-treated sample illustrate the
apparent constancy of the device over the time of the degradation
test. At the same time, the spectra are also shown to be similarly
unchanged in the impedance and capacitance Bode plots in Figs.
§19 and S20 in the supplementary material, respectively. This
steadiness of the reference and optimized samples in short-circuit
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suggests the stability of the device’s shunt resistance, which agrees
with the slight increase in the output power shown in Fig. 3(a).
Furthermore, it is implied that any significant improvement in
device operation performance should be mostly related to the mod-
ification of optical absorption and/or the improvement of the trans-
port properties, which affects the near-flatband regime.

The HI and MATI cells show an unstable behavior in the IS
spectra over time under constant illumination, as shown in
Figs. 3(e) and 3(f) (see also Figs. S18-S20 in the supplementary
material). Not only is the absolute impedance smaller in these
samples with respect to the reference and optimized ones, but also
a clear increase is observed over time. The longer the operation
time under constant illumination, the higher the impedance of the
sample, which correlates with the performance improvement in
Fig. 3(a). Interestingly, the three-similar-arcs feature in the Nyquist
plot evolves into the more typical two-arcs shape where the Hf
arc is significantly smaller than that of the Lf range. Once more,
the qualitative change of the Lf part of the IS spectra suggests that
the nature and/or quantity of the mobile ion properties may be
modified by the action of the current flow under continuous
illumination.

The instability of the MAI and HI samples indicates the pres-
ence of intrinsic reactivity, which could be understood in terms of
the creation of a non-stoichiometric excess of MA, I, or H that
modifies the local composition of the perovskite in contact with the
NiOy interface. It may appear counter-intuitive that these excess
reagents contribute to performance improvement rather than
further degradation. However, one must bear in mind that intrinsic
reactivity transforms the material composition and properties
regardless of whether it contributes to or hinders the final device
operational performance. Additionally, the chemical “softness” of
the perovskite under biasing is highlighted here since only 0.2 sun
(white LED equivalent) illumination intensity with room tempera-
ture (<40 °C) has been sufficient to catalyze the modification of the
samples, when compared with previous studies’” on unbiased
samples comprising MAPbI; on treated NiO, films.

Evidence that the use of non-stoichiometric formulations
using volatile precursors of PSCs modifies the operational stability
of the PSC,”® which creates an excess of mobile ions, already exists
in the literature. For instance, Lammar et al.'® found that the excess
of a protic precursor, FAI, linked to a larger concentration of
mobile ionic defects, also leads to an initial increase of the PCE
under illumination due to ionic redistribution. HI and MAI are not
only more acidic but also smaller than the rest of the studied addi-
tives and, consequently, more likely to infiltrate in the perovskite
lattice and create ionic defects.””

C. Drift-diffusion simulations

The experiments described in Secs. IIT A and III B illustrate
the effects of different treatments applied to the surface of the NiO,
HTL before the subsequent deposition of the absorber perovskite
layer. Two main trends were identified. First, 1l-iodobutane,
1-phenylethylamine, and Pbl, treatments result in similar or even
improved device performance and stability compared to the refer-
ence untreated samples. Second, samples treated with MAI and HI
exhibited very low FF values in the J-V curves and anomalous
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three-arcs low impedance IS spectra in the Nyquist plots. These
samples also show operational instability under constant illumina-
tion over time.

These observations raise several questions on material evolu-
tion and its implications for transport. This section presents a
series of numerical simulations that qualitatively reproduce experi-
mental behaviors. Modeling then explores the correlation between
the experiments and the fundamental material and transport prop-
erties. The simulation parameters and detailed descriptions of the
simulated spectra can be found in Secs. S5 and S6 in the
supplementary material for the simulations made with SETFOS
Fluxim software’® and MATLAB’s Driftfusion code,”” respectively.
The use of two simulators not only provides further validation to
these analyses but also allows for the assessment of the impact of
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different boundary conditions on the same problems. SETFOS
assumes recombination velocities at the interfaces, while Driftfusion
utilizes nm-thick interface layers with local bulk recombination
coefficients. The simulation results presented below will demon-
strate the qualitative agreement between the two simulators, along
with a reasonable quantitative agreement (within the same order of
magnitude) for the resulting spectra and main simulation
parameters.

The initial current-voltage curves under standard 1 sun illu-
mination were qualitatively fitted to match the DC electrical
response before the simulation of the IS spectra, as shown in
Figs. 4(a) and 4(b). The simulations considered a range of mobile
ion concentrations (Ni;) between 10" and 10'°cm™, which
includes the minimum defect concentration measurable with IS
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FIG. 4. Simulated [(a) and (b)] current-voltage under 1 sun illumination intensity and [(c) and (d)] impedance spectra in short-circuit under 0.2 sun illumination intensity for

(a) and

Driftfusion* code with details as described in Sec. S6 in the supplementary material.

(c7:)3 the reference and (b) and (d) the HI devices considering different mobile ion concentrations, as indicated. The simulations were done with MATLAB's
n
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methods and the effective density of states at the bands,”” although
limited depletion’® was neglected. Notably, in order to reproduce
the J — V response from the HI- and MAI-treated samples, three
main parameters were modified with respect to those used to simu-
late the reference and optimized samples.

First, a change of absorptivity was considered by reducing the
homogeneous charge carrier generation rate from G,.r= 3.3 x 10>
to Ggr=22x10*" cm™, mostly accounting for the J,. difference
between the reference and the HI samples, respectively. Note that
this reduced generation rate is not necessarily linked to lower light
harvesting but to a lower rate of formation of photogenerated carri-
ers due to the modification of the morphology and crystalline prop-
erties, as shown in our simultaneous work.”

Second, an increase of series resistance from 2.5 up to
25Q cm?® was taken for the HI sample that directly diminishes the
FF from around 70%, for the reference and optimized cells, to less
than 40% for the MAI and HI devices.

Third, the mobility of electron and hole charge carriers was
reduced at the NiO, HTL in HI sample simulations to a tenth of
those used in the reference cell. The modification of this parameter
can be correlated with the modification of the HTL during the
surface treatment, resulting in a decrease in FF in the ] — V charac-
teristic. Moreover, the modification of the electron and hole mobili-
ties in the perovskite layer has also been found to alter the shape of
the ] — V curve, accounting for some of the above-described reduc-
tions in Ji and the FF.

The increase of N;,, decreases the J,. and the FF of the simu-
lated J — V curves in Figs. 4(a) and 4(b) (see also Fig. S45 in the
supplementary material). This can be associated with electric field
screening.”’d‘” Below a threshold value, a higher Nj,, leads to a
smaller effective built-in field of the junction, which diminishes the
drift current producing photocurrent around the short-circuit con-
dition.'® For instance, Fig. $24 in the supplementary material illus-
trates the field screening effect on the electrostatic potential for low
and high concentrations of charge carriers. On the other hand,
closer to the flatband condition, which for these samples
approaches the open-circuit voltage (V,.), the effect of Nj,,
becomes smaller, resulting in very similar currents for the same
bias. Around the flatband condition, the diffusion current becomes
the main transport mechanism within the quasi-neutral region of
the transport layers and gains importance in the perovskite, which
is no longer as dependent on the electric field shielding effect of
the mobile ions. Notably, the curves of Figs. 4(a) and 4(b) can be
considered quasi-steady-state solutions since only a small hysteresis
effect was obtained in the simulations.

The illumination intensity-dependent IS spectra simulated in
short-circuit conditions are presented in Secs. S5.3 (Figs. S26 and
§27) and S6.2 (Figs. $34-S36) in the supplementary material. Our
model qualitatively reproduces the Rys oc P;ll and Cpy o< Py, trends
in the experiments of Fig. 2, where J,. can be taken as a measure of
the incident power density. Interestingly, the simulated total resis-
tance R = (Ryy + Ryy) decreases with the increment of illumination
intensity, Roc P!, regardless of the mobile ion concentration.
Moreover, the appearance of the two-arc spectra including R;s and
Cyy is obtained as N, is increased.

Under constant 0.2 sun illumination intensity, the simulated
IS spectra in short-circuit are presented in Figs. 4(c) and 4(d) for
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the reference and HI/MAI samples, respectively. A common feature
for both device types is that the impedance spectra do not behave
smoothly with the increase of Nj,,. The highest impedance arcs in
Nyquist plot representation are obtained for the lowest and highest
values of Nj,,, whereas a minimum impedance is found for inter-
mediate values. For Nj,, < 10'® cm~3, the electric field screening is
not sufficient to shield the built-in field, and the conduction is hin-
dered. On the other hand, for Ni,, > 10'® cm™3, the excess mobile
ions may behave as a doping-like effect that redistribute indepen-
dently of the built-in field, which favors diffusion transport in the
perovskite.”””” In an intermediate range of 10" < N, < 10" cm™3,
the charge density profile of mobile ions is modified, resulting in a
trade-off between drift and diffusion currents. This increase of dif-
fusion current enhances the associated Lf capacitance, whose
behavior opposes to some degree that of the resistance: minimum
capacitance values are found for the lowest and the highest Nj,,
values.

Two mobile ion species were considered in this work to repro-
duce both the two- and the three-arcs Nyquist plot spectra. For the
two-arc spectra, many reports in the literature typically use only
one species of mobile ions, with the second species either neglected
or kept constant and homogeneously distributed.”>"” However, in
our simulations under short-circuit conditions, the three-arcs
spectra required the inclusion of two mobile ion species and a criti-
cal dependency between their mobilities and the concentration of
charge carriers near the interfaces. For instance, Figs. $25 and S33
in the supplementary material illustrate the effect of modifying the
ion concentration and mobility, which reproduces the two- or
three-arc spectra in the Nyquist representation. Particularly,
Fig. $25(d) in the supplementary material shows the three arcs for
interface recombination velocities that are ten times higher for
holes than for electrons. Additionally, the value of Ry, modified the

relative proportions of resistance between the three arcs, aligning '
with the expected minimum experimental values of Ry, in the HI !

and MAIT samples compared to the reference samples.

An empirical estimation of the mobile ion concentrations can
be made from the IS spectra in terms of the characteristic resis-
tance-frequency ratio,

_Ry
B= Ry @)

which expresses the balance between low-frequency-ion- and
high-frequency-electron-related resistances. The values of > 1
(8 <1) indicate a major contribution of ionic (electronic) phe-
nomena. The direct dependency between B and Nj,, is illustrated
in Fig. 5: the higher the value of Nj,, the higher that of §. For
instance, in Fig. 5(a), horizontal lines indicate the experimental
values from Figs. 3(c)-3(f) and dots are the simulated spectra in
Fig. 4(c). Then, combining the quantitative and qualitative simula-
tions of J-V curves and IS spectra in Fig. 4(a), respectively, our
simulations suggest mobile ion concentrations in the range
10" < N, < 10" cm™ for the reference sample. In the case of the
HI or MAI samples, the stability test evolves from a situation where
B <1 to another where § ~ 10, which suggests an increase from
N2 10 cm™ to higher ion densities Nj,,, = 107 cm™3. Notably,
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FIG. 5. Resistance—frequency ratio of Eq. (2) extracted from the simulated impedance spectra in short-circuit conditions under 0.2 sun illumination for different concentra-
tions of mobile ions, shunt resistance [(b) and (c)], and mobility of (d) ions and (e) electrons and holes in the perovskite and (f) holes in the NiO, selective layer. The total
resistance in (b) adds both low- and high-frequency resistances. The simulations were done with MATLAB's Driftfusion” code with details as described in Sec. S6 in the

supplementary material.

this correlation between instability and higher values of N;,, has
also been recently reported in the literature.”” However, the appar-
ent increase of the mobile ion concentration over time, observed
when comparing the performance of the as-fabricated sample with
that at the end of the stability test may be affected by other
parameters.

The effect of shunt resistance is analyzed in Secs S5.3 and S6.3
in the supplementary material. The value of Ry, does not modify
the capacitance of the sample in short circuit (Fig. S37 in the
supplementary material). In contrast, the decrease of Ry, enforces a
reduction on the total resistance of the sample, which is well
known to reduce the FF in the ] — V curve under illumination (see
Figs. S4, S28, and S37 in the supplementary material). Moreover,
an inconvenient side effect of the reduction of Ry, is the overlap-
ping of a device’s own junction or recombination resistance. This
prevents the estimation of transport properties in short-circuit con-
ditions. For instance, Fig. 5(b) displays total resistance as a function
of both Nj,, and Ry. In that plot, low Ry, values produce the same

R values, regardless of Njy,. It is only after the increase of Ry, that
different R values appear as a function of Njy,. Concerning the HI
sample in Fig. 5(a), the simulated relation between Ry, Nips, and S
is presented in Fig. 5(c). Our calculations suggest that the experi-
mental change in S could be attained by increasing (i) ~10 times
Nion, (ii) ~100 times Ry, or (iii) a combination of both effects [see
arrows in Fig. 5(b)].

The effect of other simulation parameters on 3 was also inves-
tigated, although Ry, remained the one with the most direct impact.
For instance, the influence of the recombination lifetime in the
perovskite bulk (zpyx) and surface recombination lifetime at the
HTL interface (z;) was explored, as presented in Secs. S5.4, S6.5,
and S6.6 (Figs. S46-S49 in the supplementary material). In terms
of B, no clear correlation with 7,y or 7 is evident (see Figs. S46
and S48 in the supplementary material). Moreover, the increase of
the dielectric constant of the perovskite absorber layer was also
tested (see Fig. S55), but no significant change was found for g
while a reduction of the total resistance was evident.
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Importantly, the effect of different charge carrier mobilities is
known to affect the impedance spectra,'® which relate to our simu-
lations presented in Secs. S5.5 and S6.7 in the supplementary
material. The increase of ion mobility (u,,,) or electron/hole mobil-
ity (u,;,) in the perovskite resulted in small changes in 5 as shown
in Figs. 5(e) and 5(f), respectively. In these contour plots, charac-
teristic columnar patterns are formed due to the strong correlation
between f and Nj,, (in the abscissa axis), while 3 is nearly indepen-
dent of y;,,,. In contrast, a dependency of the 3 values in Fig. 5(e) is
clear for the hole mobility in the HTL (uj ;) in the range
Nion > 10" cm™: the higher the u;,_yy;, the higher the 8. Notably,
despite the slighter correlation between S and the mobilities, the
J — V curves and the low-frequency part of the IS spectra, specifi-
cally the capacitance, are very sensitive to the charge carrier mobili-
ties (see Figs. S50-S54 in the supplementary material).*’
Interestingly, the change in u, ), and u, 7y have a strong impact on
the FF and the J,, and no effect is evident for u;,, on the total
resistance under short-circuit conditions.>

While the charge carrier recombination lifetime may be inde-
pendent of S, the total resistance and capacitance are closely linked
to the mobile ion concentration and the electrical response of the
samples, as shown in Figs. S46-5S49 in the supplementary material.
The value of 7y, does not have a simple correlation with the total
resistance and capacitance from the IS spectra in short-circuit con-
ditions. Notably, an approximate trend can be identified: an
increase in resistance correlates with a decrease in capacitance
when modifying the value of 7. Furthermore, the reduction of
Thulk Strongly decreases V,. and J,., as well as the FF for low con-
centrations of mobile ions. However, given our focus on passivation
methods at the interface with the HTL, we center the analysis on
the interface recombination, which can be approached differently
depending on the model. For instance, the SETFOS software by
Fluxim (see Fig. S29 in the supplementary material) utilizes the
recombination velocity at the interface between the NiO, HTL and
the perovskite. Using this model, we demonstrate a decrease in the
impedance as the recombination velocity increases, particularly
noting a more pronounced alteration in the Lf region of the spec-
trum. Since a large contribution to current throughout the device
in the short-circuit condition is due to recombination, the faster
the surface recombination velocity (v;), the higher the leakage
current and the smaller the resistance. Alternatively, MATLAB’s
code Driftfusion’” simulates the interfaces with narrow interlayers
where the surface recombination lifetime 7, is set. Our simulations
with this approach suggest an analogous reduction of impedance
with the decrease in 7;, but a clear dependency on Ry, and Njy, is
also identified.

Higher values of surface recombination increase the impedance
in terms of its real part, as shown in the Bode plot of Fig. 6(a),
where 7, values of 107® and 107'%s are compared over a range
of ion densities. While this intuitive trend is clear for the lowest
(10" cm™>) and the highest (10" cm™) N,,, values in Fig. 6(a), it
is not as evident for intermediate ion densities between 10'® and
10" cm™>. Therefore, the contour plot of Fig. 6(b) is introduced in
terms of the total resistance. Two main features arise in this plot.
First, the resistance can be nearly independent of the surface
recombination across wide ranges of 7, and for specific intervals of
Nion [see vertical arrow in Fig. 6(b)]. Second, regardless of the z;
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value, the total resistance depends on N;,,,, with characteristic minima
between 10'° and 10'” cm™ [see horizontal arrow in Fig. 6(b)]. This
is further highlighted in Fig. 6(c), where opaque to lighter red lines
qualitatively indicate different values of 7, and ;.

The capacitance shows an even stronger but inverted depend-
ency on the surface recombination in the Bode plots of Fig. 6(d),
compared to that of the resistance. The corresponding total capaci-
tance contour plot is presented in Fig. 6(e), revealing similar but
opposite key features. First, the capacitance is nearly independent
of the surface recombination across wider ranges of 7, and for
certain intervals of Nj,, [see vertical arrow in Fig. 6(e)]. Second,
regardless of the 7, value, the total capacitance depends on Nj,,,
with characteristic maxima between 10'® and 10'” cm™ [see hori-
zontal arrow in Fig. 6(e)]. This is highlighted in Fig. 6(f), where
opaque to lighter blue lines qualitative indicate different values of 7,
and u;,,. Notably, the total capacitance is mostly composed by the
low-frequency contribution, which can be orders of magnitude
higher than that of the geometrical capacitance. This discards trap
capture emission processes as their main contribution.”’ The
apparent inverse proportionality of the capacitance and the resis-
tance under short-circuit conditions may suggest a typical chemi-
cal/diffusion capacitance-like origin,"’ where one can approximate
Coc]J and JocR7!, leading to CocR™!. However, when Nj,,
changes, the capacitance increases (or decreases) by a factor of
nearly a hundred while the resistance decreases (or increases) by a
factor of around two. Therefore, a more accurate description would
be Coc RP, with p>1. This highlights the complex relationship
between capacitance, resistance, and the concentration of mobile
ions, which cannot be easily understood using traditional capacitive
definitions.

The minimum (maximum) of the resistance (capacitance) for
the threshold ion concentrations between 10 and 10" cm™

suggest a transition between two main transport mechanisms in the }
perovskite bulk. For low mobile ion concentrations, the drift is :

expected as the main contribution. This continues to be true as
long as the built-in electric field is fully screened. Then, for suffi-
ciently high densities of mobile ions and under short-circuit condi-
tions, the ionic total charge in the perovskite can even exceed that
of the ionized donor/acceptor doping at selective layers. In these
conditions, the mobile ions would be expected to diffuse and
reorder homogeneously throughout the perovskite bulk.

To show the change in the transport regime, we plot energy
diagrams, charge density, electrostatic potential, and electric field
profiles in Fig. 7, where different concentrations are compared for
low, threshold, and high mobile ion densities. The short-circuit
regime energy diagrams in the top row of that figure reveal a transi-
tion from a typical drift transport situation for N;,, = 10" cm™3, to
flatband-like diagrams for Nj,,=5x 10'® and N, =10"cm™.
However, it is in the corresponding charge density profiles (middle
row in Fig. 7) that the radical change in the distribution of mobile
ions is revealed. For low Nj,,=10"cm™, the ions accumulate
toward the interfaces in a nearly perfect exponential decay. In con-
trast, for Nj,,=5%10'®cm™, the ions distribute in much wider
space change regions, and for N;,, = 10" cm™>, homogeneous cov-
erage of the perovskite layer is obtained. This indicates that the
mobile ions reorder in a homogeneous doping-like distribution,
which fully screens the electric field and creates quasi-neutral
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arrows) and decrease (blue filled arrows). Simulations were done with MATLAB's Driftfusion” code with details as described in Sec. S6 in the supplementary material.

regions within the perovskite. Interestingly, the increase in mobile
ion density not only redistributes the ions but also the electronic
charge carriers that show a sort of inversion in their location. For
instance, the concentration of holes toward the HTL is reduced in
favor of that near the ETL. This is a clear change that hinders the
transport in the interface, which increases the resistance.

The electrostatic potential is also presented (left axis) along with
the corresponding electric field (right axis) in the bottom row of
Fig. 7. There, comparing the cases of Nj,=10" and
Nijon=5x 10" cm™, an apparent linear reduction occurs in the elec-
trostatic potential drop and the effective electric field in the perovskite
bulk. However, beyond the threshold value of mobile ion concentra-
tion (e.g, Njon= 10" em ™3, right column of Fig. 7), the reduction in
both the electrostatic potential drop and the effective electric field in
the perovskite bulk is exponentially higher. Therefore, in the absence
of an electric field, it is the diffusion transport that makes the main
contribution to transport in the perovskite bulk.

Altogether, the simulations not only qualitatively reproduced
the experimental results from the J-V curves and the IS spectra in
short-circuit conditions, but also suggested relevant correlations
that contribute to a better understanding of the transport phenom-
ena. In particular, the effect of the mobile ion concentration in the
perovskite was analyzed and it was shown to strongly affect the
total resistance, capacitance, and frequency ratio 8. The value of
was suggested as an empirical estimation parameter for assessing
Nion. Interestingly, the resistance and capacitance trends comple-
ment each other with respect to Nj,,: they reach minimum and
maximum, respectively, around a critical ion density (where f= 1).
This behavior corresponds to a threshold range of concentration of
mobile ions that signifies the transition from drift- to diffusion-
dominated transport in the bulk of the perovskite layer under
short-circuit conditions. Interestingly, under short-circuit condi-
tions, the diffusion-dominated regime at high concentrations of
mobile ions closely resembles the near-flatband condition in terms
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with MATLAB's Driftfusion”® code with details as described in Sec. S6 in the supplementary material.

of transport mechanisms and potential and field distributions.
However, short-circuit and near-flatband regimes would still differ
in terms of charge carrier concentrations, hence affecting the
recombination processes.

IV. CONCLUSIONS

This work summarizes an optoelectronic characterization of
perovskite solar cells with different passivation treatments on the
interface between the perovskite absorber material and the NiOy
hole transport layer. From the initial assessment of device perfor-
mance and the subsequent operational stability test, two main
trends were identified. The untreated reference sample and those

utilizing 1-iodobutane, 1-phenylethylamine, and Pbl, as passivators
resulted in relatively optimal and rather stable performances. In
contrast, the MAI- and HI-treaded samples not only exhibited a
low fill factor and photocurrent, but also showed substantial insta-
bility with an apparent improvement of the output power up to
three times the initial value during the operational stability test.
The use of IS analysis under short-circuit conditions, with
varying illumination intensities and over time during operational
stability tests, has been introduced, discussed, and carried out as a
resourceful procedure for understanding the electrical response of
solar cells. Several practical and theoretical advantages of this
approach have been highlighted compared to the more common
open-circuit/flatband and/or MPP studies. The experimental
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